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Optimal Biological Carbon Sequestration Region
Considered with Water Availability in North Carolina
By NamHee Kim

ABSTRACT

Forest ecosystem provides us enormous benefits including good water and air quality,
mitigation of flood and drought, maintenance of biodiversity, and timber. In the context of
climate change, the value of the forest has increased due to its role as a carbon sink. However,
studies have shown that forests reduce water availability quite significantly. Considering this,
selecting regions for forestation (reforestation or afforestation) must be carefully done. This
study aims to select optimal region for forestation in North Carolina based on water availability.
‘Excess water’ is defined as ‘excess water = precipitation – (evapotranspiration + human water
use)’. Regions that have enough excess water were selected using spatial maps of precipitation,
evapotranspiration (ET), and human water use. Then, with the consideration of land cover,
acceptable regions for forestation were finally selected. In the calculation of ‘excess water’,
two types of ET were used – actual ET (AET) and potential ET (PET). AET was calculated
using MODIS (MODerate Resolution Imaging Spectroradiometer). However, the AET values
were low and nearly invariable in time and space when compared with AET measured with
other methods. Therefore forestation area based on AET might be overestimated. Because PET
represents maximum possible ET, selection of forestation regions based on PET is very
conservative. Thus, determining areas suitable for forestation based on PET has a lower risk
than based on AET. This study shows that North Carolina has 12% ~ 24% forestation potential.
And cropland has the highest potential for forestation. This method can be applied to select
forestation region in other States or nations.
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I. INTRODUCTION

As a part of nature, human beings are critically influenced by the environment. Whether living
in big cities or on the mountains or near coast, we all are recipients of ecosystem services. In
particular, forest ecosystem provides us with enormous benefits – good water and air quality,
mitigation of flood and drought, maintenance of biodiversity, protection of soils from erosion,
timber, provision of aesthetic beauty and intellectual stimulation.
As climate change becomes a more important issue, the value of forest is now recognized even
further due to its role as a biological carbon sink. Forest in the U.S. is currently known as net
carbon sink of about 200-300 Mt C/yr (CBO, 2007). After forest becomes one of the carbon dioxide

mitigation options, forest owners would be entitled to receive carbon credits which represent
additional economical benefits. Therefore, in the near future, forestation (reforestation or
afforestation) activities are expected to increase quite significantly.
However, increasing forest area may have a down side because the impact and degree of water
deficiency after forestation can be considerable. There have been many studies that examined
‘forest – water’ relationships (Bosch and Hewlett, 1982; Stednick, 1996; Sahin and Hall, 1996;
Brown et al., 2005). According to Scott et al. (1998), commercial plantations in South Africa
were estimated to reduce annual stream flow by 3.2% and low flow by 7.8%. Also, a recent
synthesis showed that forestation decreased stream flow by 180 millimeters per year (38% on
average), with 13% of streams drying completely for at least 1 year (Jackson et al, 2005).
Considering this forest impact on water availability, we must express care in selecting
plantation sites.
This project of selecting optimal region for forestation was carried out on this premise. The
main focus of this project is to find regions that have enough water for forestation. Excess
water that can be used by forest in North Carolina was calculated spatially using maps of
precipitation, evapotranspiration, and human water use. And possible forestation regions were
selected based on excess water. Two types of evapotranspiration maps were used in calculating
excess water – potential evapotranspiration and actual evapotranspiration. Since potential
evapotranspiration estimates maximum possible water loss through evapotranspiration,
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selected forestation region based on it was conservative. On the other hand, selected forestation
region based on actual evapotranspiration could suggest maximum possible forestation
potential.
With consideration of land cover, realistically possible forestation regions in North Carolina
were further selected. These selected areas provide a first cut estimate of where biological
carbon sequestration can take place in North Carolina without adverse effects of water
availability.
This research aims to provide methodology as well as possible forestation regions of North
Carolina. Therefore, the source of the data, data verification, and data process were explained
in detail. If spatial data are available, the method used in this research can be applied to other
States or other parts of the world. Mainly five spatial datasets were used for this analysis –
precipitation, potential evapotranspiration, actual evapotranspiration, county map with the
information of human water use, land cover map. Most of these datasets are available
throughout the U.S. and therefore the forestation region selection in other States in the U.S can
be performed without much difficulty.

II. BACKGROUND

1. Study Area – North Carolina (NC)

North Carolina (NC) is located in southeastern part of the U.S. The total area is about one
hundred and forty square kilometers and total population was 8.8 million in 2006, a 10%
increase since 2000. North Carolina has three distinct climate regions – mountain, piedmont,
and coastal plain. As Figure 1 shows, the mountain region occupies 20% of the state area, the
piedmont region located in the middle contains 35% of the state area, and the coastal plain
takes up 45% of the state area.

5

Figure 1 Climate Regions in North Carolina. It has three distinctive regions – Mountain, Piedmont, and
Coastal Plain.

Figure 2 illustrates 2001 land cover of North Carolina from ‘Multi-Resolution Land
Characteristics Consortium’ website (http://www.mrlc.gov/). Land cover of North Carolina is
mainly forest and agricultural land except for a few large cities.

Figure 2 Land cover of North Carolina. Major land cover of North Carolina is Forest and Agricultural
land.
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III. METHOD
1. Approach

The purpose of this research is to find regions in North Carolina where water availability is
high relative to all existing demands. Therefore it is important to calculate the amount of
‘excess water’. This ‘excess water’ is defined as: ‘precipitation – evapotranspiration – human
water use’. Excess water can be simplified in this way because precipitation is a major input
and evapotranspiration is a major output of the terrestrial water cycle. Human water use is also
included due to increasing importance.

The critical issue of this research was calculating the excess water in pixel by pixel basis so
that spatial selection of areas to convert into forest can be possible. Therefore, spatial form of
precipitation, evapotranspiration, and human water use data were prepared and processed.
Then, evapotranspiration and human water use data was subtracted from precipitation data to
be displayed as excess water on the map.

However, the three spatial data used here (precipitation, evapotrasnpiration, and human water
use) have limitations due to heterogeneity of the landscape and large number of controlling
factors involved including climate, plant biophysics, soil properties, and topography (Friedl,
1996). The uncertainty of the data as well as data manipulation will be discussed in the
following section.

2. Data Description

(1) Precipitation data

Precipitation is a major source of water input in the terrestrial system. Since the focus of this
research is finding regions that have excess water, spatially distributed precipitation data is
needed. However spatial distribution of precipitation is highly uncertain. Direct measurement

7

data is considered as the most accurate in general; nevertheless uncertainty occurs when it is
interpolated into spatial distribution using different weighting methods. Remote sensing data is
also used to estimate precipitation where it is hard to measure but this method often produces
inaccurate results. Recently, National Weather Service (NWS) introduced a precipitation
processing method which incorporates radar method with observed gauge reports. By
comparing radar data with observed value, the bias is determined and used to correct the spatial
data. Then the corrected value is reapplied into each grid cell. Precipitation data produced from
this process was used in this research.

A.

Precipitation data description

Precipitation data of 2005 and 2006 were downloaded from National Weather Service (NWS)
Precipitation Analysis site (http://www.srh.noaa.gov/rfcshare/). Hourly estimated precipitation
data from Radar (WSR – 88D NEXRAD) was compared with “observation precipitation” data
and the bias is reduced with further calculation. “Observation precipitation” data refers to
precipitation data measured at the gauge station. The spatial resolution is 4 km x 4km. Here,
the precipitation data downloaded from NWS Precipitation Analysis site is called NWS
precipitation data.

Possible errors of NWS precipitation data can be created due to the inaccuracy of either radar
or observation data. In case of radar, problems occur where freezing and frozen precipitation,
bright banding and reflections are involved. Observation precipitation data also can have
errors due to freezing precipitation, windy condition, gauge sitting, and undermeasurement by
tipping bucket gauges in high intensity of rainfall.

B.

Verification of NWS precipitation data

Because the resolution of NWS precipitation data is limited and evaluating uncertainty of the
data is important, the accuracy of the NWS precipitation data was assessed. Figure 3 illustrates
the distribution of annual total precipitation of 2005 (A) and 2006 (B) based on NWS
precipitation data. The mean of annual total precipitation in 2005 is 1067mm and the mean of
annual total precipitation in 2006 is 1160mm. Extreme and unreasonably high precipitation
8

values were found both in 2005 (~2300mm/yr) and in 2006 (~3160mm/yr), as were some very
low values (below 700mm/yr). Therefore a reasonable precipitation range was set based on the
record of observation precipitation data.

Figure 3 Distributions of annual total precipitation based on NWS precipitation data. A – Annual total
precipitation of 2005. B- Annual total precipitation of 2006.

To verify NWS precipitation data as well as to set reasonable range, NWS precipitation data
were compared with observation precipitation data measured in fourteen stations in North
Carolina (State Climate Office of North Carolina, http://www.nc-climate.ncsu.edu). As Figure
4 illustrates, the stations are well distributed across the three climate regions.

Figure 4 Precipitation Observation stations in North Carolina
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Table 1 summarizes the comparison of annual total precipitation between NWS precipitation
data and observation precipitation data in NC.

Table 1 Comparison of NWS precipitation data and Observation data of NC.

Site Name

Annual total precipitation

Annual total precipitation

2005 (mm)

2006 (mm)

Observation

NWS

Observation

NWS

Laurel
Mountain

Springs

1,195

1,068

1,238

1,175

Waynesville

1,089

1,038

1,088

1,070

Fletcher

1,158

1,164

1,119

1,085

Reidsville

759

845

702

1,202

Oxford

814

824

1,127

1,134

921

996

1,107

1,117

1,011

1,031

Jackson
Springs
Piedmont
Lake
Salisbury
Clayton
Plymouth

813
668
1,093

874

1,055

919

993
1,172

1,032
1,403

866
1,308

878
1,420

1,401

1,438

1,819

1,611

975

1,023

1,329

1,263

1,027
1,022

991

1,385

1,371

1,132

1287

1294

Castle
Haynes
Coastal
Plain

Rocky
Mount
Lewisville
Kinston
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To specify relationship between NWS precipitation data and observation precipitation data of
North Carolina, linear regression was performed and the relationship is plotted (Figure 5).
Overall, the two measures are very similar (R2 = 0.77), the slope was about 0.88 and standard
error of the slope was 0.09.

Figure 5 Relationship of annual total precipitation between Observation precipitation data of NC and NWS
precipitation data. Pink dots represent the piedmont region. Brown dots represent the mountain region.
Orange dots represent the coastal plain. Green line is 1:1 line and Black line is regression line.

In all, 98.55% of NWS precipitation data falls within the minimum to maximum range of the
observation precipitation data in the fourteen stations (700mm/yr ~ 1800mm/yr). The values in
each pixel falling outside the acceptable range were replaced with the mean of 9 pixels around
them. If a pixel value was still outside the range at this stage, it was replaced by the nearest
range-end value. This will not distort of the overall NWS precipitation because adjusted pixels
made up less than 0.1% of the total number of pixels in North Carolina.

(2) Evapotranspiration (ET) Data
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Evapotranspiration (ET) is the sum of evaporation and transpiration from the earth's land
surface to atmosphere. Evaporation represents water movement from soils, water bodies and
canopy interception to the atmosphere. Transpiration represents water movement within a plant
and the subsequent loss of water as vapor through stomata in its leaves. Thus, ET is major
process for removing water from terrestrial ecosystems. ET is hard to estimate accurately
because it is influenced by climate, soil property, topography, and vegetation types. Therefore,
estimating spatially distributed ET value is very challenging.

There are two expressions of ET, one is potential evapotranspiration (PET) and the other is
actual evapotranspiration (AET). PET represents the amount of water that could evaporate and
transpire from landscape without restriction other than atmospheric demand (Lu et al., 2005).
Therefore PET is the upper limit of water loss from landscape to atmosphere. PET depends
highly on the amount of energy that transfers water trapped in the landscape into the
atmosphere. Therefore both temperature and solar radiation are necessary inputs for PET
calculation. On the other hand, AET is a measure of real evapotranspiration in the given
environment, and depends on the vegetation cover, climate and many other factors.

A.

Evapotranspiration data description

For this study, both AET data and PET data were used. AET data is provided by Dr.
Quiaozhen Mu of Montana University. She calculated AET using MODIS (MODerate
Resolution Imaging Spectroradiometer) and global meteorology data. And PET data was
obtained from the 16 measurement stations in North Carolina (State Climate Office of North
Carolina, http://www.nc-climate.ncsu.edu/agnet/)

A - 1. Actual Evapotranspiration calculated from MODIS and global meteorology data

Spatially distributed AET is hard to estimate because there are not enough AET measurement
sites in North Carolina and therefore the interpolation can create large uncertainty. Mu et al.
(2007) calculated spatially distributed AET using MODIS and global meteorology data. They
12

used revised algorithm based on Penman-Monteith equation. The resolution of AET data is
about 5.5 x 5.5 km.

To calculate AET, they estimate plant transpiration and soil evaporation separately and then
summed them together. Using the result of MODIS (one of the popular remote sensing
equipments), they separated vegetated area and bare soil region to calculate each value. This is
possible because the vegetated area has different reflectivity of solar radiation.

To calculate plant transpiration, they focused on the fact that stomatal conductance controls the
water exchange rate in vegetated area. Under a given radiative forcing and vapor pressure
deficit (VPD), high stomatal conductance result in high transpiration. Assuming there is no
additional water input, soil moisture eventually decreases and in the end, the stomatal
conductance becomes reduced (Misson et al., 2004). Mu et al. (2007) estimated the amount of
plant transpiration based on this idea. They calculated stomatal conductance at the leaf level
using VPD and temperature. Then, they calculate canopy conductance by multiplying stomatal
conductance with leaf area index (LAI). Finally, by multiplying vegetated area with canopy
conductance, plant transpiration is calculated.

To calculate soil evaporation, they first calculate potential soil evaporation. Then this value
was adjusted into actual evaporation using VPD and relative humidity. By summing calculated
plant transpiration and soil evaporation, AET was calculated. This process is summarized in
Figure 6.
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Figure 6 AET calculation process using MODIS and global meteorology data (Mu et al., 2007)

A - 2. Potential Evapotranspiration from Observation

Observation of PET is taken from 16 stations across the North Carolina (Figure 7). These 16
stations are part of 26 stations of NC ECONet under the State Climate Office of North Carolina.
NC ECONet uses modified atmometer to measure evapotranspiration. It is comprised of a
cylindrical water reservoir with a porous ceramic cup placed above. Distilled water is brought
to the ceramic cup by a tube through the use of capillary force. This is done at the same rate at
which plants use water through evapotranspiration. NC ECONet uses alfalfa as a reference
crop for evapotranspiration assuming 75% ground cover (Puryear, 2005). It can only be
measured when the temperatures are above freezing.
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Figure 7 PET measurement stations in North Carolina

B.

Verification of Evapotranspiration data

B – 1. Verification of AET data calculated using MODIS

Because AET calculation using MODIS is relatively new and untested, the uncertainties in the
data are not well defined. Therefore it is crucial to compare the AET calculated using MODIS
with measured AET (e.g. from eddy covariance measures of ecosystem fluxes of water).
Therefore AET measured from three sites using eddy covariance flux tower - old field, planted
pine forest, and hardwood forest in Blackwood division, Duke Forest (35º58´41N, 79º05´39W)
from 2001 to 2004 (Stoy et al., 2006). It is compared with AET data available from MODIS
for these years.

All of these three measurement sites fell into one pixel of AET map created from MODIS data.
Therefore the three measurement values were averaged and compared with MODIS result. As
Figure 8 illustrates, the means of AET measured from eddy flux tower were quite close to AET
values calculated from MODIS data, yet MODIS seems to have less variability. This implies
that AET estimated using MODIS data can represents measured AET quite well.
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Figure 8 AET of Blackwood Division, Duke Forest AET measured from flux tower is compared with AET
estimated using MODIS.

B - 2. Verification of AET and PET

Because PET represents the maximum possible amount of ET, PET is usually larger than AET.
In the driest condition where PET is very high and AET is very low, the gap between PET and
AET is the largest. However, as the environment gets wetter, the gap narrows. It is because the
force driving PET decreases as humidity increases. On the other hand, if the environment
becomes more humid, AET increases because wet condition makes water for ET more
available. In the wettest condition (e.g. soon after sufficient precipitation event) AET and PET
becomes similar. Figure 9 well illustrates this relationship (Hobbins et al., 2004). Figure 9 is
generated using measured pan evaporation data and AET data calculated from ‘precipitation –
runoff’. Both of the data are selected from the HydroClimatic Data Network (HCDN) which
covers whole U.S.
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Figure 9 Comparisons of PET and AET. X-axis is the amount of ET, and Y-axis is the amount of
precipitation. Pink dot represents PET and it decreases as precipitation increases and blue dot represents
AET and it increases as precipitation increases. In wettest condition (~ 2000 mm in this graph), values of
PET and AET become similar. (Hobbins et al., 2004)

To further verify the AET data and the relationship between AET (calculated using MODIS)
and PET (observation data from NC ECONet stations), the AET and PET data obtained from
2005 and 2006 were analyzed as in Figure 9. Because the locations of the 16 PET measurement
stations were known, relevant AET value was selected and compared (Figure 10). Consistently
with the trend shown in Figure 9, as precipitation increases, PET decreases but AET increases.
Note that neither PET nor AET in this analysis (Figure 10) is identical to those shown in Figure
9, thus no exact matching should be expected. (Pan evaporation estimates in Figure 9 represent
lake evaporation rather than evapotranspiration therefore PET in Figure 9 is larger than PET in
Figure 10. Also, AET in Figure 9 is derived from watershed mass balance while AET in Figure
10 is calculated using MODIS.) Nevertheless, this result demonstrates that both data sets (PET
and AET) used for this research have reasonable physical characteristics and therefore increase
confidence of the data.
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Figure 10 PET and AET relationship. AET is calculated from MODIS data and PET is observation
precipitation data from NC ECONet stations.

B -3. Comparison of AET from MODIS with ‘Precipitation – Runoff’

AET at a watershed level is calculated as ‘AET = precipitation - runoff’ even though
uncertainty related to deep drainage loss exists (Wilson et al., 2001). This is because ET and
runoff are major output components of the water balance so other factors have little influences.
According to Sun et al. (2002), southeastern U.S where more than half of the land area is
forested, ET from forested watershed can vary from 85 percent of annual precipitation in
Florida to 50 percent in southern Appalachian Mountains.

To further verify the AET calculated using MODIS, nine watersheds from three different
climate regions in North Carolina were selected (Figure 11). Land covers of watersheds are
either forested or agriculture. Forested watersheds are those with >65% covered with forest and
agricultural watersheds are covered with >60% by cropland.
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Figure 11 Watersheds that is selected for AET verification.

For 2006, AET estimated from MODIS was compared with watershed-based AET (AET
calculated from ‘Precipitation – Runoff’). The AET estimates from MODIS were pixel values
therefore the pixels within the watershed were averaged. To calculate watershed-based AET,
NWS precipitation data was used (Again, each pixel falls into the watershed was averaged).
Runoff data in watershed level is obtained from USGS National Water Information System
(http://waterdata.usgs.gov/nwis). The result of this comparison is summarized in Table 2.

The result showed that the value of AET estimated from MODIS was much lower than
watershed-based AET. Also, the variability of AET from MODIS is much narrower than
watershed-based AET. The two variables are plotted (Figure 12). The result shows that the two
AET values are not correlated. As mentioned earlier, the methods used to estimate AET in this
study were different. Therefore, the absolute AET values estimated from the each method
could be different. However, the problem is that AET values from MODIS are almost constant
even among the climate regions. This is not reasonable because each climate region has
different forest types and different length of growing season and accordingly annual AET
should be different.
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Table 2 The Comparison of AET. AET from MODIS is compared with AET calculated from ‘Precipitation
– Runoff’

Climate
Region

Mountain

Piedmont

Coastal
Plane

Watershed

Land
Cover

New River

Forest

Little
Tennessee
Hunting
Creek
Eno River
Flat River
Little River
Potecasi
Creek
Trent River
Big shoe
heel creek

Area Precipitation Runoff ET (P-R)
(km2)
(mm/yr)
(mm/yr) (mm/yr)

ET
from
MODIS
(mm)

531

1,191

619

482

592

363

1,384

682

702

541

298

1,054

406

648

569

Forest

365

1,066

168

898

598

Forest
Agriculture

386
600

1,095
1,018

124
175

971
843

588
509

583

1,193

305

888

593

435

1,497

624

873

592

215

1,168

380

788

493

Forest
Forest

Forest
Forest
Agriculture

Although AET estimated from MODIS and watershed-based AET are not correlated, some
patterns generated with each method are reasonable. Amatya et al. (2002) calculated AET
(‘precipitation – runoff’) of watersheds near Plymouth in eastern North Carolina (which is
located in the coastal plane) from 1996 to 2001 and found AET of forested watersheds were
greater than from watersheds covered by forest and crops. The same patterns were observed in
both watershed-based AET and AET estimated from MODIS in the coastal plane.
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Watershed

Type

Climate Region

1

New River

Forest

Mountain

2

Little Tennessee

Forest

Mountain

3

Hunting Creek

Forest

Piedmont

4

Eno River

Forest

Piedmont

5

Flat River

Forest

Piedmont

6

Potecasi Creek

Forest

Coast

7

Trent River

Forest

Coast

8

Big shoe heel creek

Agriculture

Coast

9

Little River

Agriculture

Piedmont

Elevation (m)
955
897
322
193
135
24
30
51
33

Figure 12 Relationship between watershed-based AET and AET calculating from MODIS. Table on the
top helps to understand the characteristics of each point in graph A and B.
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B – 4. Problems with AET calculated using MODIS

Here, AET calculated from MODIS were verified in different ways. Result from eddy
covariance flux implies that AET from MODIS reflects the AET quite well. However,
when AET estimated from MODIS was compared with watershed-based AET, the two
values were not similar. Because the result of the two evaluations gave different answers,
the watershed-based AET and AET measured from eddy flux tower were analyzed further.

According to records from 1961-1990, on average, 39% of precipitation goes to runoff, and
61% of precipitation goes back to atmosphere through ET in North Carolina (Heath, 1994).
Based on the Precipitation and runoff data from Table 2, similar analysis was performed.
Table 3 summarizes the result. The weighted average is used here because each climate
region has distinctive AET and it covers different ratio of state area. This result represents
that runoff accounted for about 33% of precipitation, and evapotranspiration accounted for
about 67% of precipitation in 2006. Qualitatively the proportion seems similar. However
the standard deviations (sd) of the runoff and evapotranspiration were not provided in
Heath (1994), preventing a more quantitative comparison with data in this study.

Table 3 Runoff and Evapotranspiration rate in North Carolina

Climate
Region
Mountain

Piedmont

Coastal
Plane
Weighted
Average

Watershed

Land Cover

Proportion Runoff

Proportion ET

New River

Forest

0.56

0.44

Little
Tennessee

Forest

0.49

0.51

Hunting Creek

Forest

0.39

0.61

Eno River

Forest

0.16

0.84

Flat River

Forest

0.11

0.89

Little River

Agriculture

0.17

0.83

Potecasi Creek

Forest

0.26

0.74

Trent River

Forest

0.42

0.58

Big shoe hill
creek

Agriculture

0.32

0.68

0.33

0.67
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Sun et al. (2002) studied the runoff/precipitation ratio of two watersheds in North Carolina.
One watershed is located in the mountain region (mature deciduous oak forest) and the
other watershed is located in coastal plane (mature loblolly pine forest). Their study
showed that runoff/precipitation ratio of the watershed in mountain region was 0.53 (sd =
0.092, the result was based on records from 1979-1992) and that of the watershed in the
coastal plane was 0.30 (sd = 0.079, the result was based on records from 1999-1997). The
averaged runoff/precipitation ratio in this study in the two same regions (0.53 in the
mountain region and 0.33 in the coastal plain) were similar to the values reported in Sun et
al. (2002). Also, significant correlation between watershed-based AET and elevation was
found in this study (Figure 13). Watershed-based AET decreases as average elevation of
each watershed increases, reflecting a reduction in the amount of ‘runoff’ as watershed’s
topography becomes less steep. Thus, watershed-based AET values concluded here might
lie within reasonable range.

Figure 13 Relationship between Elevation of the watersheds and AET.
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It is possible that both AET estimates (MODIS and eddy covariance) were not correct. In
fact, many field studies suggested that eddy covariance flux measurements tend to
underestimate latent and sensible heat flux about 10% ~ 30% (Twine et al., 2000).
Especially following precipitation events, for example, the eddy covariance flux system can
underestimate evapotranspiation because the sensor cannot operate while wet and
evaporation from wet canopies can be large. And according to Wen et al. (2004), in planted
pine forest in China, 37% of precipitation was intercepted by the canopy. Canopy
interception in loblolly pine forest in coastal plain of North Carolina accounted for about
20% of precipitation (Cao et al., 2006). Therefore, if eddy covariance method misses some
of the canopy interception, up to 200 mm/yr of evapotranspiration could be underestimated
in loblolly pine forest in North Carolina. Considering AET from eddy covariance system as
underestimated and the unvaried ET estimates from MODIS, the AET values calculated
from MODIS are quite uncertain.

3. Data Process

Here, I summarize how each data set was processed, along with some information of
additional analysis performed in ArcGIS system.

(1)

Precipitation Data

The original format of the file was in point file in monthly basis. After download, each data
set was changed into raster file with same resolution with original file (4km x 4km). The
missing data were filled with means of nearby pixels using focal statistics tool in ArcGIS.
Based on the observation data, the minimum (700mm/yr) and maximum (1800mm/yr)
range was set.
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(2)

AET data from MODIS

ET data measured from MODIS were in ASCII format in eight day basis. By creating a
python script, AET data from 2000 to 2006 was converted into raster format and summed
into annual ET value. Also, the missing data were filled with means of nearby pixels using
focal statistics tool in ArcGIS.

(3)

PET data from Observation sites

There are only 16 observation data across the North Carolina. Therefore careful
interpolation of these data into raster format is crucial. Here, kriging method was chosen as
an interpolation tool since it is based on the assumption that the parameter being
interpolated can be treated as a regionalized variable (Johnston et al., 2003). A regionalized
variable is the intermediate between a truly random variable and a completely deterministic
variable. Therefore it varies in a continuous manner from one location to the next and
therefore points that are near each other have a certain degree of spatial correlation, but
points that are widely separated are statistically independent. This kriging method is
appropriate in North Carolina because it has three distinctive climate regions.

Because Geostatistic tool in ArcGIS allows exploring the spatial characteristics of data set,
better result of interpolation can be obtained. However, there are only sixteen measurement
stations in North Carolina, errors created from limited number of measurement stations are
unavoidable. To clarify the uncertainty of the final maps, cross validation was performed.
Figure 14 illustrates fitted relationship between predicted and measured values. In both
cases, mean prediction errors were relatively low (9.2 in 2005, 5.6 in 2006), and root mean
square standardized prediction errors which represents unbiasness prediction were close to
1 (0.9 in 2005, 1 in 2006).
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Figure 14 Cross Validations of Kriging Result A : Cross Validation of PET in 2005, B : Cross
Validation of PET in 2006. Dotted line represents 1:1 relationship and blue line illustrates prediction
line.

Also, errors can be generated while extrapolation (when estimating PET values near
boundary or outside of measurement stations). Since kriging method estimates each value
based on surrounded measurement values, prediction error variance (kriging variance) of
each pixel is almost equal inside of the boundary. However, the kringing variance of
estimated values near boundary or outside of measurement station increases considerably
for the same reason and accordingly the uncertainty of these values increase. This is called
border effect. Many researchers have found ways to reduce the border effect and one of
them is shifting points toward the edges (Lagacherie et al., 2006). The border effect of the
maps produced for this research will not be significant because the measurement stations
are well distributed (already close to the edges) throughout North Carolina.

(4)

Human Water Use data

USGS estimated 2000 human water use of North Carolina in a county-by-county basis.
(http://nc.water.usgs.gov/wateruse/). The main concern was to distribute county base water
use into pixel-by -pixel basis. For this, two assumptions were made. First, people inhabit
developed area and agricultural land. Second, population density in developed area is 5
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times higher than agricultural land. The information of population density is from U.S
census bureau 2000 report. Based on these assumptions, land cover data downloaded from
MRLC site (http://www.mrlc.gov/) was reclassified into three categories – developed,
agriculture, and other. According to the land cover, specific amount of water use was
assigned. For developed region, public use, domestic use, industrial use, golf course
irrigation, and thermo-electric use is assigned. And for agricultural land, public use,
domestic use, and agricultural use was assigned. There was no human water use in the rest
of the land cover types because it was assumed that people do not live in these areas. Table
4 illustrates how the land cover data were reclassified.
Table 4 Table of Reclassification of land cover data

NLCD Unit 2001

Description

Reclassified as

11

Open water

Other

21

Developed, Open Space

Developed

22

Developed, Low Intensity

Developed

23

Developed, Medium Intensity

Developed

24

Developed, High Intensity

Developed

31

Barren Land

Other

41

Deciduous Forest

Other

42

Evergreen Forest

Other

43

Mixed Forest

Other

52

Shrub/Scrub

Other

71

Grassland/Herbaceous

Other

81

Pasture/Hay

Agriculture

82

Cultivated Crops

Agriculture

90

Woody wetlands

Other

95

Emergent Wetland

Other
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4. Data Analysis
As mentioned above, excess water can be calculated by using the equation ‘excess water =
precipitation – evapotranspiraion – human use’. Since the data was processed into raster
layer (with spatial distribution), excess water could be calculated using ‘Single output map
algebra’ tool in ArcGIS. Theoretically, we can forest the areas where excess water is
greater than zero. However, in reality, we cannot forest all of these areas. For example,
forest can not be created in downtown Durham. Therefore, land cover was considered to
select reasonable reforestation/afforestation regions.

Thus, the land cover data was reclassified into 6 categories where reforestation can be
realized. The six categories are developed (open space), barren land, grassland, pasture,
cultivated crops, and emergent wetland. Developed area of open space is vegetated region,
mostly covered with lawn grasses. This category is included large lot single family houses
or golf courses, recreation area for aesthetic purpose. This land cover type was selected
because it was not highly populated area and there were not much artificial constructions.
Emergent wetland was also included because some part of herbaceous vegetation region in
emergent wetland might have a potential to be reforested. Table 5 summarizes how each
land cover data was reclassified. After reclassification, this reclassified map was intersected
with excess water map to select the final reforestation region. After that, using a zonal
statistic as table function, the size of the area of each 6 category that can be reforested is
calculated.
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Table 5 Table of reclassification of landcover data

NLCD Unit 2001
11

Description
Open water

Reclassified as
No data

21
22

Developed, Open Space
Developed, Low Intensity

Open Space
No data

23

Developed, Medium Intensity

No data

24

Developed, High Intensity

No data

31

Barren Land

Barren Land

41

Deciduous Forest

No data

42

Evergreen Forest

No data

43
52

Mixed Forest
Shrub/Scrub

No data
No data

71
81

Grassland/Herbaceous
Pasture/Hay

Grassland/Herbaceous
Pasture/Hay

82
90
95

Cultivated Crops
Woody wetlands
Emergent Wetland

Cultivated Crops
No data
Emergent wetland
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IV. RESULT
1.

Result in Maps

(1)

Precipitation

Figure 15 illustrates the spatial patterns of precipitation event in North Carolina in 2005
and 2006. North Carolina was drier in 2005 than in 2006. Generally, the mountain region
and coastal plain tend to have more precipitation than piedmont region.

(2)

Potential and Actual (MODIS) Evapotranspiration Maps

Figure 16 illustrates the spatial patterns of PET (left) and AET (right) in North Carolina in
2005 and 2006. The physical characteristic between PET and AET is discussed in earlier
section using Figure 9 and Figure 10 - the difference between PET and AET is highest in a
driest environment and with increasing precipitation, PET and AET becomes similar.
Therefore, it is expected that PET will be much higher than AET in dry regions and PET
decreases but AET increases in wet regions. This pattern is found in Figure 16.

Figure 15 illustrates that the piedmont is drier than the mountain and coastal plane.
Consistent with expectation, the piedmont has the highest PET. This might be because the
piedmont is warmer (i.e. receives more energy) than the other regions (the mountain area is
cooler due to higher elevation and the coastal plain is cooler due to the Atlantic Ocean
influence during the summer.) On the other hand, AET is lower in the piedmont region,
particularly in its eastern portion because lower precipitation restricted water availability
for ET. This pattern is hardly observed in the mountain region. It might be because water
availability in the mountain region is limited by runoff due to high elevation, therefore
increased precipitation doesn’t improve overall water availability.

Because PET represents the maximum possible amount of ET in each region and it doesn’t
take the local water availability and land cover into account, PET value is mostly larger
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than AET. Interestingly, big cities such as Charlotte, Raleigh, and Winston-Salem are very
recognizable due to low AET. This is reasonable because big cities are covered with
impermeable surfaces (for example, streets, roads, buildings).

(3)

Human Water Use

Figure 17 illustrates the spatial pattern of human water use. This human water use map
might be underestimated because the calculation is based on ‘2000 water use estimation
data’ from USGS. However, the amount of human water use has much less affect on the
calculation of excess water than precipitation or ET. The range extends from 0 mm/yr to
40mm/yr. Therefore, underestimating human use will not distort value of excess water in
each pixel.
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Figure 15 Annual total precipitation in 2005 and 2006.
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Figure 16 Potential ET and Actual ET.
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Figure 17 Human water use
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(4)

Final Result

Figure 18 illustrates the spatial pattern of excess water. Maps on the left are calculated
based on PET, and maps on the right are calculated based on AET. Since the PET is larger
than AET, the amount of excess water is larger when AET is used. Therefore forestation
region selection based on PET gives more conservative result. Although, AET and PET
have opposite trends (as discussed in data verification section), the excess water maps
shown in Figure 18 have similar patterns – low availability in piedmont region and higher
availability in coastal plain and mountain region. This is probably because the impact of
precipitation on water availability is stronger than the impact of evapotranspiration in
North Carolina.

As mentioned earlier, if excess water a region is greater than zero, reforestation and
afforestation can be applied. To be conservative in selecting the possible forestation area,
excess water map of 2005 was selected because 2005 was drier than 2006. According to
National Climate Data Center (http://www.ncdc.noaa.gov/oa/climate/research/2005/ann/ussummary.html#precip), annual precipitation in 2005 ranked 55 of 111 years of annual
precipitation record (Figure 19).

Figure 19 2005 Annual Precipitation data rank in U.S.
(http://www.ncdc.noaa.gov/oa/climate/research/2005/ann/us-summary.html#precip)
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In reality, land cover type must be considered in a decision to forest (reforest or afforest)
the region. Therefore reclassified land cover categories were selected from excess water
map. Figure 20 illustrates the final possible forestation area with consideration of land
cover type. To be extremely conservative on selecting minimum forestation area, human
water use was multiplied by five times. Considering the 10% population increase in NC
since 2000, human water use multiplied by five times would certainly be sufficient to
reflect the increased amount of human water use. Since possible forestation region based
on PET shows more conservative results than forestation region based on AET,
reforestation/afforestation region selection based on the result of PET has lower risk than
based on AET.

Considering economic forces, only little area of ‘developed, open space’ can be reforested.
Also, only a small portion of herbaceous region of emergent wetland can be reforested
when considering biological conservation. Therefore, potential reforestation/afforestation
region was further restricted. Table 6 summarizes the possible amount of forestation region
according to land cover type.
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Table 6 The amount of area that can be reforested/afforested and its land cover in North Carolina.

Land Cover

based on AET
(km2)

Based on PET
(km2)

7,460

3,626

429

208

Grassland / Herbaceous

6,970

3,393

Pasture / Hay

12,912

6,493

Cultivated Crops

13,475

6,713

674

809

41,920

21,242

30%

15%

Developed, Open Space
Barren

Emergent Wetland
TOTAL
% in whole North Carolina
TOTAL
(Exclude Developed area and
Emergent Wetland area)
% in whole North Carolina
(Exclude Developed area and
Emergent Wetland area)

33,786

24%

16,807

12%

Cultivated crop field takes up the largest portion among six land cover types. As expected,
the results based on AET shows that larger area can be possible reforestation/afforestation
regions than the results based on PET. Possible reforestation potential based on AET is
about 24% of North Carolina. In contrast, possible reforestation potential based on PET is
about 12 % of North Carolina.
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Figure 18 Excess water based on PET and AET
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Figure 20 Possible forestation region based on AET and PET.
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V. DISCUSSION AND CONCLUSION
In this project, possible forestation region of North Carolina was selected based on excess
water and land cover. Excess water was calculated using spatial maps of precipitation, ET
(PET, AET), and human water use (excess water = precipitation – ET (PET, AET) – human
water use). Since the limitations of these spatial maps were not known, data verification
was done. Through the data verification process, the uncertainty of each dataset was
clarified. Also, it was found that understanding the impact of ET data on the final result is
crucial because the uncertainty was relatively large.

In the case of PET, uncertainty exists because the PET maps were created by interpolation
of only 16 measurement stations. This PET map will become more accurate if the number
of the measurement stations is increased. Also, the final result based on PET is uncertain
because PET doesn’t take into account of water availability on the landscape. PET can be
larger than precipitation but AET cannot. Thus, the result based on PET underestimates
possible forestation region. In the case of AET, uncertainty exists because AET calculated
using MODIS was much lower and less variable than watershed-based AET. Therefore
excess water based on AET might overestimate forestation potential. Considering the
uncertainties of the dataset, using the estimates based on PET would be conservative and
therefore safer.

Estimates of human water use can also be improved. First, total water use of each county
can be more reasonable when it is adjusted according to increased population. According to
U.S. census bureau (http://quickfacts.census.gov/qfd/states/), population had increased 10%
from 2000 to 2006 in North Carolina. Because the population change of each county is
known, increased human water use of a county can be estimated by multiplying the human
water use of 2000 with population increase of the county. Second, additional spatial
information can improve the distribution of the human water use. The current human water
use estimation tends to overvalue the amount of water use of each pixel if large amount of
water is used only in few specific sites (for example, thermoelectric power stations or golf
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courses). If we take these specific locations into account when creating human water use
map, the allocation of human water use will be more realistic.

After calculating excess water of each pixel, further selection of forestation region was
performed based on land cover. Most of the possible forestation regions in North Carolina
were in areas of high precipitation. So selection of forestation areas seems to depend more
on precipitation than evapotranspiraiton or human water use.

As the final result suggests, coastal plain with cropland land cover and western piedmont
area with pasture land cover have highest forestation potential. In general, agricultural land
cover has the highest potential for forestation. This result however is only a starting point
for the reforestation plan because there are complicated economical and political barriers
that make forestation in the areas unlikely. For example, if all the selected cropland is
turned into forest, serious food supply problems may emerge. Indeed, my approach is
suggested as a screening tool for potential areas, leaving economics and policy to decisionmakers.

Since this analysis is performed spatially, further prioritization can be possible using
different maps such as flood maps, marginal agricultural maps or conservation hot spot
maps. For example, if this map is intersected with conservation hot spot map, the
reforestation based on intersected map can contribute to the habitat conservation because
reforested area can act as an ecological corridor.

In fact, the methodology of this research is more meaningful than the final result.
Precipitation and temperature influences vegetation types and forest occurs where there is
enough precipitation (Perry, 1994). The equilibrium vegetation type of North Carolina is
temperate forest. According to the research on succession, abandoned cropland of the
piedmont region (which has relatively lower precipitation) eventually turned into oakhickory forest (Christenson and Peet, 1984; http://www.okstate.edu/artsci/botany/bisc3034/
lnotes/). Thus, water availability for forest growth is not the restrictive factor in forestation
plan of North Carolina.
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Still, calculating excess water can be an important step in forestation plan for other states
and other part of the world where precipitation is not enough. Hence, this research provided
data processing schemes as well as the source and limitation of the data in detail. Also, I
tried to use the datasets that can be obtained throughout the U.S for the analysis. For
example, the reason I used AET calculated from MODIS is that AET can be estimated
where there is no measurement station. However, as mentioned above, AET value is still
uncertain and the nominal end of life for MODIS is 2008. However AET data can still be
estimated using other remote sensing equipment such as VIIRS (Visible Imaging Infrared
Radiometer Suite) sensor. The VIIRS sensor will be similar to the MODIS sensor but it
will utilize more bands and more refined and advanced algorithms, and resulting in greatly
enhanced imaging and data collection (http://maps.geog.umd.edu/firms/faq.asp#plan). The
VIIRS sensor is part of the National Polar-orbiting Operational Environmental Satellite
System (NPOESS) Preparatory Project (NPP) - a joint NASA/IPO instrument risk
reduction project. NPP is scheduled to launch into a 515 mile orbit in fall 2009.
This research of selecting possible forestation regions is based on spatial analysis in a
pixel-by-pixel basis. This pixel by pixel analysis makes it easy to calculate excess water.
However, some uncertainty exists because lateral movement of water is not considered. If
lateral movement of water is to be considered, the analysis should be approached as a
watershed base rather than pixel by pixel base. To do that, more information will be needed
such as watershed map, elevation map, and watershed-based human water use. The
calculation will be more complicated but the estimation will be more accurate.
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