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ABSTRACT: This paper explores the link between the anomalous warming
hole in the southeastern United States and a major land-use/land-cover (LULC)
change in the region. Land surface and satellite observations were analyzed to
estimate the net radiative forcing due to LULC change. Albedo and latent
energy were specifically addressed for the dominant LULC change of agriculture to forests. It was assumed that in the energy-limited environment of the
region, the partition of changes in available energy due to albedo will mostly
impact the sensible heat. The results show that in the southeastern United
States, for the period of 1920 to 1992, the changes in sensible (as a result of
albedo) and latent energies are in direct competition with each other. In the
spring and early summer months, the croplands are in peak production and the
latent energy associated with their evapotranspiration (ET) is comparable to
that of the forests so the decrease in radiation due to albedo dominates the
signal. However, during the late summer and fall months, most major crops
have matured, thus reducing their transpiration rate while forests (particularly
evergreens) maintain their foliage and with their deep roots are able to continue
to transpire as long as atmospheric conditions are favorable. This later influence
of latent energy appears to more than offset the increased radiative forcing from
the spring and early summer. Overall, a mean annual net radiative forcing
resulting from a LULC change from cropland to forests was estimated to be
21.06 W m22 and thus a probable contribution to the ‘‘warming hole’’ over the
Southeast during the majority of the twentieth century.
KEYWORDS: Physical meteorology and climatology; Climate change; Latent
heating/cooling; Radiative forcing; Observational techniques and algorithms;
Satellite observations; Surface observations; Applications; Land use

1. Introduction
The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate
Change (IPCC; Hartmann et al. 2013, their Figures 2.20–21) shows that over most
of the world, gridded annual surface air temperatures have increased from 1901 to
2012. The record for the period displays three distinct temperature phases as shown
in Figure 1 below. The first decades of the century were dominated by a rising trend
where temperatures rose about 0.48C that ended in about 1940. Then, until roughly
1975, a slight cooling trend resulting in a decline of approximately 20.18C can be
observed. In the last decades of the century, and continuing to the present, warming
again dominates the signal. As a rule, the warming is greater over the higher
latitudes, and more warming is observed over land than over water.
Various causes have been ascribed to the midcentury cooling trend including
‘‘global dimming’’ due to aerosols (Wild et al. 2007; Yu et al. 2014), volcanic
eruptions (Meehl et al. 2004), and solar irradiance (Crowley 2000; Meehl et al.
2004). Meehl et al. (2004) employed global climate models to show that an additive effect of all of the enumerated causes is necessary to simulate the record.
Recently, authors have pointed to a slowing of the Atlantic Ocean overturning
circulation as a further causal mechanism (Rahmstorf et al. 2015).
The magnitude of the midcentury cooling trend is most striking over North
America as compared to the other continents (Hartmann et al. 2013). However, this
phenomenon does not appear to be evenly distributed over the whole of the region
(Zhang et al. 2000; Portmann et al. 2009; Lawrence et al. 2012; Dobrowski et al.
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Figure 1. From Hartman et al. (2013, their Figure 2.20): Annual global-mean surface
temperature anomalies relative to a 1961–90 climatology from the latest
version of the three combined land surface air temperature and sea surface temperature datasets (HadCRUT4, GISS, and NCDC Merged Land–
Ocean Surface Temperature analysis).

2013). For example, Zhang et al. (2000) demonstrated significant differences in
temperature trends across Canada with a warming in the southern and western
portions of the country and cooling in the Northeast. Similarly, several authors have
identified significant spatial trends across the United States with reduced cooling (or
even slight warming) in the western states and a cooling tendency in the central and
eastern areas (Knappenberger et al. 2001; Dobrowski et al. 2013; Meehl et al. 2013).
Of note, authors have pointed to significant ‘‘warming holes,’’ that is, cooling trends
over part or even most of the century in the upper midwestern, south-central, and
southeastern United States (Pan et al. 2004; Kunkel et al. 2006; Meehl et al. 2012).
Although the midwestern and south-central anomalies appear to have largely disappeared in the last 20 years of the last century, the southeastern warming hole has
diminished in spatial scope but still persists today, located primarily over the states of
Alabama and Mississippi. Figure 2 shows the National Climate Data Center’s division temperature trend from 1985 to 2014. Though the latter quarter of the century
exhibits a spatially consistent rising trend across the United States, the persistence of
the cooling phenomenon over the Southeast induces the unique characteristic that the
region exhibits a slight cooling trend over the entire twentieth century (see Figure 2).
The southeastern cooling episode exhibits several notable and unique features:
its earlier onset, its persistence well into the twenty-first century (albeit at a smaller
spatial scale), and, most notably, its decline in minimum as well as maximum
temperatures (Knappenberger et al. 2001). The causes of the southeastern trend are
thought to be fundamentally different than those associated with the midwestern
and south-central trends (Portmann et al. 2009; Meehl et al. 2012; Rogers 2013).
While no definitive cause has been identified for the persistence of this phenomenon, several theories have been advanced by climate scientists. These include
‘‘dimming’’ due to aerosols (Saxena and Yu 1998; Portmann et al. 2009;
Leibensperger et al. 2012); increased cloudiness, precipitation, and soil moisture
variability (Pan et al. 2004); variability of SST in the both the Atlantic and Pacific
(Robinson 2002; Kunkel et al. 2006; Wang et al. 2009); and reduced sensible heat
loss due to increased irrigation (Christy et al. 2006; Puma and Cook 2010).
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Figure 2. Conterminous U.S. (a) temperature trends from 1895 to 2014 and
(b) cropland loss from a Southeast maximum in 1920 to 1992 (Waisanen
and Bliss 2002).

In a comprehensive study of the southeastern United States, primarily the
states of Mississippi, Alabama, and Georgia, Rogers (2013) found that 60% of
the summer temperature variance was primarily described by soil moisture and
cloud cover; however, all the predictor indices examined combined explained
less than 38% of the annual and winter variance. Land-use/land-cover (LULC)
change has been shown to alter cloudiness and potentially precipitation
(McNider et al. 1994; Wetzel and Chang 1987) so that some part of the soil
moisture and cloudiness relationship found by Rogers (2013) may be an indirect
effect of LULC change.
Coincident with the past century’s warming hole, the southeastern United States
experienced a major LULC change. While the region was a major agricultural
producer at the turn of the twentieth century, the 60 years that followed saw a
drastic reduction of cropland. The rain-fed agricultural system in place was no
match for the irrigating farmers in the west or the midwestern farms that are largely
insulated from drought by their deep water-holding soils. By 1980, western irrigation and improvements in transportation had largely displaced the rain-fed
systems of the east, and as a result southeastern agriculture declined precipitously.
In Alabama, planted acres of corn and cotton have decreased by 90% over the past
century (Census of Agriculture, National Agricultural Statistical Service, www.
nass.usda.gov). On average, the Southeast as a whole lost 45% of agricultural land
since 1920 (Waisanen and Bliss 2002), with Florida as the only state with a net
gain. In addition to the loss of cropland, forests in the Southeast were rebounding
from the significant cutting that went on from the 1880s to 1920s (Bronaugh 2012).
As seen in Figure 2, the loss of agriculture is not unique to only the Southeast;
indeed, most the eastern United States experienced notable cropland loss. However, an important aspect of that land-cover change is unique to the southeastern
region. Urban and suburban areas in the Northeast grew rapidly, filling the gap
where agricultural land once existed. In the Southeast, population actually declined
during this period in most of the agricultural counties (Waisanen and Bliss 2002).
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Additionally, since the Northeast was developed earlier, it rebounded from logging
earlier. The Southeast continued logging its natural forests (steep terrain and
coastal plains) into the 1920s, exporting lumber to the rest of the United States and
the world before reforestation started (Bronaugh 2012). Meanwhile, as rural
economies, dependent on local and regional agriculture, descended into poverty,
the Conservation Reserve Program (CRP) and timber plantations filled the vacuum
of fallow land. The Southeast, now known as the world’s ‘‘wood basket’’ is responsible for 60% of the national timber industry (Prestemon and Abt 2002) and
produces more wood products than any other nation, except the United States as a
whole. The USGS Land Cover Trends Project (Napton et al. 2009) found that most
of the land-cover change over the last quarter of the century in the Southeast was
due to forest harvesting and regrowth, agricultural abandonment, and development.
Given the importance of LULC on the coupled land–atmosphere system (Pielke
et al. 2002), it is possible that the major cultural LULC shift over the past century in
the southeastern United States could have had a significant influence on the climate
of the region, explaining, in part, the temperature anomalies that are inconsistent
with global and national trends. Both observations and models have been implemented to study the impact of land-use and land-cover change on both the
global and regional scales (Pielke et al. 2002; Trail et al. 2013; Christy et al. 2006;
Shi et al. 2014; Mahmood et al. 2014; Beltrán-Przekurat et al. 2012; Baldocchi and
Ma 2013; Kalnay and Cai 2003; Fall et al. 2010). In particular the Land-Use and
Climate, Identification of Robust Impacts (LUCID) program has focused on landcover impacts at global and regional scales (Pitman et al. 2009; de NobletDucoudré et al. 2012; Boisier et al. 2014), and Findell et al. (2007) provides a
conceptual framework of the physical process involved when analyzing the impacts of LULC change. While model results have been mixed, the data do tend to
show that at the regional scale, land-use change impacts can be significant. In fact,
research synthesis of land-cover impacts on climate have been produced, and repeated calls for further research into this issue have been made (Mahmood et al.
2010, 2014; Pielke et al. 2011; Pitman et al. 2009). In particular, Pielke et al. (2011)
employed both models and observations to demonstrate how land-use changes
have impacted surface fluxes at various spatial scales. As a result, the U.S. National
Research Council (Jacob et al. 2005) has recommended expanding research into
the influence of land-cover processes on climate as a forcing. It has been conjectured that the climate response to land-use and land-cover change could possibly
even exceed greenhouse gas contributions, making for very important local, regional, and even global implications (Dirmeyer et al. 2010).
While other studies have investigated the Southeast warming hole by resolving
global and regional climate models (Saxena and Yu 1998; Portmann et al. 2009;
Rogers 2013), there is considerable uncertainty on the details of the parameters in
land-use models, especially at coarse resolution (Pleim and Xiu 2003; McNider
et al. 2005). Thus, it is the intent of this paper to investigate this regional anomaly
from an observational perspective but within the conceptual framework of variations in the energy budget, specifically as a result of the land-use shift. Long-term
temperature and land-cover datasets will be employed to examine the linking
trends. Eddy flux tower data will be compiled over the region along with satellite
data and a crop model to quantify the different biogeophysical characteristics associated with the major LULC changes. The goal of this paper is to estimate a net
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radiative forcing from several perspectives as a result of the LULC change. The
analyses will also be supported by skin temperature and albedo observations from
satellite-mounted instruments.

2. Biogeophysical land-cover/climate studies
Among the literature, the specified impacts of LULC changes on the local, regional, and global climate vary in strength and sign (Pitman et al. 2009; Findell et al.
2007, 2009). Findell et al. (2009) employed the GFDL Climate Model to investigate
relative impacts of land-use change and SST on global and regional temperatures.
Results showed that globally, SST is the more important factor, but in regions where
significant land-use change has occurred, the LULC signal can be dominant but does
not propagate beyond the disturbed region. Depending on the climate, LULC conversions from natural vegetative cover can either increase (tropical) or decrease
(temperate) both the temperature and humidity (Mahmood et al. 2014). Regional
studies have found that tropical and temperate deforestation can result in warming of
18–28C because of an increase in sensible heating resulting from reduced evapotranspiration (ET) rates (Lawrence and Chase 2010; Beltrán-Przekurat et al. 2012;
Feddema et al. 2005; among others). Other studies support a cooling trend in the
higher latitudes as a result of increased albedo from added agriculture (Bala et al.
2007; Oleson et al. 2004). Beltrán-Przekurat et al. (2012) showed that in temperate
South America a simulated conversion from grasslands to agriculture results in
cooler temperatures (increased latent heat); however, when converting to agriculture
from forested grassland, a warming trend prevailed (decreased latent heat). Trail
et al. (2013) suggests that reforestation of cropland in the southeastern United States
results in a 0.5-K warming of the surface air due primarily to the albedo effects. The
authors arrived at their results by downscaling the Goddard Institute for Space
Studies global climate model to the Southeast and performing a sensitivity analysis
with respect to albedo and resistance coefficients of different land-use covers. The
results were hypothetical and were not compared to any historic data for the region.
Similarly, Findell et al. (2007) used the GFDL model to compare 1990 land-cover
conditions to natural vegetation conditions globally and regionally. In the Southeast,
a change from natural cover (broadleaf and needleleaf forests) to 1990 conditions
engendered a decrease in latent energy (LE) at the surface and an increase in sensible
heat. Juang et al. (2007) used eddy flux data to show that evergreen forest canopies in
the Southeast tend to be significantly cooler than nearby grassland or deforested
sites. They showed that although decreased albedos over forested areas do tend
toward warming, the changes in ecophysiological and aerodynamic effects are opposite in sign and more than offset the albedo impacts. With respect to cropland in
general, irrigation likely adds a cooling effect (Kueppers et al. 2007; Christy et al.
2006), where in theory the maximum temperatures are decreased because of increased latent heating, while to a lesser extent the minimum temperatures have the
possibility to increase because of an expanded heat capacity (Misra et al. 2012). As it
now stands, studies that include midlatitudes are often mixed in their findings, where
both the hydrological and radiative forcings compete.
However, the remotely sensed observations tell a clearer picture. Studies based
on satellite observations have consistently shown that southern forests are cooler
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than the surrounding deforested areas (Jackson et al. 2008; Wickham et al. 2014,
2012). Wickham et al. (2014) demonstrated that biophysical and surface roughness
effects associated with forest canopies tend to offset the albedo warming impacts in
U.S. forests south of 368 latitude. It is hypothesized that the year-round latent heat
effects and leaf area index associated with evergreen forests in particular, which are
more prevalent in the south, account for the anomaly.
Urbanization can also have an effect on the climate, specifically from added
aerosols from pollution and increased heat capacity from the urban heat island
effect (Karl et al. 1988). Temperature extremes of the twentieth century have been
found to be influenced by urbanization (DeGaetano and Allen 2002), due in part to
the lack of surface moisture (Li and Bou-Zeid 2013). However, urban growth has
not been as significant in the southeastern United States as it has in the Northeast,
so urban heat effects would not be expected to be as widespread in the region where
in many areas the population has significantly declined.

3. Data and methodology
3.1. Study area
The region of study for this investigation will be the Southeast United States as
defined by the regional analysis of McNider et al. (2011, 2014). Figure 3 provides a
map of the study area, delineated by National Oceanic and Atmospheric Administration (NOAA) climate divisions, containing the states of Alabama, Georgia,
South Carolina, and northern Florida. Though typically included in the southeastern analyses, southern (peninsular) Florida is excluded from this study as the
region has experienced anomalous LULC patterns (an increase in agriculture) as
compared to the greater area, represents a markedly different climate, and is not
contained within the aforementioned warming hole.
3.2. Datasets utilized
3.2.1. LULC

Chen et al. (2006) reconstructed an annual, historical, gridded, land-cover
dataset from 1860 to 2003 for the southern United States with a spatial resolution
of 8 km. Created to analyze the effect of land-cover change on terrestrial carbon
dynamics over the southern United States, the dataset combines several sources,
including the global land cover 2000 (GLC2000), the 1992 National Land Cover
Dataset (NLCD), the global potential vegetation data, historical cropland countylevel data during 1850–1997 from the Census of Agriculture, and the state-level
urban area survey data from the USDA Economic Research Service. The Chen
et al. (2006) data, hereinafter referred to as the Chen06 dataset, was constructed
primarily for forest process studies and did not include a large number of other
classes. Therefore, some other land-use datasets that covered all or part of the
century were used in conjunction with Chen06.
Historical cropland county-level data dating from 1850 through 1997 (Waisanen
and Bliss 2002) were used for further comparison and to extend the Chen06
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Figure 3. Study area of the southeastern United States.

classification. In addition, Steyaert and Knox (2008) have also reconstructed a 20km, historical, biophysical, land-cover dataset of the eastern half of the conterminous United States at 1650, 1850, 1920, and 1992 time intervals. The Steyaert
and Knox (2008) dataset combined the county-level census data, potential vegetation, soils data, resource statistics, a Landsat-derived land-cover classification,
and published historical information on land cover and land use. The two latter
years (1920 and 1992) were utilized in this study and captured the major conversion that occurred midcentury. Other LULC images were also incorporated for the
visual purposes of comparison and further validation of the reconstructed datasets.
The Multi-Resolution Land Characteristics Consortium’s (MRLC; www.mrlc.gov)
NLCD is the most widely used LULC data. NLCD consists of 16 land-cover
classifications and has been applied consistently across the United States at a
spatial resolution of 30 m using Landsat Enhanced Thematic Mapper Plus (ETM1)
satellite data. NLCD data exist for the years 1992, 2001, 2006, and 2011; however,
only the 1992 image is used here. The enhanced historical land-use and land-cover
datasets of the U.S. Geological Survey [Geographic Information Retrieval and
Analysis System (GIRAS); Price et al. 2007] provides a composite image of the
land use between 1970 and 1985. The USGS dataset’s basic sources are NASA
high-altitude aerial photographs and USGS National High Altitude Photography
(NHAP) program photographs. The data are delineated to actual boundaries with a
native resolution of 0.2 to 0.4 km. Further, an image developed from the University
of Maryland Department of Geography is used that provides LULC information
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Table 1. Eddy covariance tower site locations. The Belle Mina station data began in
month 7 and ended in month 10 for one year only.
Location
Station name

State

Lat (8)

Lon (8)

n
(days)

Land
cover

Walker Branch
North Carolina Clearcut
North Carolina
Loblolly Pine
Duke Forest Hardwoods
Duke Forest Loblolly
Pine
Aiken
Austin
Mize
Donaldson
Belle Mina Corn Crop

Tennessee
North Carolina
North Carolina

35.9588
35.8115
35.8031

284.2874
276.7115
276.6679

1059
733
1190

Deciduous
Evergreen
Evergreen

North Carolina
North Carolina

35.9736
35.9782

279.1004
279.0942

576
770

Deciduous
Evergreen

South Carolina
Florida
Florida
Florida
Alabama

33.3833
29.7381
29.7648
29.7547
34.6886

281.5656
282.2188
282.2448
282.1633
286.8879

169
449
1536
1598
68

Deciduous
Evergreen
Evergreen
Evergreen
Cropland

Months excluded
from mean

4, 6, 7, 8

7

from AVHRR satellites acquired from 1981 to 1994 (Hansen et al. 2000) at a
spatial resolution of 1 km. Combined, this list of LULC datasets provide the best
available comprehensive view of LULC change and trends over the southeastern
United States for the past century.
3.2.2. Temperature

The National Oceanic and Atmospheric Administration’s National Climate Data
Center’s (NCDC) historical time series of maximum, minimum, and mean monthly
temperatures by climate division were used in this investigation (Vose et al. 2014).
The data are from the NCDC nCLimDiv database and were derived from a 5-km2
gridded instance of the Global Historical Climatology Networks daily data. Spatially, average errors are estimated around 18C over the entire period (Vose et al.
2014).
Surface (skin) temperature data obtained from the Moderate-Resolution Imaging
Spectroradiometer (MODIS) were used to further distinguish between temperatures of different LULC. MODIS retrieves two daily land surface temperatures
(day and night) at 1-km pixels. Daytime (;1300 local time) images from the
summer of 2012 and 2013 are used.
3.2.3. Biogeophysical flux data

The biogeophysical effects of LULC change on temperature include both the
change in latent energy and the change in albedo. For this analysis, data from the
AmeriFlux network (http://ameriflux.ornl.gov/) of long-term carbon, water, and
energy flux measurements were utilized as well as results of a NOAA field campaign in north Alabama. Nine forest eddy flux tower sites (Table 1) were selected
for consistency and length of record across the southeastern United States. The
vegetation represents evergreen and mixed deciduous canopy covers. Additionally,
a cropland (corn) tower from a NOAA field campaign was utilized. The field
campaign was conducted at the Tennessee Valley Research and Extension Center
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near Bell Mina, Alabama. The study ran from July to October 2014. The AmeriFlux
and NOAA data were observed in 30-min intervals and were averaged over each
24-h period. Only days that had a total of 48 observations were used.
Because of the limited amount of available cropland flux data, a crop simulation
model [Decision Support System for Agro-technology Transfer (DSSAT); Jones
et al. 2003; Hoogenboom et al. 2015] was also employed to estimate the latent
energy fluxes from agricultural fields. DSSAT is a framework for biophysical
modeling and includes a suite of more than 28 different crop models. It simulates
crop growth and yield in response to management, climate, and soil conditions.
The DSSAT evaporation algorithms have been validated and proven to be good
predictors of evapotranspiration, though they tend to overestimate ET (Sau et al.
2004). Maize (corn), a moderate to high consumer of water, was the surrogate crop
modeled to represent cropland energy fluxes. The model was run for 50 years (n 5
18 263) and averaged over eight agricultural experiment stations throughout the
Southeast. Further, the MODIS Global Evapotranspiration Product (MOD16; Mu
et al. 2007, 2011) was used. Representative pixels over the majority agricultural
areas were chosen throughout the study area, and data from 2000 to 2014 was used
(n 5 690).
Different LULCs can affect the albedo and possibly counteract the impact of the
change in energy flux. In the current state of affairs, the most common source of
albedo data is the MODIS 16-day land surface product (MOD43A3). The MODIS
product is a global dataset of spatially complete albedo maps computed for both
white sky and black sky at multiple wave lengths. In this case, the full broadband
black-sky albedo was used. The black-sky albedo is recommended for use in global
change studies by the Global Climate Observing System (GCOS; GCOS 2004).
The MODIS albedo maps are composite 16-day images that are updated every
8 days at 500-m spatial resolution.
3.2.4. Incoming solar radiation

The solar radiation data used in this study was the National Land Data Assimilation (NLDAS)-2 surface downward shortwave radiation forcing dataset. The
data are formed from bias-corrected GOES satellite solar insolation observations.
The GOES Surface and Insolation Products (GSIP) include hourly downward
shortwave radiation measurements from the GOES imager over the Northern
Hemisphere at a spatial resolution of 1/ 88. Here, we assimilate the hourly observations into daily (24 h) values that are then converted to monthly averages over the
study area. NLDAS data from the period 2002 to 2009 were utilized in the study.
3.3. Methodology
As mentioned above, the objective of this study was to estimate the change in
energy forcing due to the reduction in cropland and coincident increase in forest
land over the Southeast. The study period for this analysis covered the years 1920–
92. This period is necessary to fully incorporate the USGS LULC dataset. The
beginning year coincides with the start of temperature decline, and the range fully
encapsulates the overall LULC trends for the region.
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The first step in the analysis was to use the various LULC datasets described
above to produce one composite land-cover dataset for the study period. The
Chen06 forest and the USDA agricultural survey data provided the framework, and
the other datasets were used to extend the classifications and fill in missing classes.
Second, the annual, summer, and winter maximum, minimum, and mean temperature data and trends were analyzed and examined against the trends in LULC change
for an initial look at the correlation and possible influence and dependence of the two
phenomena. Next, samples of MODIS land surface temperatures were examined for
the LULC classes that incorporate the majority of the cover change. Finally, eddy flux
tower measurements, MODIS ET products, and a crop biophysical model were used to
quantify the different biogeophysical characteristics of the changing LULC. A net
radiative forcing was then calculated considering all relevant factors.

4. Analysis and results
4.1. LULC classification
Each LULC dataset defines somewhat different classes and were created with
specific purposes. In general, the datasets define a range of different LULC by
vegetation species, anthropogenic development, and/or natural features to differentiate between biophysical characteristics. To compare the different LULC
classes, similar aggregate classes were developed.
In general, to allow for comparison among all LULC datasets, each LULC class
represented in the region from all datasets considered were lumped into 11 initial
classes as shown in Table 2 below. For the most part, the class aggregation is
intuitive. The dataset with the most generalized distinction was used as the common denominator. This allows for datasets like that of Chen06 and USGS with
multiple forest classifications to be lumped into three general classes of evergreen,
deciduous, and mixed. The urban class is an amalgamation of the impervious area
from the Chen06 dataset and the more nuanced classes of the other sets. To better
distinguish between biophysical characteristics, agricultural classes were split
between cropland, specifically row crops, and pasture land (here categorized as
grassland). A common class between three of the five datasets presented here is that
of transitional. This LULC class is defined by the USGS as land disturbed because
of logging or clearing. In the nineteenth century, it most likely represented land in
transition from forest to agriculture or large-scale logging; however, in the twentieth century it would be the opposite, regrowing forest from abandoned cropland
and managed timber (Steyaert and Knox 2008).
In Table 2 each LULC dataset was resampled to the county level then area weight
averaged over the Southeast. The years 1920, 1950, 1980, and 1992 are presented to
give a century-long picture of LULC and showcase each dataset. The AVHRR and
GIRAS data represent composite images from the late 1970s through the 1980s.
4.2. LULC change analysis
As is evident from Table 2, the LULC classes that have changed the most in the
southeastern United States during the past century are cropland and forest (e.g., see
Chen06 and USGS). Looking at the land-cover change fractions at the bottom of
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0.070
—
0.026
—
0.074
0.088
—
0.037
0.061
0.097
—
0.026
0.176
0.027
—
0.000

—
—
0.456
—
—
—
—
0.422
0.309
—
—
0.443
0.147
—
—
20.013

Mixed
forest
0.206
0.289
0.312
0.247
0.175
0.087
0.153
0.089
0.250
0.049
0.126
0.203
0.128
20.157
20.163
20.109

Cropland
0.023
—
0.006
—
0.022
0.028
—
0.231
0.001
0.031
—
0.006
0.078
0.009
—
0.000

Grassland
0.001
—
0.048
—
0.001
0.001
—
0.015
0.034
0.003
—
0.027
0.026
0.002
—
20.021

Urban
0.000
—
0.078
—
0.000
0.000
—
0.000
0.001
0.000
—
0.001
0.001
0.000
—
20.077

Shrubland
0.084
—
0.051
—
0.085
0.089
—
—
0.083
0.090
—
0.123
0.127
0.006
—
0.071

Wetland

—
—
0.000
—
—
—
—
—
0.005
—
—
0.041
0.042
—
—
0.041

Transitional

0.006
—
0.023
—
0.006
0.006
—
0.020
0.017
0.006
—
0.034
0.024
0.000
—
0.011

Water

0.000
—
—
—
0.000
0.000
—
0.000
0.005
0.000
—
—
0.006
—
—
—

Other

d

1920–92
change

0.610
—
0.000
—
0.636
0.700
—
0.187
0.234
0.723
—
0.095
0.245
0.113
—
0.095

Deciduous
forest

Volume 20 (2016)

1992

1980

Chen06
USDA
USGS
USDA
Chen06
Chen06
USDA
AVHRR
GIRAS
Chen06
USDA
USGS
NLCD
Chen06
USDA
USGS

Evergreen
forest

d

1950

1920

LULC
class

Table 2. Comparison of different LULC datasets for the southeastern United States in faction of land area. See text for description of
each dataset.
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Table 2, one can see that 95% of all LULC change from 1920 to 1922 is represented
by the forest and cropland categories according to the Chen06 dataset (29.4% out
of a total change of 31.1%). The USGS dataset, on the other hand, has these two
classes composing 52% of the total LULC change (21.7% of 41.7% total). However, the USGS dataset also shows the eastern mixed shrubland decreased by nearly
8%, wetland increased by 7%, and the transitional class increased by 4%, while the
Chen06 showed virtually no change in these categories (note that transitional is not
present in Chen06). These latter three classes compose another 40% of the total
LULC change estimate by the USGS dataset.
In the Chen06 data, the majority of the 15.7% loss in cropland area is replaced by
forested land. This is evident as the total of all other LULC change is less than 4% of
the overall change. The USGS data do not paint as clear of a picture. However, when
the considering the ambiguity of the land-use classes of shrubland and transitional,
certain assumptions can be made to make the two datasets more compatible. Assuming
that the transitional class represents either clear-cut/logged areas or abandoned
farmland transitioning to forests, all of the USGS transition class can be assigned to
forest with a high degree of confidence. Next, the USGS forested wetlands class can be
assigned as forests, while the herbaceous wetlands are left in the wetlands class. With
these changes in the USGS dataset, the forest class increased roughly 15% over the
70-yr period in the Southeast as compared to 14% in the Chen06 data.
The cropland change analysis was done in a similar manner, only using the
more reliable USDA county-level crop survey dataset as the baseline. The USGS
cropland change was estimated at 10.9%, noticeably lower than both the Chen06
and USDA datasets. The USDA agricultural survey estimates that southeastern
cropland decreased 16.3% over the study period, from 28.9% in 1920 to 12.6% in
1992. This supports the idea that the 8% reduction in the USGS shrublands class
may very well include overgrown/abandoned cropland in transition to forest. If
the USGS cropland data are made to conform to the more reliable USDA survey
data, then it can be assumed that the loss in USGS shrublands can actually be
assigned to the cropland category, resulting in roughly 16% cropland loss and an
associated 3% shrubland loss remaining.
Figure 4 presents the change in forested and cropland land classifications described in the Chen06 and USGS datasets under the assumptions above, while
Figure 5 shows a breakdown of LULC change by all categories for both Chen06
and USGS data. Of the change in the forested land, the majority of conversion has
been to evergreen stands. The Chen06 dataset shows that of the total 14% growth in
forest; temperate needleleaf evergreen forest contributed to nearly 11.3% of that
growth. This is consistent with the fact that much of the abandoned farmland was
converted to pine plantations in the south. However, when assigning the USGS
transitional class to forests, the historic breakdown of evergreen and deciduous
forests was followed in order to not unduly bias the results. Figure 5 shows that
while the exact percentages of each land-use class are not the same between the
datasets, the changes are very similar.
4.3. Temperature trend analysis
The National Climate Data Center’s gridded annual minimum, maximum, and
mean least squares temperature trends for the United States by climate division for
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Figure 4. Reconstructed land-cover changes in the southeastern United States from
1920 through 1992 for (a) forest and (b) cropland.

the period 1920 through 1992 are shown in Figure 6. The largest least squares
trends are in the southeastern region, generally centered over parts of Alabama and
Mississippi. The spatial extent of the negative trends is greater in maximum
temperatures. On average, the United States saw an increase of 0.018C in annualmean temperatures, while the Southeast (as defined by the study area in Figure 3)
declined by a rate of 0.68C over the same period.
Figure 7 shows the Southeast seasonal trends in minimum and maximum
temperatures for the aforementioned time slice, and Table 3 contains the trend
slope values and significance. Regime shift analysis (Rodionov 2004) was performed on the data, as is shown by the gray dashed line. The Southeast temperatures show a consistent negative trend among all seasons for both maximum
and minimum temperatures. The mean trends for all seasons are statistically
significantly nonzero to the 95% percentile. The most negative trends occurred in
the winter with minimum temperatures the most negative (21.468C). In the
summer, maximum temperatures showed the most negative trend (20.708C).
Annual maximum and minimum temperature trends are nearly equal at 0.608 and
0.598C, respectively. All tiles in Figure 7 show a significant regime shift to a
lower-mean value occurring at a period between 1955 and 1965, with the exception of wintertime minimum temperatures.
4.4. Satellite skin temperature
Next, the difference in temperatures between forested and cropland areas are
demonstrated. A look at the observed MODIS skin temperature data shows that
forested areas are indeed cooler. Figure 8 shows composite mean MODIS skin
temperatures in the Southeast for July 2012 (a significant dry period for most of the
region) alongside the MODIS LULC scheme. The visual relationship between land
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Figure 5. LULC change in the southeastern United States by aggregate classifications
from 1920 through 1992.

surface classes and skin temperature is remarkable. The LULC forested classes are
shown lumped together in one category together with the major (.95% of the area)
LULC classes. It is easily observable that the cropland areas are in general warmer
than the adjacent forested areas. Three 30-min latitude bands from a mean
January, May, and September composite of 2012 were analyzed, and the
spread of the surface temperatures by vegetative LULC classes are shown in
Figure 9.
For all months among all latitudes slices, the forested areas on average are
observed to have cooler skin temperatures. The mean differences between forest
and cropland ranged from 5.508C (May, 348 slice) to 1.098C (January, 348 slice).
These observations confirm the earlier studies that showed forest canopies cooler,
even in winter, than surrounding areas in the southern latitudes (Jackson et al.
2008; Wickham et al. 2012, 2014).
4.5. Analysis of flux data
Figure 10 displays the latent energy (LE) flux data from the 10 Southeast evergreen (Figure 10a) and deciduous (Figure 10b) tower stations. The boxplots
display the daily data from all towers; the bold line represents the mean monthly
LE and excludes any locations that have less than 10 days of data for a given month
as the sample size is not fully representative of the period in question (see Table 1).
The mean of the monthly maximum LE flux towers for evergreen forests was
109.06 W m22, ranging from 81.52 to 131.14 W m22 with a standard deviation of
18.45 W m22. The mean monthly minimum LE flux for evergreen forest was
26.81 W m22, ranging from 18.94 to 33.80 W m22with a standard deviation of
6.59 W m22.
The mean monthly maximum LE flux for deciduous forest towers was
103.90 W m22, ranging from 83.04 to 117.01 W m22 with a standard deviation of
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Figure 6. Annual least squares (a) maximum, (b) mean, and (c) minimum temperature trends over the United States by climate division from 1920 to
1992.
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Figure 7. Southeast U.S. seasonal and annual temperature trends (1920–92).

18.26 W m22. The mean monthly minimum LE flux for deciduous forest was
17.78 W m22, ranging from 12.89 to 22.85 W m22 with a standard deviation of
4.98 W m22.
These data are averaged together to get an overall annual distribution of latent
energy fluxes for the southeastern United States, represented by the bold lines in
Figure 10. Mean values were calculated for each tower; then, the towers were
averaged together before the overall annual distribution was calculated to allow
towers with more data to be weighted as such. The spatial averaging inevitably
smooths out subregional distributions; however, all towers exist within a latitude
band of less than 78 and can be assumed to represent similar climates.
Given the lack of observed cropland flux data in the region (data from the
3-month NOAA field campaign over corn), these results needed to be supplemented
Table 3. Regression statistics for temperature trend analysis 1920–92. Bold values
indicate trend is significantly nonzero at p value 5 0.05.
Southeast

Winter

Summer

Annual

United States

Annual

Max
Min
Mean
Max
Min
Mean
Max
Min
Mean
Max
Min
Mean

1895–2014 Trend

1920–92 Trend

10.64
10.30
10.47
20.44
10.15
20.14
10.04
10.03
10.04
10.85
11.04
10.88

21.18
21.46
21.32
20.70
20.25
20.47
20.60
20.59
20.59
20.27
10.31
10.01
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Figure 8. (a) Average July 2012 MODIS skin temperatures and (b) 2012 MODIS land
cover.

in order to provide additional data at longer time series and greater spatial
coverage. To that end, runs from a biophysical crop growth model DSSAT
(Jones et al. 2003; Hoogenboom et al. 2015) and MOD16 (Mu et al. 2011) flux
estimates from areas judged to be majority cropland were used to construct a
composite seasonal latent energy flux. The estimated seasonal cropland LE is
presented in Figure 11, and the mean distribution is represented by the bold line.
The mean for the cropland distribution assumes equal monthly weighting for all
three datasets.
The estimated mean of the maximum monthly LE fluxes for cropland areas was
81.97 W m22, ranging from 59.1 to 96.05 W m22 with a standard deviation of
19.98 W m22. The earliest monthly maximum occurred in May via the DSSAT
model, while the MODIS maximums occurred in July. The DSSAT distribution of
latent energy fluxes is strongly influenced by planting date, which in these runs was
late March. The NOAA Belle Mina corn tower maximum occurred in August, the
earliest month for their period of record. The estimated mean of the monthly
minimum LE fluxes for croplands was 22.6 W m22, ranging from 20.91 to
25.53 W m22 with a standard deviation of 2.54 W m22. The maximum standard
deviation within months was 39.43 W m22 and occurred in the DSSAT modeled
data for the month of June (6). The average standard deviation within months for
all three datasets was 17.17 W m22.
As seen in Figure 11, there are large variances in the data among the summer
months. The cropland maximum LE would be a function of the type of crop
planted, planting dates, as well as timing of vital growth stages. Therefore, the
occurrence of maximum LE would understandably exhibit a broader range than
the evergreen or deciduous forest as shown above. DSSAT shows the crop LE
maximums in May and then sharply declines as the corn crop model begins to
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Figure 9. Mean January, May, and September 2012 MODIS skin temperatures by
LULC class.

senesce; the Belle Mina tower data corroborates this pattern. Once corn reaches
its physiological maturity, water is no longer needed by the crop, and as such ET
is diminished significantly. The LE from the MODIS data remains consistently
larger through August. The maximum standard deviation among monthly
means is 23.82 W m21, and the overall seasonal mean is represented by the bold line in
Figure 11.
The annual LE fluxes for evergreen forest, deciduous forest, and cropland as defined
above are 66.7, 54.2, and 47.62 W m22, respectively. Figure 12 presents the mean
monthly latent energies (along with standard errors) for evergreen forest, deciduous
forest, and croplands. It is not surprising that, in general, evergreen and deciduous
latent fluxes are similar during summer months, while evergreen stands tend to transpire more on average during winter months, as they retain their foliage. Cropland ET
exceeds that of deciduous forest ET until the emergence of vegetation concludes in
May and then remains less than both forest types for the remainder of the year.
4.6. Albedo data for the southeastern United States
The second major component of the energy budget that is impacted by landcover change is the albedo. It is generally recognized that in order to gain an
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Figure 10. Latent energy flux for (a) evergreen and (b) deciduous forest land covers
from selected eddy covariance towers in the Southeast. Boxplot shows
the spread among the daily observations, and the solid dark line represents the overall mean annual distribution. Values are determined to be
‘‘outliers’’ when 61.5 times the interquartile range.
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Figure 11. Latent energy fluxes from the Belle Mina, Alabama, cropland tower, the
DSSAT crop model (n 5 18 236), and representative MODIS cropland
pixels (n 5 690) for the southeastern United States. The boxplot shows the
spread of the daily observations and modeled values, and the dark solid
line represents the overall mean annual distribution.

accurate picture of land surface albedo over a large spatial domain, satellitemounted instruments are necessary. In this study, the MODIS land-cover product
was used to determine the land-cover class of each pixel within the albedo coverage described in section 3.2.3 above. Albedo values for pixels with the same land
cover were averaged monthly to determine the albedo to be assigned to that landcover class. The monthly average albedos for each land-cover class are shown in
Figure 13.
4.7. Energy budget analysis
Using the datasets that have been accumulated in this study, it is possible to
make an estimate of a net change in energy forcings due to latent energy and the
effects of albedo changes associated with the land-cover change in the southeastern
United States over the study period. The major LULC change that occurred over
the past century was from agriculture and cropland to forest, primarily evergreen
plantations. A conservative estimate of 15% of cropland went into forest-type land
cover. Following the current breakdown of forest species discussed in section 3.2
above, the LULC change was partitioned into categories: cropland to evergreen
(12%) and cropland to deciduous (3%). The net differences in latent energy were
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Figure 12. Summary of the mean, monthly latent energy fluxes for forest and
cropland LULC classifications. Error bars represent the standard error of
the mean.

calculated via the mean annual distributions, applied to the LULC change, and
resulted in a mean annual forcing of 22.5 W m22 due to the increased LE. This
equates to a monthly average difference in ET between forests and cropland of
about 2.63 mm month21.

Figure 13. MODIS monthly average (2002–09) black-sky albedos by LULC class.
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Figure 14. Monthly average of NLDAS incoming radiation: 2002–09. Error bars
represent standard errors of the mean.

Next, the annual distribution of albedo was applied to the monthly average
incoming shortwave radiation in the region to arrive at the change in energy partitioned because of change in albedo. The monthly average NLDAS incoming
shortwave radiation data described in section 3.2.4 above is shown in Figure 14.
Though the incoming shortwave is averaged over a large area, the monthly values’
maximum standard deviations spatially across the region are on average less than
10%. The overall mean standard deviation for the shortwave data is 14.44 W m22.
The analysis assumes a consistent, monthly, incoming radiation over the study
period based on the 2002–09 NLDAS data. This is done to exclude other extraneous effects such as solar dimming, cycles, and so on, in order to isolate the
effects of land-use change only. By applying the incoming shortwave to the annual
distribution of albedo (Figure 13) and the associated LULC change percentages,
the resultant mean annual change in reflected shortwave solar radiation is determined to be 11.44 W m22.
Figure 15 shows the annual distribution of the combined net forcings due to the
estimated LULC change under the assumption that all of the reflected energy from
the changes in albedo would go into sensible heat. The southeastern United States
resides in a humid, subtropical climate, and in this energy-limited, water-rich
environment, the latent energy is mostly governed by the available water. Under
this assumption, the results show that the change in sensible (as a result of albedo)
and latent energies are in direct competition with each other. In the spring and early
summer months, the croplands are in peak production, and the latent energy associated with their ET is comparable to that of the forested areas, so the positive
change in radiation due to albedo dominates the signal, thus creating a positive
forcing. Not surprisingly though, the late summer and fall months are the largest
contributors to an overall negative sign of the forcing as this is the time when major
crops have matured (or been harvested), thus reducing their transpiration rate as
compared to the forest. At this point, bare soil evaporation would be the major
source of latent energy for these areas. On the other hand, forests (particularly
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Figure 15. Annual distribution of the net radiative forcing considering latent heat
and albedo affects.

evergreens) maintain their foliage and, with their deep roots, are able to continue to
transpire as long as atmospheric conditions are favorable. Overall, the mean annual
net radiative forcing as a result of the LULC change from cropland to forests is
estimated to be 21.06 W m22. This figure might be conservative (i.e., too high)
because of the assumption that all the changes in reflected energy would go to
sensible heat. If some small portion of this energy added to the latent heat component, then the combined forcing estimate would be even lower (more negative).

5. Discussion
The largest errors exist in the latent flux data and the albedo. The standard error
of the monthly means was used to describe the error of latent fluxes (Figure 12),
while values taken from the literature were used for the albedo. The overall mean
standard error for the latent flux component was 6.19 W m22. The maximum
standard error of the mean for the latent flux data, 17.83 W m22, resulted from the
cropland fluxes that incorporated multiple sources. The evergreen flux data mean
errors were considerably lower than that of the cropland and deciduous data:
4.21 W m22 as compared to 7.29 and 7.03 W m22, respectively. The standard errors
among the monthly MODIS albedo data were minimal; however, the MODIS
albedo algorithm has been tested against ground-based data (Wang et al. 2014;
Cescatti et al. 2012), and average errors were found to be on the order of 0.02 for
forested areas and 0.03 for cropland and mixed-use agricultural areas.
Errors in the deciduous data are most likely the resultant of a sample size as only
three towers were available. However, the errors in the cropland data are more inherent. Crops, being more sensitive to the yearly variations in weather, are subject to
short-term droughts, different phenological responses, and different cultural practices
(fertilizer applications, tillage, etc.). Additionally, the MODIS 1-km (ET) and 5000-m
(albedo) pixel footprints often incorporate a more diverse landscape than cropland
alone, usually consisting of a mosaic of crops, trees, and grassland.
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The full spread of errors among the mean net forcings is shown in Figure 15. The
error bars represent the maximum deviation based on all propagated errors. The
monthly mean forcing of 21.06 resides in a confidence interval of 63.35 W m22.
A simple but typical model for the short-term rate of change of surface temperature can be given by (Blackadar 1979; Noilhan and Planton 1989; McNider
et al. 1994; Pleim and Xiu 2003)
›TG 1
5 [RL 1 (1 2 aS )RS 2 esTS4 2 H 2 E 2 G].
cg
›t
Here, TG is the ground/canopy temperature, cg is the heat capacity/thermal resistance of the surface, RL is the longwave downward radiation, RS is the incoming
solar radiation, aS is the surface albedo, TS is the surface or radiating temperature, e
is the surface emissivity, s is the Stefan–Boltzmann constant, H is the sensible heat
flux, E is the evaporative heat flux, and G is the ground heat flux.
In climate or regional weather models such equations have been used to model
LULC impacts if the fundamental parameters associated with the land-use class
(e.g., cg or surface moisture) can be specified. However, as found by differences in
the LULC model results discussed above, and simply because of the difficulty in
defining a priori parameters (McNider et al. 2005), there is uncertainty in such
applications. However, the equation can be used as a framework to discuss differences in energies between forests and croplands. Above, we have explored the
effects of both the latent heat E and albedo a. Another potentially significant
component when discussing the energy budget over forest and cropland is the
thermal resistance or heat capacity cg of the two land-use types. As noted by
McNider et al. (2005) and Pleim and Xiu (2003), the specification of the thermal
resistance of a canopy is difficult since many ill-observed physical processes
govern the parameter-leading cg values to vary by several orders of magnitude
across different land-use schemes. McNider et al. (2005) argued that it is in fact a
model heuristic for practical mixed grids found in the real world.
However, it is almost certain that the heat capacity of mature forests exceed that
of cropland. Cropland heat capacity also is a function of season with higher values
during mature growth periods (due to water content), distribution of energy interception, and mixing processes within the canopy.
Using a technique to back calculate a heat capacity through use of Equation (1)
and use of geostationary skin tendencies, McNider et al. (2005) found a difference
of a factor of 3–5 in cg between forest areas and agricultural areas in the Mississippi
delta region. Thus, some of the differences in the MODIS skin temperature data
shown in Figure 9 are due to the greater thermal resistance of forests to insolation
and not just changes in latent heat flux. While the factor of 3–5 in cg might appear
based on linear scaling to be the biggest difference in Equation (1), as shown by
Mackaro et al. (2012), in such a nonlinear system, linear parameter relationships do
not hold.
Additional energetic impacts of the LULC change, such as longwave changes
due to E, changes in shortwave fluxes due to cloud cover, and ground flux contributions beyond those tied to the heat capacity, were not considered. Though, as
discussed by Yang et al. (1999), soil heat flux is much less in vegetated land covers
due to reduction in the incoming radiation by the canopy. In those cases, the heat
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capacity of the vegetation and soil are sometimes combined, so the conclusions as
to the heat capacity effects discussed in the previous paragraphs would also include
the ground flux. A complete estimation of the impact of LULC change from agriculture to forests will require full modeling with a model that can physically
reproduce the MODIS image skin temperature image in Figure 9. However, the
analysis given here indicates a negative forcing due to increased evaporation. With
the inclusion of heat capacity changes, the total results will likely exceed the net
21.06 W m22 derived above.

6. Conclusions
The IPCC AR5 (2013) estimates that the global land-use changes have increased
the surface albedo, leading to a radiative forcing of 0.15 6 0.10 W m22. The spread
of the data demonstrates that there are still uncertainties in both the fraction of
land-cover change as well as albedos, though the AR5 states robust confidence in
the sign of the albedo forcing. However, because of other competing consequences,
there is little confidence in the sign of the overall net change in temperature due to
land-cover change.
This study can be interpreted as support for both of these statements. The
confidence in the sign of the global albedo forcing is derived from recent studies
showing a net increase in agricultural development of land and an overall decrease
in forest cover. The southeastern U.S. LULC trend is the opposite, with cropland
declining precipitously over the past century and replaced by forest cover. As such,
a positive albedo forcing is observed; however, when the effects of latent energy
fluxes are considered, the overall forcing switches to a negative.
Many studies of the southeastern U.S. warming hole have been conducted over
the past few years. However, the majority of these studies have relied upon
downscaled climate models with sensitivity analysis of specific parameters within
the models related to land cover. As a result, their conclusions are more of a
hypothetical nature. Alternatively, several authors have used satellite data to
demonstrate that forest temperatures are cooler than nearby cropland in the
southern latitudes. However, these authors have made no conclusions as to the
causal mechanisms of these observations.
In this study, a first attempt at an actual energy budget analysis of the warming
hole problem was conducted. The albedo and latent energy terms of the equation
were specifically addressed for the dominant land-use change of agriculture to
forested land, in particular evergreen. To the extent possible, in situ flux data and
observations from satellite-mounted instruments were used to conduct the experiment. It was found that for the southeastern U.S. region, the albedo and latent heat
terms are of opposite sign, but, overall, the increase in latent energy associated with
the higher transpiration of the evergreen forests compared to cropland more than
offsets the positive albedo effect leading to an overall negative forcing. The energy
forcing associated with the land-cover change from cropland to evergreen forest
was conservatively estimated to be 21.06 W m22 with a confidence interval of
63.35 W m22. This, in conjunction with other studies in the literature, provides
more confidence in the sign being negative than positive.
Referring to the IPCC report, the overall land-use change impact of 21.06 W m22
estimated in this study is larger than any other forcing other than CO2 itself
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(11.68 W m22). Based on this result, it is easy to see how this negative forcing
combined with the other components already identified (aerosols, atmospheric particulates, overall dimming, etc.) result in a cooling effect over the Southeast during
the majority of the twentieth century.
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