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Abstract: Longleaf pine forests are economically and culturally valued ecosystems in the southeastern
United States. Efforts to restore the longleaf pine ecosystem have risen dramatically over the past
three decades. Longleaf pine restoration generally involves varying degrees of forest harvesting and
frequent applications of prescribed fire. Thus, it is important to understand their interactions with
the atmosphere on a large scale. In this study, we analyzed 14 parameters of aerosols, gasses, and
energy from three areas with longleaf pine restoration (named Bladen in eastern NC, Escambia in
southern AL and northern FL, and Kisatchie in central LA, USA) from 2000 to 2021 using multiple
satellites. Averaged across the areas, the monthly aerosol optical depth at 483.5 nm was about
0.022, and the monthly aerosol single scattering albedo was 0.97. Black carbon column mass density
averaged 7.46 × 10−7 kg cm−2 across these areas, but Kisatchie had a higher monthly dust column
mass density (2.35 × 10−4 kg cm−2) than Bladen or Escambia. The monthly total column ozone
and CO concentration averaged about 285 DU and 135 ppbv across the three areas. Monthly SO2

column mass density was significantly higher in Bladen (4.42 × 10−6 kg cm−2) than in Escambia
and Kisatchie. The monthly surface albedo in Escambia (0.116) was significantly lower than in
the other areas. The monthly total cloud area fraction averaged about 0.456 across the three areas.
Sensible and latent heat net flux and Bowen ratios significantly differed among the three areas. Bowen
ratio and total cloud area fraction were not significantly correlated. Net shortwave of the forest
surface averaged about 182.62 W m−2 across the three areas. The monthly net longwave was much
lower in Bladen (−90.46 W m−2) than in Escambia and Kisatchie. These results provide the baseline
information on the spatial and temporal patterns of interactions between longleaf pine forests under
restoration and the atmosphere and can be incorporated into models of climate change.

Keywords: aerosol; energy; large scales; remote sensing; trace gasses

1. Introduction

Longleaf pine (Pinus palustris L.) forests are among the most economically and cultur-
ally valued ecosystems in the southeastern United States [1,2]. Prior to European settlement,
longleaf pine forests occupied 37 million hectares ranging from eastern Texas to southeast-
ern Virginia [3]. Currently, the longleaf pine ecosystem is fragmented across 1.9 million ha
after decades of timber exploitation, fire suppression, and forest conversion [4,5]. Since the
longleaf pine ecosystem is an important regional cover type, its interactions with the atmo-
sphere at a large scale need to be studied under the background of regional development
and climate change because effective management strategies can influence the fire regime,
reduce carbon emissions and enable sustainable development [6].

Longleaf pine forests were historically valued for their abundant, high-quality tim-
ber. While still economically valued, longleaf pine forests are more often recognized as
important refugia for biodiversity since their discontinuous canopy, and frequent surface
fire regimes create valuable habitat for many threatened and endangered species including
the red-cockaded woodpecker (Picoides borealis), gopher tortoise (Gopherus polyphemus),
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and black pine snake (Pituophis melanoleucus) [7–9]. In addition, longleaf pine forests may
serve as long-term carbon sequestration due to the long lifespan potential (450 years) and
belowground carbon allocation [10,11].

Interest in restoration and financial support from government agencies have helped
stabilize and increase longleaf pine acreage in the region [12]. These efforts, however, often
involve intensive restoration depending on the degree of habitat degradation that has
occurred. Under heavily degraded conditions, restoration involves clearcutting the existing
woody vegetation, replanting longleaf pine, and establishing a frequent, low-intensity
prescribed fire regime [13]. In situations where the forest cover type is convertible, undesir-
able species are removed from the overstory through thinning or harvesting, longleaf pine
seedlings are planted, and prescribed fire is regularly applied [14]. While these treatments
will improve habitat quality for several threatened or endangered species, what remains
unclear is how this effort will affect climatic or atmospheric conditions since forests and
the atmosphere interact with each other [15]. Understanding this interaction at a range (or
biome) level is important for improving climate forecasting.

Forests and the atmosphere exchange energy, matter, and momentum [16], because
forests affect fluxes in carbon dioxide (CO2), water, and latent or sensible heat. Greenhouse
gases and aerosols emitted from prescribed burning can be dispersed away from burning
areas due to local and regional atmospheric circulations. Furthermore, heat, water, and
aerosols (including black carbon and others) emitted from forests and fires influence
atmospheric thermal, chemical, and hydrological processes [17,18]. Black carbon has
a warming impact on climate which is 460–1500 times stronger than CO2 per unit of
mass [19]. Elevated atmospheric CO2 and O3 affect plant photosynthesis and growth to
varying degrees [20] and may modify community species composition and soil ecological
processes [21]. However, the depletion of ozone in springtime is found to cause surface
temperature and precipitation anomalies [22]. Monoterpene flux was increased tenfold
during a thinning practice in a ponderosa pine plantation [23]. Previous studies found that
biogenic or forest-produced volatile organic compounds contributed about 40–70% of total
ozone production. Most of these studies used eddy covariance-based flux to observe the
forest ecosystem responses to atmospheric changes (e.g., air temperature and humidity, CO2
concentrations, soil moisture, wildfire, and insect disturbances). However, due to the high
cost of eddy covariance flux towers, this method is limited in its application. For example,
measurements cannot be acquired far above forest canopies due to the height of the eddy
covariance tower. However, long-term observations over a great range of environmental
conditions are necessary to study the complex interactions between prescribed burning,
climate, and energy dynamics in the longleaf pine ecosystem [24].

This study aims to examine the effects of longleaf pine restoration on the atmosphere
in energy, matter, and momentum from integrated remote sensing data obtained from three
geographically distinct areas where longleaf pine restoration has occurred over the past
two decades. Our hypotheses include (i) interactions exist between longleaf pine forests
and the atmosphere, and (ii) these three areas with the restoration of longleaf pine forests
would feature similar dynamics of atmospheric conditions. The detailed objectives include
characterizing the spatial and temporal patterns of (i) aerosol and black carbon conditions,
such as aerosol optical depth and scattering; (ii) gasses emission, such as O3, SO2, and CO;
(iii) albedo and radiative cloud fraction; and (iv) energetic processes, such as sensible and
latent heat, longwave and shortwave radiation. These results will provide information on
the interactions of longleaf pine forests and the atmosphere in the southeastern USA and
help understand the effect of longleaf pine restoration on atmospheric conditions.

2. Materials and Methods
2.1. Study Areas

The longleaf pine ecosystem occupies most of the southeastern coastal plain. However,
within this range, intact longleaf pine acreage is currently found interspersed among
different forest cover types (e.g., loblolly pine plantations mixed pine-hardwood stands),
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agricultural land, and human development. In this study, we selected three areas with
relatively concentrated longleaf pine forests that are actively managed with prescribed fire.
These areas were Bladen Lakes State Forest (NC) and the surrounding (hereafter the short
name Bladen) as the eastern area, Escambia Experimental Forest (AL)—Blackwater River
State Forest (FL) (Escambia) as the southern area, and Kisatchie National Forest (LA) and
the surrounding (Kisatchie) as the western area. The detailed site information is listed in
Table 1. In this region, the distance of half-degree latitude or longitude is about 50 km.

Table 1. The basic information of three areas with active restoration of longleaf pine forests.

Areas Latitude (N) and
Longitude (E)

Annual
Precipitation

Mean Annual
Air Temperature

Average
Elevation Soil Type Proximity to

Urban Area

Escambia N 30.5◦–31◦

E 86.4◦–87.1◦ 156 cm 18 ◦C 27 m Ultisols No

Bladen N 34.5◦–35◦

E 78◦–78.7◦ 120 cm 17 ◦C 20 m Ultisols Small towns

Kisatchie N 31.5◦–32◦

E 91.5◦–92.2◦ 146 cm 16 ◦C 80 m Ultisols,
Entisols Alexandria

2.2. Remote Sensing Data

Remote sensing data can provide continuous measurements of biophysical infor-
mation for a region at different temporal scales (e.g., hours, days, months, and years).
Modeling is still necessary to derive or estimate some parameters. The Moderate-resolution
imaging spectroradiometer (MODIS) data can provide day-scale information on Earth’s
surface and atmosphere with a spatial resolution of 0.5–1.0 km [25]. In this study, some
parameters related to aerosols and gases were retrieved from MODIS data. These data
have been broadly tested with ground monitoring data [26,27]. By combing satellite data
and local meteorological data, land assimilation systems (e.g., North American Land Data
Assimilation System, NALDAS) produced land surface information, such as heat flux
based on the balance of water and energy distribution. The derived data were of good
accuracy at a large scale [28,29]. The parameters used in this study are from 2000 to 2021,
and the relevant information is listed in Table 2. Each physical index was calculated on an
area-based average of the monthly and yearly values in the study areas, although some
indices were from each day. All data in this study were downloaded from multiple satel-
lites and derived from products at NASA EarthData (https://www.earthdata.nasa.gov/
accessed on 20 October 2022). Similar techniques were conducted to study the effects of
forests on the local environmental processes [30,31]. The specific meaning of each param-
eter is as follows. (1) Aerosol optical depth: The degree to which aerosols prevent the
transmission of light by absorption or scattering of light or is defined as the integrated
extinction coefficient over a vertical column of a unit cross-section. (2) Single scattering
albedo: The ratio of scattering optical depth to the total optical depth of the atmosphere.
(3) Black carbon column mass density: The mass of black carbon atoms or molecules per
square cm (cm2) along the line of the vertical direction from the satellite to the earth’s
surface. (4) Dust column mass density: The mass of dust atoms or molecules per square cm
(cm2) along the line of the vertical direction. (5) Total column ozone: The total amount of
ozone in a column extends vertically from the earth’s surface to the satellite. The Dobson
Unit (DU) is the common unit for measuring ozone concentration. One DU is the number
of molecules of ozone that would be required to create a layer of pure ozone 0.01 mm thick
at a temperature of 0 degrees Celsius and a pressure of 1 atmosphere (the air pressure at
the surface of the Earth). (6) CO mole fraction in the air: it is the number of molecules of
CO in an atmospheric column from the Earth’s surface to the satellite. As a profile or layer
measurement, it is the volume mixing ratio in parts per billion (ppbv). (7) SO2 column
mass density: The mass of SO2 atoms or molecules per square cm (cm2) along the line of
sight in a particular direction. (8) Albedo: Albedo is the ratio of the incident solar radiation
that is reflected by a surface to that incident on it. (9) Total cloud area fraction: The fraction

https://www.earthdata.nasa.gov/
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of the area covered by clouds. (10) Sensible heat net flux: Heat energy is transferred from
the land surface to the atmosphere by conduction and convection. (11) Latent heat net
flux: The flux of heat from the land surface to the atmosphere. It is associated with the
evaporation of water at the surface. (12) Bowen ratio: Sensible heat/latent heat. (13) Net
shortwave of surface: The amount of incident solar shortwave radiation absorbed on the
land surface per unit of area. (14) Net longwave of surface: The amount of incident solar
longwave radiation absorbed on the land surface per unit of area.

Table 2. The measurement information from satellites and the derived.

Indices Unit Time Scale

Aerosol optical depth unitless October 2004–December 2021 Daily, 0.25◦

Single scattering albedo m m−1 October 2004–December 2021 Daily, 0.25◦

Black carbon column mass density kg cm−2 January 2000–December 2021 Monthly, 0.5◦ × 0.625◦

Dust column mass density kg cm−2 January 2000–December 2021 Monthly, 0.5◦ × 0.625◦

Total column ozone DU October 2004–December 2021 Daily, 0.25◦

CO mole fraction in the air ppbv September 2002–September 2016 Daily, 1◦

SO2 column mass density kg cm−2 January 2000–December 2021 Monthly, 0.5◦ × 0.625◦

Albedo W W−1 January 2000–December 2021 Daily, 0.25◦

Total cloud area fraction m2 m−2 January 2000–December 2021 Monthly, 0.5◦ × 0.625◦

Sensible heat net flux W m−2 January 2000–December 2014 Monthly, 0.25◦

Latent heat net flux W m−2 January 2000–December 2014 Monthly, 0.25◦

Bowen ratio W W−1 January 2000–December 2014 Monthly, 0.25◦

Net shortwave of surface W m−2 January 2000–December 2021 Monthly, 0.25◦

Net longwave of surface W m−2 January 2000–December 2021 Monthly, 0.25◦

2.3. Statistical Analysis

We used a two-way analysis of variance (ANOVA) (e.g., site and time) to test for
statistical differences among areas for each biophysical index from 2000 to 2021 at varying
timescales (e.g., month and year). The monthly value of each index was based on the value
from each day (or days) in that month. Monthly and yearly values were used because
(i) most indices have valid values at these timescales, and (ii) these timescales are suitable
for distinguishing among three regions. The time series of each biophysical index were
compared on month and year timescales in the past 22 years (e.g., 264 months). For
better visualization, some long-term data were presented by the average monthly values
across years in the graphs. Spearman’s correlation analysis was conducted between some
parameters. Differences were considered significant at α = 0.05. Normal distribution was
checked before going to the procedures. All analyses were conducted with SAS version 9.4
(e.g., ANOVA and CORR) (SAS Institute, Cary, NC, USA).

3. Results
3.1. Aerosol Optical Depth (AOD)

The average monthly AOD at 483.5 nm over the past 22 years was 0.022 (±0.007), 0.022
(±0.007), and 0.014 (±0.029) for the longleaf pine restoration areas at Escambia, Bladen, and
Kisatchie, respectively. Differences in AOD among areas were not statistically significant
(p > 0.05). However, there were high variations in Kisatchie (Figure 1a). Escambia and
Bladen had very similar monthly AOD and its dynamics (lines overlapped). In terms of
seasonal dynamics, except in August, there was a lower AOD in Kisatchie compared to the
other two areas (Figure 1b).



Atmosphere 2022, 13, 1733 5 of 19

Atmosphere 2022, 13, x FOR PEER REVIEW 5 of 20 
 

 

significant (p > 0.05). However, there were high variations in Kisatchie (Figure 1a). Escam-
bia and Bladen had very similar monthly AOD and its dynamics (lines overlapped). In 
terms of seasonal dynamics, except in August, there was a lower AOD in Kisatchie com-
pared to the other two areas (Figure 1b). 

 
Figure 1. Dynamics of aerosol optical depth (AOD) at 483.5 nm in Escambia, Bladen, and Kisatchie 
(a) Monthly and yearly dynamics of AOD from October 2004; (b) The integrated monthly average 
of AOD. 

3.2. Aerosol Single Scattering Albedo 
The monthly aerosol single scattering albedo at 483.5 nm was 0.97 (±0.001) in Escam-

bia, 0.96 (±0.007) in Bladen, and 0.97 (±0.02) in Kisatchie and did not statistically differ (p 
> 0.05) (Figure 2a). Seasonal dynamics of aerosol single scattering albedo at 483.5 nm were 
similar between Escambia and Kisatchie (Figure 2b). Aerosol scattering decreased dra-
matically in August, however, it was relatively stable in Bladen and increased slightly 
during the growing season (May to September).  

Figure 1. Dynamics of aerosol optical depth (AOD) at 483.5 nm in Escambia, Bladen, and Kisatchie
(a) Monthly and yearly dynamics of AOD from October 2004; (b) The integrated monthly average
of AOD.

3.2. Aerosol Single Scattering Albedo

The monthly aerosol single scattering albedo at 483.5 nm was 0.97 (±0.001) in Escam-
bia, 0.96 (±0.007) in Bladen, and 0.97 (±0.02) in Kisatchie and did not statistically differ
(p > 0.05) (Figure 2a). Seasonal dynamics of aerosol single scattering albedo at 483.5 nm
were similar between Escambia and Kisatchie (Figure 2b). Aerosol scattering decreased
dramatically in August, however, it was relatively stable in Bladen and increased slightly
during the growing season (May to September).



Atmosphere 2022, 13, 1733 6 of 19
Atmosphere 2022, 13, x FOR PEER REVIEW 6 of 20 
 

 

 
Figure 2. Dynamics of aerosol single scattering albedo at 483.5 nm in Escambia, Bladen, and Kis-
atchie. (a) Monthly and yearly dynamics of aerosol single scattering from October 2004; (b) The 
integrated monthly average of aerosol single scattering. 

3.3. Black Carbon Column Mass Density 
There was no significant difference in the monthly black carbon column mass density 

among the three areas (Figure 3a). Average black carbon column mass density was 7.46 ± 
1.30 × 10−7 kg cm−2, 8.42 ± 0.81 × 10−7 kg cm−2, and 7.46 ± 1.30 × 10−7 kg cm−2 for Escambia, 
Bladen, and Kisatchie, respectively. Seasonal dynamics of monthly black carbon column 
mass density were similar among the three areas (Figure 3b). Values of black carbon col-
umn mass density increased during the springtime (March, April, and May) in the three 
areas and then gradually decreased.  

Figure 2. Dynamics of aerosol single scattering albedo at 483.5 nm in Escambia, Bladen, and Kisatchie.
(a) Monthly and yearly dynamics of aerosol single scattering from October 2004; (b) The integrated
monthly average of aerosol single scattering.

3.3. Black Carbon Column Mass Density

There was no significant difference in the monthly black carbon column mass den-
sity among the three areas (Figure 3a). Average black carbon column mass density was
7.46 ± 1.30 × 10−7 kg cm−2, 8.42 ± 0.81 × 10−7 kg cm−2, and 7.46 ± 1.30 × 10−7 kg cm−2

for Escambia, Bladen, and Kisatchie, respectively. Seasonal dynamics of monthly black
carbon column mass density were similar among the three areas (Figure 3b). Values of
black carbon column mass density increased during the springtime (March, April, and
May) in the three areas and then gradually decreased.
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(a) Monthly and yearly dynamics of black carbon column mass density in the three areas from
January 2000. (b) The integrated monthly average of black carbon column mass density.

3.4. Dust Column Mass Density

Monthly dust column mass density was significantly higher in Kisatchie
(23.49 ± 1.03 × 10−5 kg cm−2) than in Escambia (7.99 ± 0.27 × 10−5 kg cm−2) or Bladen
(7.41 ± 0.04 × 10−5 kg cm−2) (p < 0.05) (Figure 4a). Escambia and Bladen had no significant
difference in monthly dust column mass density. Regarding seasonality, the monthly dust
column mass density increased from March to July and then decreased across the three
areas (Figure 4b).
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Figure 4. Dynamics of dust column mass density in Escambia, Bladen, and Kisatchie. (a) Monthly
and yearly dynamics of dust column mass density from January 2000. (b) The integrated monthly
average of dust column mass density.

3.5. Ozone Amount

Monthly total column ozone did not statistically differ among areas (p > 0.05). Val-
ues ranged from 285.43 ± 9.57 DU in Escambia, 295.61 ± 13.72 DU in Bladen, and
289.40 ± 11.41 DU in Kisatchie. The seasonal dynamics of the monthly total column ozone
were relatively stable across the three areas (Figure 5).
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3.6. CO Concentration

The monthly CO concentration in the air (mole fraction in the air at night time) was not
statistically different among the areas. Values ranged from 134.14 ± 3.55 ppbv in Escambia,
137.02 ± 6.41 ppbv in Bladen, and 135.42 ± 2.26 ppbv in Kisatchie. CO concentration was
slightly high in January, February, and March and low in June, July, and August across the
three areas (Figure 6).
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3.7. SO2 Density

Monthly SO2 column mass density was significantly higher in Bladen
(4.42 ± 0.77 × 10−6 kg cm−2) than in Escambia (3.20 ± 1.21 × 10−6 kg cm−2) or Kisatchie
(3.48 ± 1.48 × 10−6 kg cm−2) (p < 0.05) (Figure 7a). Seasonal dynamics of SO2 column
mass density varied inversely in Bladen compared to Escambia and Kisatchie (Figure 7b).
Seasonal SO2 column mass density varied across the areas. SO2 column mass density
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decreased with time until August in Bladen but increased in Escambia and Kisatchie during
July, August, and September.
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3.8. Albedo

The monthly surface albedo in Escambia (0.116 ± 0.003) was significantly lower than
in Bladen (0.137 ± 0.0003) or Kisatchie (0.143 ± 0.007) (p < 0.05). Seasonal dynamics
of monthly surface albedo were relatively stable in Escambia and Bladen (Figure 8) but
increased slightly in Kisatchie during summer.
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3.9. Cloud Area Fraction

The monthly total cloud area fraction ranged from 0.456± 0.064 in Escambia, 0.464 ± 0.014
in Bladen, and 0.446 ± 0.049 in Kisatchie and did not statistically differ (p > 0.05). The total
cloud area fraction decreased during summer and increased during fall in Bladen (Figure 9)
but decreased in Escambia and Kisatchie.
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3.10. Sensible Heat Net Flux

Monthly sensible heat net flux was significantly different among the three areas
(p < 0.01) (Figure 10a). Bladen (46.24 ± 3.35 W m−2) had the highest net flux followed by
Escambia (38.61 ± 4.94 W m−2) and Kisatchie (20.96 ± 3.86 W m−2). Seasonal dynamics of
sensible heat net flux also differed across the areas (Figure 10b). Sensible heat net flux was
highest during August in Bladen, while high during March-June in Escambia. In contrast,
sensible heat net flux decreased slightly during April in Kisatchie.
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3.11. Latent Heat Net Flux

Monthly latent heat net flux was significantly different among the three areas (p < 0.01)
(Figure 11a), but the pattern opposed that of sensible heat net flux (Figure 11a). Kisatchie
(80.34 ± 3.33 W m−2) had the highest latent heat net flux followed by Escambia
(69.88 ± 6.11 W m−2) and Bladen (31.87 ± 0.37 W m−2). Seasonal dynamics were simi-
lar across the three areas (Figure 11b) when latent heat net flux increased during the summer
(e.g., April to September).
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Figure 11. Dynamics of latent heat net flux in Escambia, Bladen, and Kisatchie. (a) Monthly and
yearly latent heat net flux from January 2000. (b) The integrated monthly average of latent heat
net flux.

3.12. Bowen Ratio

The Bowen ratio varied significantly among areas (p < 0.01) (Figure 12a). Bladen
(1.35 ± 0.23) had the highest Bowen ratio, followed by Escambia (0.59 ± 0.08) and Kisatchie
(0.33 ± 0.01). Bowen ratio seasonal dynamics differed among areas (Figure 12b). The
Bowen ratio was high in Bladen during the growing season (April to October), while it
decreased in Escambia and Kisatchie. There was no significant correlation between the
monthly Bowen ratio and the total cloud area fraction in any area (Figure 12c).
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3.13. Net Shortwave

The monthly net shortwave of forest surface averaged 182.62 ± 13.05 W m−2 in
Escambia, 181.43 ± 5.14 W m−2 in Bladen, and 179.13 ± 9.84 W m−2 in Kisatchie and was
not statistically different among areas. Seasonal patterns of the monthly net shortwave
of the forest surface were similar among areas and peaked in May or June in all areas
(Figure 13).
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3.14. Net Longwave

The monthly net longwave of forest surface was significantly lower in Bladen
(−90.46 ± 0.65 W m−2) compared to Escambia (−60.83 ± 11.10 W m−2) and Kisatchie
(−61.74 ± 6.68 W m−2) (p < 0.01). Seasonal dynamics of the net longwave of forest surface
were similar between Escambia and Kisatchie but inverse in Bladen (Figure 14).
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4. Discussion

Longleaf pine forests and the atmosphere can interact through particles, gases, wa-
ter, and energy. The coupling in the biophysical processes contributes to the long-term
variability of atmospheric processes [32]. Interactions between forests and the atmosphere
are considered to be responsible for regional climate disasters (e.g., extreme drought) [33].
Therefore, understanding the interactions between forests and the atmosphere may help
identify the mechanisms of the existence (or resilience) of the longleaf pine forest ecosystem
under climate change in the southeastern region [34]. Remote sensing data (e.g., MODIS)
from different satellites could be used as benchmarks to monitor these biophysical processes
from different perspectives at a regional level.

4.1. Aerosol Optical Depth

There are different wavelengths to measure AOD, such as 342.5 nm, 442 nm, and others.
In this study, we only selected the wavelength of 483.5 nm because the measurements from
other wavelengths are either too small or contained invalid data. However, the wavelength
of 483.5 nm provided suitable AOD measurements for the three areas.

The composition of atmospheric aerosols is complex and may include various trace
metals, inorganic oxides, sulfates, nitrates, fire plumes, and organic compounds from
plants [35]. AOD has been broadly used as an essential index of air quality in the atmo-
sphere [36]. The smaller the AOD, the cleaner the atmosphere, and vice versa. The effects
of aerosol on plants can (i) direct influence plant stomatal conductance, respiration, and
photosynthesis, and (ii) indirectly affect rainfall and scatter sunlight [37]. In this study, the
average monthly AOD at 483.5 nm in the three areas over the past 22 years was around
0.02, and the aerosol single scattering albedo was about 0.97. With the exception of Au-
gust, Kisatchie had a low AOD. This result corresponds with the decreased aerosol single
scattering albedo in Kisatchie during August. This pattern frequently occurred and might
be related to local human activities, such as agricultural practices (e.g., rice harvesting
and burning). Furthermore, this result is consistent with trends in monthly dust column
mass density, which was significantly higher in Kisatchie than in Escambia or Bladen. The
possible causes for this pattern may be also related to agricultural practices as Louisiana is a
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major producer of sugarcane, soybeans, corn, cotton, and rice. Crop harvesting and burning
residual biomass in a large area can increase atmospheric dust. Additionally, this study
area is close to the urban areas (Alexandria and Pineville, LA, USA). The pollutants and
dust from urban and agricultural areas could be dispersed to the surrounding forest area.

4.2. Black Carbon

The monthly black carbon column mass density was similar among areas. The mea-
surement was high during the springtime (February to May). This result is consistent
with the prescribed burning, which is broadly used to control broadleaved tree species in
longleaf pine forests [38]. Black carbon in the atmosphere can affect human health and
climate [39,40]. Increases in black carbon have been linked with health problems, including
respiratory and cardiovascular disease and congenital disabilities. Moreover, black carbon
can absorb light as heat, warm the air, and rapidly change rain and cloud patterns. Further
research should be conducted to explore the relationship between prescribed burning, black
carbon production, and health and environmental effects.

4.3. Trace Gases

Forests can also influence the emissions of trace gases. In this study, both ozone
and CO are relatively stable. The monthly total column ozone is about 290 DU across
the three areas, and the monthly CO concentration is about 135 ppbv. However, the
monthly SO2 column mass density was significantly higher in Bladen than in Escambia
and Kisatchie. The seasonal dynamics of SO2 column mass density in Bladen were the
opposite of that observed in Escambia and Kisatchie. Since atmospheric SO2 is mainly
derived from fossil burning, this might be related to the local industrial facilities due to the
high local population.

4.4. Albedo

Surface albedo, which changes solar radiation and energy allocation, can be modified
by changes in forest cover and tree species composition [30]. In this study, the monthly
surface albedo in Escambia was significantly lower than that in Bladen and Kisatchie.
Additionally, seasonal albedo dynamics were relatively stable in Escambia and Bladen,
while albedo increased slightly in Kisatchie during the summer months. This pattern may
be related to the broadleaved trees in each area. Deciduous trees could increase surface
albedo due to the growth of leaves during summertime. Thus, restoration prescriptions
that remove hardwood species from longleaf pine forests at a large scale may decrease the
surface albedo and potentially increase local air temperature.

4.5. Heat Net Flux

Remote sensing data can be used to study the water and energy exchanges above the
forest canopy-atmosphere interface [41,42]. Our results indicate that the monthly heat net
flux (sensible and latent) was significantly different among the three areas, which led to
different Bowen ratios. Variations in the Bowen ratio may be an indicator of longleaf pine
resilience to environmental stress. For example, the Bowen ratio doubled under drought
conditions [24]. The biophysical effects (e.g., albedo) of forest cover not only influence air
temperature above the forest canopies, but also the understory energy budget through
shading, air mixing, and evapotranspiration processes which ultimately influences the air
and soil temperature conditions at ground level [43]. Our results suggest that the Bowen
ratio and total cloud area fraction are not significantly correlated. This point differs from
the findings of previous reports [44]. One possible reason for this discrepancy might be the
complicated landscape, such as pine forests of different ages (e.g., young and mature) or
structures in these areas. Additionally, all kinds of clouds (convection and cumuli) were
included each month during the growing and nongrowing seasons. Cloud formation in a
large area is not only related to water vapor but also to aerosols, wind, and other factors.
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4.6. Net Shortwave and Longwave Heat

The monthly net shortwave of the forest surface and its seasonal dynamics were not
significantly different among the three areas. However, the net longwave of the forest
surface was lower (high negative) in Bladen than in Escambia and Kisatchie, meaning that
longleaf pine forests emitted more longwave energy to the atmosphere and surroundings.
This point may be related to solar radiation utilization, disturbances, and forest canopy
structure under biological processes [45,46]. The previously mentioned high sensible heat
and Bowen ratio may be related to this high longwave emission. Since our study covers a
large geographical area, more detailed data should be collected to explain the differences
in the three areas. However, the differences in energic processes may provide implications
to include an energetic perspective while managing longleaf pine forests on a large scale
with multiple objectives (e.g., timber, biodiversity, environment, and climate) [47].

5. Conclusions

Longleaf pine forests require frequent burning to prevent their successional replace-
ment on most sites. While the re-establishment of a frequent burning regime will help
sustain critical flora and fauna, it is uncertain what impacts frequent fire will have on
atmospheric conditions. One critical step in answering this question is to study its current
interactions with the atmosphere on a large scale. Multiple satellite data from NASA
EarthData have provided continuous and quantitative measurements on the earth’s surface
(above forest canopies) at different spatial and temporal scales, which cannot be achieved
from other methods. We explored remote sensing data over the past 22 years to document
and compare the complex interactions of particles, gasses, and energy with the atmosphere
in three areas with active longleaf pine restoration programs. This study indicates there
are spatial and temporal homogeneities (e.g., AOD and black carbon) and heterogeneities
(e.g., albedo and Bowen ratio) in these interactions. Studying these biophysical interactions
will be helpful for the large-scale longleaf pine forest restoration and management under
climate change with multiple objectives (e.g., timber, biodiversity, air quality, climate, and
public health). Our findings provide insight into how forest restoration practices influence
air quality and greenhouse gas emissions. Further research to integrate the necessary
ground information is needed to clarify underlying mechanisms.
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