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Analysis of Effective Radiant 
Temperatures in a Pacific Northwest 
Forest Using Thermal Infrared Multispeetral Scanner Data 
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Analysis of Thermal Infrared Multispectral Scanner data collected over H. J. Andrews experimental forest in western 
Oregon indicated that aspect and slope gradient had a greater effect on the thermal emission of younger reforested 
clearcuts than of older stands. Older forest stands ( > 25 years) with greater amounts of green biomass and dosed 
canopies had lower effective radiant temperatures than younger, less dense stands. Aspect and slope had little effect on 
the effective radiant temperature (ERT) of these older stands. Canopy temperature recorded at approximately 1:30 
p.m. local time 29 July 1983 were nearly equal to m ~ m u m  daily air temperature recorded at eight reference stands. 
The investigation provided some insights into the utility of the thermal sensor for detecting surface temperature 
differences related to forest composition and green biomass amounts in mountain terrain. 

Introduction 

In the late 1960s, interest developed in 
the use of thermal sensors for previsual 
detection of insect attacked and diseased 
trees. Some pine trees under moisture 
stress and bark beetle attack were shown 
to have higher canopy temperatures than 
surrounding healthy trees (Olson, 1972; 
Weber, 1971). Temperature differences 
as high as 7 °C were recorded between 
stressed and control trees, but average 
temperature differences were only I°C. 
These investigations were unable to de- 
termine if the temperature differences 
were attributable to physiological stress 
within the trees or associated with varia- 
tion in microclimate, atmospheric per- 
turbations or random noise. Nighttime 
brightness variations on uncalibrated 
thermal imagery of coniferous forests were 
attributed to cold air valley drainage pat- 
terns and indicated the potential use of 
the imagery to infer nocturnal air circu- 
lation patterns in mountain terrain 

(Fritclaen et al., 1982; Balick and Wilson, 
1980). 

Certainly the most successful use of 
thermal sensors in forestry has been for 
real time detection of forest fires. Eight 
years of research and development 
through the U.S. Forest Service Fire Scan 
project resulted in an operational system 
utilizing two detectors (Ge: Hg and InSb) 
sensitive in 3-4  ~tm and 8.5-11 ~tm ther- 
mal wave bands (Hirsch et al., 1971). The 
thermal target created by a forest fire was 
in high contrast to cooler surrounding 
surfaces, thus enabling easy detection of 
the fire in all weather, at night and 
t h r o u g  h dense smoke. 

Recent improvements in sensor design 
and technology may warrant a new look 
at potential capabilities of thermal remote 
sensing to investigations in forest physi- 
ology, hydrology and climatology. The 
Thermal Infrared Multispectral Scanner 
(TIMS) is a six-channel scanner flown in a 
Lear 23 aircraft operated by the National 
Aeronautics and Space Administration's 
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National Space Technology Laboratories 
in Mississippi. Irradiance is measured in 
the following wavelength regions: (Ch. 1) 
8.2-8.6/~m; (Ch. 2) 8.6-9.0/~m; (Ch. 3) 
9.0-9.4 /xm; (Ch. 4) 9.4-10.2 /~m; (Ch. 
5) 10.2-11.2 /tm; and (Ch. 6) 11.2-12.2 
/xm. The total angle of look is 76 ° (38 ° on 
each side of nadir). The sensor can re- 
solve temperature variations of the order 
of 0.2-0.3°C. The increased sensitivity of 
the TIMS coupled with improvements in 
atmospheric, terrain, and canopy mod- 
eling offer significant advances over the 
broad band sensors and technology avail- 
able in earlier studies. 

Plant physiological processes such as 
photosynthesis, respiration, and evapo- 
transpiration are closely linked to temper- 
ature. Therefore, air and surface tempera- 
tares are necessary components of forest 
ecosystem studies and models dealing with 
energy budgets. Measurement of parame- 
ters impor tan t  for estimation of 
evapotranspiration and the use of plant 
canopy temperatures to infer water stress 
and crop yield has created new interest in 
thermal sensors (Kimes, 1980; Jackson 
et al., 1977; Idso et al., 1977; Soer, 1980; 
Gurney, 1978; Heimberg, 1982). How- 
ever, these investigations have con- 
centrated on homogeneous crop or pas- 
ture targets on level terrain excluding 
more complex forest targets. An im- 
portant objective of future evapo- 
transpiration research is to develop re- 
mote sensing techniques for measuring 
surface temperature and net radiation in 
complex canopies and on terrain with 
variable sun-sensor-surface geometry 
(Heimberg, 1982). 

Background 

All objects with temperatures greater 
than absolute zero (0°K or - 2 7 3 ° C )  
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emit radiation. Amounts and wavelengths 
of energy emitted from a surface is a 
function of its absolute temperature and 
emissivity. Emissivity in the thermal re- 
gion of the electromagnetic spectrum 
(8-14/Lm) can be considered nearly con- 
stant for many vegetation surfaces. Emis- 
sivities of vegetated targets are within the 
range of 0.90-0.98 and are usually greater 
than 0.95 when the plants are not water 
stressed (Smith, 1983). Atmospheric ef- 
fects (atmospheric absorption, scattering 
and emission from particles and gases) 
can significantly influence thermal 
measurements from aircraft or space 
platforms. Readers interested in detailed 
reviews of thermal infrared theory, emis- 
sivity and effects of the atmosphere on 
measurements are referred to Smith 
(1983), Lillisand and Kiefer (1979), and 
Nunnally (1973). 

Land features (including phytomass, 
soil and soil moisture, rock, plant litter) 
and the surface mosaic of these features 
have heat transmission characteristics that 
influence surface temperature. Common 
surface materials can have very different 
albedos. Hungerford (1980) reported al- 
bedos of 20-24% for grass, 6-11% for 
conifer needles, 20-35% for dry clay soils, 
25-45% for dry sand soil, and 2% for 
charcoal. In irregular terrain, the temper- 
ature response of the land surface can be 
influenced by the angle between the sun 
and surface plane (l.illisand and Kiefer, 
1979). Sun angle effects on surface solar 
loading are more pronounced where soils 
are exposed or vegetation canopies are 
open. Surface temperatures in Coram Ex- 
perimental Forest, Montana were 25 ° 
higher in clearcuts than in uncut stands 
during midsummer and partial cuts were 
10 -15°C  higher than uncut areas 
(Hungedord, 1980). In mature or closed 
forest canopies on clear summer days, the 
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temperature of the canopy is generally 
within a few degrees ( +  3°C) of air tem- 
perature (Smith etal., 1981; Kaufman, 
1984). Closed canopy temperatures are 
influenced by elevation but slope gradient 
and aspect have almost no effect 
(Kaufman, 1984; Zobel et al., 1976). 

Objective 

Thermal Infrared Multispectral Scanner 
(TIMS) data were analyzed to determine 
whether temperature differences in re- 
forested clearcuts of various ages and old 
growth forests could be explained by vari- 
ations in green leaf biomass. The H. J. 
Andrews experimental forest was selected 
as a study site. It is located approximately 
50 miles east of Eugene, OR, within the 
Williamette National Forest-Blue River 
Ranger District (see Fig. 1). 

Methods 

The TIMS data were collected at ap- 
proximately 1:30 p.m. PST, 29 July 1983, 
corresponding to the time of maximum 
diurnal surface temperature. Several low 
altitude lines were flown in a north and 
south orientation at 7600 ft above mean 
terrain (ATM). The raw data resulted in a 
6-m instantaneous field of view (IFOV) at 
nadir. As a result of minimum air turbu- 
lence and clear atmospheric conditions, 
the data sets were of high quality. 

It was anticipated that differential 
heating of north and south slopes could 
have a major influence on the thermal 
exitance of clearcuts with low biomass 
and incomplete canopy closures. To test 
this hypothesis, stands of a variety of ages 
and canopy densities were selected, and 
the effects of aspect and slope gradient 
on ERTs were investigated. Sample stands 
were also selected representing different 

forest habitat types along elevation and 
site gradients within Andrews experimen- 
tal forest for ERT investigations. Eleva- 
tion ranged from about 500 to 1600 m 
(Dryness et al., 1976). Forest vegetation 
in age classes from recent clearcuts ( < 1 
year) to old growth Douglas-fir [Pseudo- 
tsuga menziesii (Mirbel) Franco] exceed- 
ing 450 years were selected. 

Several computer programs in the Earth 
Resources Laboratory software package 
(Graham et al., 1980) were available to 
process the TIMS data. In order to re- 
duce image registration errors and resid- 
ual errors that may exist at longer atmo- 
spheric path lengths, only data within 
30 ° of nadir were extracted for processing. 
A series of preprocessing steps were ne- 
cessary to correct "pixel dropout" values, 
generate effective radiant temperature 
(ERT) values, resample, and register the 
scanner data to a 10-m UTM grid coordi- 
nate system. Elevation contour lines were 
digitized from a 1:15,840 scale topo- 
graphic map and converted to 10-m raster 
(grided) aspect and slope images. 

The six-thermal channels were highly 
correlated, indicating that little would be 
gained by processing all channels. Chan- 
nel 3 was chosen for further processing. 
Through the use of computer software 
that applied the calibration data available 
at the time of the mission, the raw data 
were converted to data representing ef- 
fective radiant temperature (ERT) for 
each pixel in the data set. The resulting 
data were matched to table look-up values 
which provided the ERT in 0.5°C incre- 
ments. 

A map of forest unit boundaries, old 
growth reference stands and remote ther- 
mograph stations was used to select the 
sample stands representative of the age 
classes and topographic variation present. 
Twenty-two stands were selected in 
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FIGURE 1. Location of H. J. Andrews experimental forest (a) in western Oregon (after Zobel 
et al., 1976) and sample areas superimposed on thermal scanner data (b). 



RADIANT TEMPERATURES OF PACIFIC NORTHWEST FORESTS 109 

watersheds where the rasterized slope and 
aspect data were available. 

The selection of sample stands was 
conducted in an interactive mode. The 
sample areas were located on a computer 
display screen, and a moving cursor was 
used to draw the polygonal boundaries of 
each area. This information was filed for 
subsequent computation. Within each 
designated forest unit, the sample area 
was selected in a manner to be as "homo- 
geneous" as possible in forest composition 
and stand density. Atypical areas were 
excluded in an attempt to reduce varia- 
tion within sample stands. Figure l(b) 
shows the sample areas selected within 
one flight line in the western portion of 
the H. J. Andrews forest. 

The thermal data for sample stands 
were statistically analyzed to determine 

effects of age class, aspect, and slope on 
the ERTs. Ages (years since clearcut- 
reforestation) were grouped into four 
classes: 1) 0-12; 2) 13-25; 3) 26-33; and 
4) old growth (relatively undisturbed 
virgin forest). Aspects (azimuths) were 
grouped as: 1) north 316-45°; 2) east 
46-135°; 3) south 136-225°; and 4) west 
225-315 ° . Also, four slope classes were 
defined; 1) 0-15; 2) 16-30; 3) 31-45; 4) 
46-60; 5) > 60%. Figures 2(a) and (b) 
depict the distribution of aspect and slope 
classes on the H. J. Andrew experimental 
forest. 

Results and Discussion 

Air temperatures recorded at thermo- 
graph sites at H. J. Andrews on 29 July 
were compared to ERTs of sample areas 

FIGURE 2. Rasterized aspect (a) and slope percent (b) classes derived from a 
digitized elevation contour map. 
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F IC UR E 2b. 

that encompassed the thermograph sites 
(Table 1). The 1:30 p.m. ERTs at these 
eight locations were nearly equal to the 
maximum air temperature recorded by 
the thermographs at the respective sites 
on this day. 

Effective radiant temperatures were 
plotted for each age class against aspect 
and slope gradient (Fig. 3). Mean ERT 
decreased as age class increased and was 

independent  of aspect and slope. There 
were only minor temperature variations 
between the 13-25 and 26-33 year age 
classes, but the sparse, young canopies 
(0-12 year age class) were 8-9 ° warmer 
than the old growth stands when aver- 
aged over all aspect and slope positions. 
The actual ages of the forest stands in the 
0 -12  age class were 7 and 11 years. Al- 
though canopy closure was at or near 

TABLE 1 Comparison of Ef[ective Radiant Temperature and Maximum Daily Air 
Temperatures Recorded 29 July 1983 at Eight Remote Thennograph Stations, H. J. 
Andrews Experimental Forest 

STATION MAXIMUM AII~ TEMP (o C) TIMS ERT (o C) 

Reference Stand 1 25~3 22.5 
Reference Stand 2 25,4 24.5 
Reference Stand 3 26.1 22.5 
Reference Stand 17 26.2 24.5 
Reference Stand 20 23.9 24.0 
Reference Stand 26 22.2 23.0 
Watershed 6 27.8 24.0 
Watershed (North) 10 29.4 30.0 

XA = 25.8 XT = 24.4 
S.D. = 2.2 r = 0.68 
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FIGURE 3. Mean effective radiant temperature of forest 
age classes by aspect (a) and slope gradient classes (b). 

100% in many of the 25-33-year-old 
stands, the tree heights and structure of 
these forests were more homogeneous as 
compared to old growth forests. Old 
growth forests were heterogeneous in 
structure; coefficients of variation in tree 
size and understory patchiness was greater 
and leaf area indices in old growth were 
higher also (Franklin et al., 1981). Old 
growth forests were approximately 2.5°C 
cooler than the 25-33 year old forests. 
Figure 3(a) revealed that: 

1. Stands on uorth aspects were coolest 
for all age classes. Temperatures of 
the 0-12 year age class were ap- 
proximately 3°C cooler on north 
aspects, 

2. For the 13-25 year age class, the 
south aspect had a higher mean 
ERT. 

3. Aspect had little effect on mean ERT 
for the 26-33 and old growth age 
classes. 

Trends in temperature differences by 
slope classes were less apparent [Figure 
3(b)]. Mean ERT for 13-25 and 26-33 
year age classes were nearly identical on 
all slopes greater than 31%. The 0-15% 
and 16-30% slopes exhibited 2°C and 
I°C differences, respectively. 

As anticipated, not all aspect-slope-age 
class combinations were equally repre- 
sented. Missing data were evident in age 
classes 3 and 4. In age class 3 there were 
no data available for east facing aspects. 
Also, three out of 20 possible cases did 
not exist in age class 4. For the purposes 
of performing the analysis of variance, 
missing data were replaced by average 
values. The replacement value for the east 
aspect on 0-15% slopes (age class 3) was 
derived by computing the overall mean of 
the 0-15% slopes on north, south, and 
west aspects. The missing value for the 
east aspect on the 16-30%, 31-45%, 
46-60%, and > 60% slopes were derived 
in the same manner. For each of the three 
missing values in age class 4, the value 
was derived by computing the overall 
mean of all other slope classes on the 
same aspect and all other aspect classes 
on the same slope. 

Analysis of variance (ANOVA) with a 
randomized complete block design was 
used to test the null hypothesis that no 
temperature differences occur between 
age classes, aspects, or slope gradients. 
Age classes were used as blocks. F tests 
revealed that age class and aspect were 
highly significant (a = 0.01), but slope 
and aspect-slope interaction were non- 
significant (Table 2). Response surfaces of 
aspect versus slope class (Fig, 4) for each 
age class indicated that age class 1 (0-12 
years) and age class 2 (13-25 years) were 
contributing most of the variability in 
ERT related to terrain. Terrain had little 
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TABLE 2 Watershed 1,2,3-Randomized Complete Block ANOVA (Forest Age Class = Blocks} 

DEGREE OF 

FREEDOM SUM OF SQUARE MEAN SQUARE F 

Age 3 3365.37 1121,79 121.80" 
Aspect 3 121.29 40,43 4.39" 
Slope 4 32.17 8.04 0.87 
Aspect-slope 12 53.96 4.50 0.49 
Error 57 525.11 9.21 

"Significance at c~ = 0.01. 
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FIGURE 4. Mean effective radiant temperature of aspect class by slope gradient for 
each forest age class. 
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effect on ERT for age class 3 (26-33 
years) and 4 (old growth). The effects of 
aspect within age classes 1 and 2 were 
tested using single degrees of freedom for 
each aspect sum of squares. For age class 
1, the north aspect had highly signifi- 
cantly different mean ERT as compared 
to the east, south, and west aspects. The 
south aspect in age class 2 was highly 
significant, and north, east, and west 
aspects were nonsignificant. It is possible 
that significant differences in ERT may 
have been undetected as the result of 
missing data in age class 3 and 4. 

These data were compared to a second 
data set from stands approximately 1000 
ft higher elevation in the transition zone 
of Western Hemlock [Tsuga heterophylla 
(Raf.) Sarg.] and Pacific Silver Fir [Abies 
amabilis (Dougl) Forbes]. Mean ERT of 
each age, slope, and aspect class were 
lower in the higher elevation data set 
(Sader, 1984). The greatest difference in 
ERT recorded between the two data sets 
was in the 0-12 year age class which 
were 4 -5  ° cooler over all aspects and 
slopes at higher elevation. 

Summary and Conclusions 

Mean ERT decreased as age class in- 
creased and the relationship was indepen- 
dent  of aspect and slope positions. Age 
class was used as an indicator of relative 
crown closure, forest structure and 
amount  of green leaf area because refor- 
estation (primarily replanting of Douglas 
fir) was practiced on all of the sites (33 
years and younger age classes). Old 
growth forests which existed prior to the 
period when accurate records were kept 
were considered to be of similar age and 
structural development as the result of 
wildfires that occurred in the past. 

ERT differences corresponding to 
aspect and slope variation in age classes 1 
and 2 may be attributable to low amounts 
of green leaf area and less than complete 
canopy closure present in the sensor field 
of view. Differential heating and cooling 
related to sun-surface geometry had a 
greater influence on ERTs when forest 
canopies were not completely closed. 
Highly significant differences in ERT on 
north slopes (0-12 age class) and on south 
slopes (13-25 age class) were detected 
through analysis of variance. As forests 
matured and canopy closure and green 
leaf area approached maximum levels, the 
influence of surface emittance from below 
the canopy contributed less to the total 
return. This may explain why aspect and 
slope appeared to have little effect on 
ERT of the older age classes. 

Some problems were encountered in 
interpreting the influence of aspect and 
slope on ERT in older age classes as a 
result of missing data that were replaced 
by average values. However, the number 
of observations available to detect tem- 
perature differences among age classes 
(major effects) was sufficient (several 
hundred samples) to have confidence in 
the results. Significant differences in tem- 
perature between age classes were de- 
tected in another thermal data set located 
in a higher elevation zone. Variability 
within age class stratum was unavoid- 
able because not all forest units of similar 
age were completely homogeneous in 
composition, structure, stocking, and 
other physical characteristics which likely 
had some influence on the thermal return. 
Also, it should be noted that results were 
for one point in time and temperature 
variations, especially in open canopies, 
can be affected by sun-surface geometry 
and meteorologic conditions that existed 
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at the time of thermal data acquisition. 
Little is known (quantitatively) about 
these effects but they may limit the gen- 
erality of some of the results. 

The Thermal Infrared Multispectral 
Scanner appears to be capable of detect- 
ing temperature differences related to rel- 
ative differences in canopy closure and 
green leaf area; however, calibration 
techniques are needed to correct for emis- 
sivity differences and atmospheric effects. 
Research at H. J. Andrews experimental 
forest is underway to develop and test a 
mathematical model capable of predict- 
ing irradiance measured by the TIMS in 
forest canopies of various compositions 
and topographic positions. Data used to 
support the research will include physical 
relationships, results of field experiments, 
ground measurements and radiosonde 
data (to develop atmospheric corrections), 
and measurements collected by the TIMS 
sensor at night and near solar noon. A 
capability of remote measurement of 
surface temperatures will have important 
applications in ecosystem level and 
landscape scale studies of evapotranspira- 
tion, plant-water stress, and energy 
budgets and partitioning. 
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