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Abstract—This study reports on the utilization of microwave
modeling, together with ground truth, and L-band (1.4-GHz)
brightness temperatures to investigate the passive microwave
characteristics of a conifer forest floor. The microwave data were
acquired over a natural Virginia Pine forest in Maryland by
a ground-based microwave active/passive instrument system in
2008/2009. Ground measurements of the tree biophysical param-
eters and forest floor characteristics were obtained during the
field campaign. The test site consisted of medium-sized evergreen
conifers with an average height of 12 m and average diameters
at breast height of 12.6 cm. The site is a typical pine forest site
in that there is a surface layer of loose debris/needles and an
organic transition layer above the mineral soil. In an effort to
characterize and model the impact of the surface litter layer, an
experiment was conducted on a day with wet soil conditions, which
involved removal of the surface litter layer from one half of the test
site while keeping the other half undisturbed. The observations
showed detectable decrease in emissivity for both polarizations
after the surface litter layer was removed. A first-order radia-
tive transfer model of the forest stands including the multilayer
nature of the forest floor in conjunction with the ground truth
data are used to compute forest emission. The model calculations
reproduced the major features of the experimental data over
the entire duration, which included the effects of surface litter
and ground moisture content on overall emission. Both theory
and experimental results confirm that the litter layer increases
the observed canopy brightness temperature and obscure the soil
emission.

Index Terms—Forest, litter, microwave radiometry, radiative
transfer, soil.

I. INTRODUCTION

SOIL moisture (SM) is recognized as an important compo-
nent of the water, energy, and carbon cycles at the interface

between the Earth’s surface and atmosphere, yet it is difficult
to measure globally using traditional in situ techniques. Several
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planned L-band space missions, including the European Space
Agency Soil Moisture and Ocean Salinity (SMOS) and NASA’s
Soil Moisture Active Passive (SMAP) (to be launched in 2014)
satellites, are focusing on obtaining accurate SM information
over as much of the Earth’s land surface as possible [1], [2].
One of the ongoing challenges is to extend the retrievals to
forested areas, which constitutes approximately 30% of the
Earth’s land surface. The contributions of both the canopy and
the underlying surface to the measured brightness temperature
need to be understood if we expect to retrieve SM. In order
to fully exploit microwave radiometric data in SM retrievals
over vegetated landscapes, measurements using airborne and
ground-based radiometers at L-band have been made [3]–[11].
In addition, several theoretical emission models have been
developed and successfully validated in many cases [12]–[19].

Over the past few years, some attention has been placed
on understanding the microwave signatures of deciduous and
coniferous forest floors [8]–[10], [16], [17]. Several field exper-
iments have demonstrated the significance of a forest litter layer
in SM retrieval from L-band brightness data [5], [8], [20]. It
has been hypostatized that litter layer increases the forest floor
emissivity, particularly when wet, as compared with soil. The
modeling of conifer needle litter at L-band using a microwave
radiative transfer (RT) model [12] in conjunction with ground
truth measurements has been demonstrated by Della Vecchia
et al. [16]. Schwank et al. [17] developed a physically based
model of the microwave radiation of leaf litter for different
moisture conditions. Both of these modeling efforts [16], [17]
confirmed the aforementioned experimental observations and
concluded that when the litter is wet, it acts as an important
source of radiation. Laboratory observations of the dielectric
properties of litter were made by Kleshchenko et al. [21] and
Demontoux et al. [22]. Grant et al. [10] made in situ field
observations of forest floor layers in their undisturbed state by
sequentially stripping each layer. This was the first investigation
to use in situ experimental data in this context. Their results
provided some insight into the relative contribution of each
forest floor layer to the overall zero-order emission at L-band.

Although some progress has been made in understanding
the contribution of forest litter to the overall emission, the
number of in situ field observations of forest floor layers is
still sparse and includes only a limited set of forest covers and
radiometric configurations. More efforts are required to solidify
our scientific understanding of forest floor effects on microwave
spaceborne radiometric observations over different types of
vegetated landscapes in order to optimally utilize spaceborne
radiometric data in global SM retrievals. This study provides a
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Fig. 1. (a) Natural Virginia pine forest site at Goddard Geophysical and Astronomical Observatory. (b) ComRAD microwave instrument system deployed over
a natural stand of Virginia pine forest.

new in situ experimental data set acquired for a pine forest site
and adapts a previously developed first-order RT model [19] to
conifer trees, which includes a new representation of the forest
floor as a surface layer of loose debris/needles and an organic
transition layer above the mineral soil.

In the study by Grant et al. [10], observations of the forest
floor were made with ground-based instruments located below
the canopy. Microwave measurements in this investigation were
acquired from above the conifer canopy. Multiangular observa-
tions were obtained at horizontal and vertical polarizations on
ten different days over a year to include temporal information
on ground properties. In addition, on a day with wet soil
conditions, an experiment was conducted in which the surface
litter layer was removed from one half of the test site within a
short period of time while keeping the other half undisturbed.
The experiment was intended to study the impact of surface
litter layer on microwave emission from forested terrain at
L-band.

One of the most distinctive features of the data set that
will be presented is the observation of considerable change in
brightness temperature after the litter was removed. The other
important aspect of the data set is the limited radiometric sen-
sitivity to the underlying ground moisture through the pine tree
canopy even though the volumetric moisture content (VMC)
of the ground varied from 0.05 to 0.30 cm3 · cm−3. These
observations were investigated by using a first-order RT model
of forest canopy [19] with an underlying multilayer forest
floor. The model predictions were in good agreement with the
data, with limited discrepancies, and provide a quantitative
understanding of the influence of organic layers on the first-
order brightness temperature. The model results show that the
addition of organic layers on top of the mineral soils produces
an increase in the overall emission and the first-order scattering

contribution, which is also found to be fairly constant over the
wide range of ground moisture. The lack of ground moisture
sensitivity was attributed to the presence of the surface litter
layer which masks soil emission. The effect of surface litter
is found to be more evident when the litter is wet and negli-
gible under dry conditions. This study not only confirms the
aforementioned recent modeling and experimental observations
but also, to our knowledge, is the first to use a first-order RT
model in conjunction with in situ experimental data in forest
litter investigations.

The description of the experimental site and the procedure
for data collection are discussed in Section II, where the ground
truth and canopy geometry parameters needed for the model are
also given. Formulations of a microwave radiometry model of
the canopy and the multilayer forest floor are briefly described
in Section III. The interpretation of radiometer data by using
model and other ground information is discussed in Section IV.

II. EXPERIMENT SITE AND DATA COLLECTION

In 2008–2009, field experiments involving ComRAD
(Combined Radar/Radiometer), an L-band active/passive truck
system [23], were conducted over a natural stand of Virginia
Pine (Pinus virginiana) trees located near the NASA Goddard
Space Flight Center, Maryland (latitude 39◦ 1′ 21.18′′ N, lon-
gitude 76◦ 49′ 28.02′′ W, altitude 55 m). The site was divided
into two equal plots of 60◦ azimuth sectors with similar tree
and ground characteristics. Fig. 1(a) shows an aerial view of
the test site with an illustration of the plot sectors. Fig. 1(b)
shows a picture of the ComRAD microwave instrument system
deployed over the forest site.

The site under investigation is a Virginia Pine forest stand
with an average height of 12 m and basal area of 34 m2 · ha−1.
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TABLE I
EXPERIMENT SITE INFORMATION

Virginia Pine is a medium-sized evergreen conifer that is native
to North America. The bark is thin and dark reddish-brown
and is broken into shallow plates. The short needles (4–8 cm)
of Virginia Pine range from dark green to gray green to yel-
low green and are usually twisted and in pairs. These trees
have a tendency to maintain a substructure of needleless dead
branches. The forest under investigation is very homogenous,
with a distinct needle litter layer over an organic humus tran-
sition layer with an underlying well-drained mineral soil. The
results of detailed measurements characterizing the trees and
forest floor will be given in Sections II-C and II-D. A summary
of site characteristics are given in Table I.

A. Instrumentation

ComRAD is mounted on a 19-m hydraulic boom truck
[Fig. 1(b)]. The system includes a dual-pol 1.4-GHz radiome-
ter and a quad-pol 1.25-GHz radar sharing the same 1.22-m
parabolic dish antenna with 3-dB beamwidth of approximately
12◦. ComRAD’s radiometer is a total power radiometer with
a two-point internal calibration. The absolute accuracy and the
sensitivity of the instrument are ±1 K and ±0.1 K, respectively.
For internal calibration, the cold source is implemented by an
amplifier terminated by a 50-Ω matched microwave load with
an isolator attached to the input and the hot source is made
up of a commercial hot noise source along with an attenuator.
The radiometer has an internal physical temperature of 45 ◦C,
reference hot sources of 401.2 K and 395.4 K for horizontally
and vertically polarized signals, respectively, and cold sources
of 154.5 K and 142.7 K for horizontally and vertically polarized
signals, respectively. The noise characteristics of the internal
calibration sources are determined as a function of internal
ambient temperature at the beginning of each field campaign.
External calibration of the radiometer is carried out during each
measurement run to correct for temperature variation and loss

in the cables connecting the receiver to the antenna and for
variation in the antenna temperature. This external calibration
is achieved using cold sky and ambient microwave absorber
targets.

B. Microwave Measurements

The experiment site consists of two equal plots of 60◦

azimuth sectors with similar tree and ground characteristics.
Microwave active/passive data were obtained on August 1, 4,
20, and 30, September 8, and November 20 in 2008, and on
April 8 and 23 and August 4 and 18 in 2009. The experiment
conducted on April 23, 2009 involved the removal of the surface
litter layer from one half of the test site while keeping the other
half undisturbed (see Section IV). In this paper, an analysis
of only the radiometer observations is presented. Radiometer
data were acquired at a height of 19 m above the ground level
with incidence angles of 15◦, 25◦, 35◦, 45◦, and 55◦. The areas
of the corresponding footprints on the ground at these angles
were 16.5, 20.1, 27.4, 43.1, and 83.0 m2, respectively. Data
were usually collected over a time span of about 2 h during
early morning. During the radiometer measurements, the truck
boom was rotated in azimuth at 15◦ increments within a 60◦

azimuth span in each plot. The resulting radiometer data for the
tree plot at each incidence angle is an average of data from the
three azimuthal observation locations. The total precipitation
and average temperature for the entire duration of the campaign
were 1080.5 mm and 13.1 ◦C at a metrological station located
less than 2 km away. No precipitation occurred during any of
the microwave measurements.

C. Ground Sampling

The site under investigation is a typical pine forest site with a
forest floor made up of organic matter generated by the canopy.
This material can be characterized by litter and humus layers
lying on the mineral soil surface. There are distinct boundaries
between each of the layers, as shown in Fig. 2(a). The top litter
layer is composed of loose debris/needles that have undergone
little or no decomposition. Next is a humus layer, which is a
transition layer of partially and fully decomposed organic mate-
rials lying immediately above the mineral soil. The composition
of the mineral soil is loamy sand, with textures varying from
57% sand, 13.6% clay to 87% sand, 3.4% clay depending on
its location within the site. A geometric illustration of the forest
floor system over the site is given in Fig. 2(b).

Coincident with the microwave measurements, ambient
canopy temperatures were obtained at approximately the same
look angle as the microwave instruments using an Apogee1

thermal infrared radiometer (8–14 µm) mounted on the Com-
RAD instrument platform. After the microwave measurements
were completed at each incidence angle, Dynamax ML2x1

Theta Probes (TP s) and handheld infrared thermometers were
used to obtain VMC and surface soil temperature, respectively.

1This product is for informational purposes only, and its citation here should
not be considered an endorsement of the product.
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Fig. 2. (a) Photograph from the pine forest floor. (b) Illustration of the pine forest floor.

TABLE II
AVERAGE AMBIENT TEMPERATURES AND TP READINGS

Ground measurements were taken at four arbitrary locations
within each field of view (generally 20 samples in each plot)
and subsequently averaged for each incidence angle. Average
ambient temperatures and TP readings are provided in Table II.
A wide range of ground moisture (TP readings varied from
0.05 to 0.30 cm3 · cm−3) under the pine trees was encountered
during the entire campaign.

TABLE III
AVERAGE LAYER THICKNESSES

The TP instruments were inserted vertically into the first
6-cm depth of the forest floor. The average thickness of the litter
layer was 0.8 cm while the same parameter for humus layer
was 2.2 cm (see Table III). Since the TP readings provided
combined VMCs of the three layers, specific measurements
of gravimetric moisture content (GMC) in kg · kg−1 and bulk
density need to be carried out for each layer in order to separate
the volumetric moisture contributions of the single layers.
In addition to the regular ground measurements as described
above, separate direct measurements of GMC, bulk density,
and thickness of litter and humus layers coincident with di-
electric TP measurements were made at 20 arbitrary locations
within the radiometer footprints on four days (see Table IV).
The average TP readings on these days varied from 0.06 to
0.25 cm3 · cm−3, which is similar to the range of measurements
encountered over the entire campaign. The GMC data from the
destructive sampling of the litter and humus layers allowed us to
conduct gravimetric calibration of entire TP data for the layer
depths, which resulted in the following empirical relationships:

Litter Layer

GMC = 6.3294× TP − 0.0187, R2 = 0.9296 (1a)
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TABLE IV
GRAVIMETRIC CALIBRATION OF EACH LAYER. TP AND GMC VALUES ARE MEASURED.

VMC VALUES FOR BOTH LAYERS ARE CALCULATED USING (1d)

Humus Layer

GMC = 9.371× TP − 0.3153, R2 = 0.9791 (1b)

where GMC denotes gravimetric moisture content, which is
defined on dry basis by

GMC = WW /WD (1c)

with the water weight WW and the weight of the dry matter
WD in kilograms. The GMC is also related to VMC by

VMC = ρb ×GMC (1d)

where the quantity ρb is the bulk density. The measured bulk
densities for the litter, humus, and mineral soil layers are 0.10,
0.15, and 1.11 g · cm−3, respectively.

In addition to the gravimetric calibration of each layer, the
surface roughness properties of the forest floor were estimated
by inserting a gridded metal sheet into the floor vertically
and photographing it. The photo was corrected for viewing
angle variation, and the surface was digitized. From this dig-
ital surface, the surface rms height was calculated as less
than 0.5 cm.

D. Tree Sampling

Ground measurements of trees were carried out in 2009. The
collection of tree data involved the measurement of tree di-
ameter and height, branch dimensions and orientations, needle
statistics, and the dielectric constants of each tree constitution
type. The forest is estimated to be 12 m high, and there are total
of 332 trees within the footprints of all look angles (15◦–55◦) in
both plots. The average tree density is calculated to be 0.02075
trees per m2, and the basal area was 34 m2 · ha−1. A series of
Leaf Area Index (LAI) measurements were made with an LAI-
2000 (LiCor1) on September 17, 2009. The average LAI was
2.66 with a standard deviation of 0.16, which indicates a very
homogeneous vegetation canopy.

The diameters at breast height (DBHs) of all the trees within
the footprints were measured. The measured DBH distribution
is shown in Fig. 3. The DBH of all measured trees varied from
2 to 34 cm with a mean DBH of 12.6 cm and a standard
deviation of 7 cm. The tree DBH data were redistributed into
two categories based on their sizes, each representing a typical

Fig. 3. Measured DBH within the footprint. The solid line shows the normal
DBH distribution of all trees in both plots while dashed curves represent normal
DBH distribution of two categories of typical trees with average DBHs of 9.2
and 22.5 cm.

tree in the site. Seventy percent (70%) of the measured trees had
DBH values less than 17 cm, and their average DBH was 9.2 cm
with a standard deviation of 4 cm. The mean DBH of the rest
of the trees was 22.5 cm with a standard deviation of 3.4 cm.
For determination of the tree architecture, two representative
Virginia Pine trees having DBH values equal to 9 and 23 cm
and a height of about 12 m were chosen for canopy geometry
measurements. The detailed size and orientation statistics of
needles, branches, and trunks were acquired by cutting down
the trees. The results from the canopy sampling are shown in
Table V.

The diameter profile of the trunks was also measured by
sampling at successive intervals of height. The average height
trunk was divided into equal length cylinders, and an average
diameter was determined for each interval. The volumes of
the equivalent tapered trunk for the trees having DBH values
equal to 9 and 23 cm were 0.0429 and 0.2933 m3, respectively,
which were then used to calculate equivalent trunks having a
constant diameter (same volume but different dimensions). An
equivalent cylinder model based only on constant volume is
assumed.

The trees at the study site had a substructure of needleless
branches (dead). Live as well as dead branches are further
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TABLE V
CANOPY PARAMETERS FROM DESTRUCTIVE SAMPLING

grouped based on diameter sizes. An average length and an
average diameter were determined for each of the classes of
branches. The total number of branches in each branch class
was recorded. The density of each branch class was found by
determining the total number of branches of that type in the
forest plot and then dividing by the total volume of the forest
(average height times plot area). The number of scatterers of
each type in the plot was determined from the counts made on
the sampled tree times the number of the trees in the plot.

The needle dimensions and needle density per unit length
on a shoot was measured. From a knowledge of the number
of shoots and subshoot on an individual tree, an estimate of
the number of needles per tree can be obtained. Calculations
based on the sampled trees with DBH values equal to 9 and
23 cm resulted in approximately 111 000 and 950 000 needles,
respectively. The average density of needles per unit volume is
computed to be 5414 needles per m3. Even though there are
several different types of needles, all needles were put into one
class for modeling purposes. This is because the contribution
of needles at L-band to the total backscattering response is
expected to be negligible as compared with the contribution
from branches and trunks. Needles contribute mostly to the
canopy extinction properties. As a result, using one class for
needles was found satisfactory. The needles are modeled as
a thin dielectric cylinder with length of 6 cm and equivalent
diameter of 0.5 mm. The angular distribution of the needles is
taken to be uniform.

The relative dielectric constants of the tree constituents
were measured at L-band (1.25-GHz) in situ using dielectric
probes connected to an HP8719A vector network analyzer. The
technique is based on reflection from an open-ended coaxial
probe. The measured average relative dielectric constants are
18.4 + i3.3 for needles, 10.8 + i2.6 for primary live branches,
13.3 + i2.8 for secondary live branches, 5.0 + i1.0 for dead
branches, and 14.5 + i2.9 for trunks.

III. MICROWAVE MODELING

A first-order microwave model based on an iterative solution
of RT equations has been recently developed and successfully
validated with data collected over deciduous trees [19]. In this

Fig. 4. Schematic diagram of a pine forest.

section, the microwave model is adapted to coniferous trees
with an underlying multilayer forest floor.

Fig. 4 shows an illustration of the forest model that will be
employed here. The forest canopy of thickness d is modeled as
a slab containing a random distribution of dielectric cylinders.
The cylinders are circular, homogenous, and lossy, and their
dimensions and orientations are typical of trunks, branches, and
needles. It is assumed that cylinders are distributed uniformly
in the azimuthal coordinate. The slab of cylinders is placed
over a three-layer lossy dielectric half space representing the
forest floor. The forest floor is modeled as a three-layer soil that
includes a litter layer (loose debris/needles), a transition layer
(organic humus), and mineral soil. The interface between the
ground and canopy is assumed to be rough.

A. First-Order RT Model (τ−ω−Ω Model)

The first-order model is based on an iterative solution of
the RT equations by interpreting the scattering source function
as a perturbation to the nonscattering RT equations [19]. This
formulation adds a new scattering term to the τ−ω (tau–omega)
model that is an easily implemented and theoretically sim-
ple zero-order RT approach. The improved model has the
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advantage over the conventional tau–omega model because
the first-order solution accounts for scattering of the radiated
emission from ground and the vegetation layer. The first-order
solution from the forest canopy leads to an expression given by

e(1)p (θ) =
[
1− γ2

p(θ)R
FF
p (θ)

]
− ωp(θ)

[
1 + γp(θ)R

FF
p (θ)

]
× [1− γp(θ)] + Ωp(θ) (2a)

where the ambient temperatures of the vegetation layer and
the ground are assumed to be same, RFF

p (θ) is the microwave
reflectivity of the forest floor that will be described in next
section (Section III-B), γp(θ) is the vegetation transmissivity
which is parameterized as γp(θ) = exp(−τp(θ) sec θ) where
τp(θ) is the vegetation opacity or optical thickness and θ is the
incidence angle, and ωp(θ) is the single scattering albedo. The
polarization p can be horizontal (h) or vertical (v). The last term
Ωp(θ) will be described next.

The first term in (2a) represents the nonscattering case
(independent of scattering albedo) and is also equivalent to
the zero-order solution of the albedo expansion for canopies
having uniform physical temperature profiles [13]. The sec-
ond term represents scattering darkening due to albedo. The
combination of the first two terms represents the zero-order
solution (tau–omega model). The parameter Ωp(θ) denotes the
additional scattering contribution to the zero-order model. It
represents the emission from the ground and the vegetation
layer that is single-scattered from tree trunks, branches, and
needles. The scattering component Ωp(θ) is composed of eight
terms representing different scattering mechanisms which are
given by

Ωp(θ) =
∑
j

{
Ω

(s1)
jp (θ) + Ω

(sr1)
jp (θ)

}
, j ∈ {G,U,D,DG}

(2b)

where the summation index j denotes the scattering-mechanism
types, i.e., the subscripts G, U , D, and DG refer to the scat-
tered radiation contributions due to ground emission, upwelling
emission, downwelling emission, and downwelling emission
followed by ground reflection, respectively. The scattered radia-
tion from each mechanism arrives at the receiver either directly
(denoted by s1) or through reflection from the ground (denoted
by sr1). A pictorial illustration of the scattering processes and
the explicit expressions for each scattering term are given in
Kurum et al. [19].

B. Three-Layer Forest Floor Model

The basis of TP measurements is the apparent dielectric
constant of the soil, which changes with moisture content.
Empirical and dielectric mixing models [25]–[31] are used to
relate VMC to effective dielectric properties of various soil
types. Due to the differences in bulk density and surface area
of materials constituting each forest layer, this relationship in
organic soils is very different than the relationship found in
mineral soils [29], [30]. Each forest floor layer (surface litter,
humus, and mineral soil) must be treated separately [32]. As
seen in Fig. 2(a), the forest floor under investigation is made

up of distinct layers with easily observable boundaries and
could be modeled as three dielectric slabs [see Fig. 2(b)].
An anisotropic effective medium approach with a three-phase
dielectric mixing model [33] is applied to represent the highly
complex nature of the surface litter layer. The effective dielec-
tric properties of organic humus [31] and mineral [28] soil
layers are obtained from empirical relations published in the
literature.

1) Mineral Soils: Empirical and dielectric mixing models
have been developed in the past to relate water content
to bulk dielectric permittivity of mineral soils [24]–[28].
In this paper, the Dobson model [28] is used to estimate
the dielectric constant εeffS of the mineral soil layer.

2) Organic Soils: The models developed for mineral soils
cannot be applied to organic soils due to the presence
of high porosity combined with the large amounts of
“bound” water found in organic soils [30]. Schaap et al.
[31] developed an empirical model for organic humus
layer that accounts for the bulk density of the humus
organic soil. This model was calibrated by using 25 forest
samples of five different forest stands, all of which were
situated on sandy soils and had a sharp boundary with the
mineral horizon, similar to forest floor conditions under
investigation here. In this paper, the Schaap empirical
model is used to estimate the dielectric constant εeffH of
the organic humus layer. The real part of the dielectric
constant is given by

εeffHr =
([
(VMC)1/0.885(±0.018)+0.146(±0.002)

]/
[0.133(±0.002)]

)2

(3)

where the VMC of the humus layer is obtained from
TP readings using the relationship given in (1b). The
imaginary part of the dielectric constant εeffHi is specified
to be one tenth of the real part [34].

3) Litter Model: A three-phase dielectric mixing model [33]
is applied for estimating the effective dielectric properties
of the surface litter layer as described in the Appendix.
The mixing scheme consists of inclusions made up of
an organic core and outer water shell of confocal prolate
ellipsoids in the background of free space. The inclusions
are situated in all directions parallel to the soil–surface
plane. This arrangement accounts for the general shape
and axial alignment of the fallen needles in the litter via
the depolarization factor as well as phase configuration
effects. Different litter moisture states are considered
by means of shells with a different thickness of water
coating each ellipsoid. The total volume of these shells
with bound water is used to represent the water volume
retained in the litter per volume.

The real part of dielectric constant of the ground layers has
the most influences on the overall reflectivity. Fig. 5 shows plots
of the real part of effective dielectric constants for mineral soil,
humus, and litter layers as a function of TP readings. To gener-
ate the graph, TP measurements are converted to the VMCs of
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Fig. 5. Effective dielectric constants of soil (εeffS ), humus (εeffH ), and litter
(εeffLx in horizontal direction and εeffLz in vertical direction) layers.

each layer using the site-specific calibration coefficients given
in (1). These VMCs are the input variables required to compute
the permittivities using the Dobson model for the mineral soil,
(3) for the humus, and the mixing model presented in the
Appendix for litter. Due to the high porosity and large amounts
of “bound” water found in organic layers, their dielectric con-
stants are lower than the dielectric constant of mineral soil,
which can be seen in the plots. Since the surface litter is more
porous than the humus layer, their dielectric constant is the
lowest of the three layers. This incremental change in dielectric
constants in the forest floor layers behaves similar to matching
layers that reduce the dielectric discontinuity between air and
deeper soil layers [16], [17].

A coherent model representing the three-layer forest floor
(litter–humus–mineral soil) as a stratified dielectric medium
is used to compute the coherent floor reflectivity Rcoh

p (θ).
The model is based on a matrix formulation of the boundary
conditions at dielectric discontinuities derived from Maxwell’s
equations [35]. The anisotropic nature of the litter layer (loose
debris/needles) in the spatial domain was included in the co-
herent reflectivity calculations to keep the morphology as close
as possible to reality. There are no approximations involved in
the calculation of the coherent reflectivities except the afore-
mentioned use of estimated permittivities. The results are direct
consequences of Maxwell’s equations. Even though there is a
significant difference between the calculated litter permittivities
in vertical and horizontal directions (εeffLz and εeffLx), as indicated
in Fig. 5, the effect of litter spatial anisotropy on the overall
forest emission was found to be negligible compared with
the simulation using an isotropic litter layer model, where the
inclusions are oriented randomly. This is mainly because the
contribution of the vegetation (forest canopy) layer dominates
the overall emission and masks the anisotropic nature of the
litter layer whose thickness is very thin.

The coherent forest floor reflectivity exhibits oscillations
due to alternating constructive and destructive interferences
between waves reflected at the surface. However, this coher-

ent effect is smoothed by the natural variations of the layer
thicknesses around its average value. Therefore, the coherent
reflectivities are averaged over the thickness range of the layers
in order to represent the natural variation of larger thicknesses
throughout the forest. This average reflectivity is given by

Ravg
p (θ) ∼=

DH+2δDH∫

DH−2δDH

DL+2δDL∫

DL−2δDL

Rcoh
p (θ).p(DL, DH)dDLdDH

(4)

where p(·) is Gaussian probability density. The humus and
litter later thicknesses are denoted by DL and DH , respectively.
Average layer thicknesses and their variations are given in
Table III.

The average reflectivity Ravg
p (θ) is then corrected by mod-

ifying it with the well-established Kirchhoff’s approximation
with a small height standard deviation [36]. For the study field,
the surface rms height was on the order of 0–0.5 cm, which is
rather low compared with the L-band wavelength. As a result,
only the coherent component of the roughness is important for
this study and the diffuse component is ignored. The reflectivity
of the effective rough surface is expressed as

RFF
p (θ) = Ravg

p (θ)e−h cos2 θ (5)

where the roughness height parameter is given by h = 4σ2k20
in terms of the surface rms height σ and the wavenumber k0 =
2π/λ0, where λ0 is the free-space wavelength. The resulting
reflectivity RFF

p (θ) is used to describe reflectivity of the forest
floor given in (2a) of the first-order RT model.

IV. RESULTS AND DISCUSSION

An experiment was conducted on April 23, 2009, when
the ground was wet, with the intention of characterizing and
modeling the impact of the surface litter layer on the observed
emissivity. The experiment consisted of removing the surface
litter layer from one half of the test site while keeping the other
half undisturbed. On the day of the experiment, a set of baseline
microwave measurements and ground truth data were obtained
over two adjacent plots (A and B) in early morning. Right
after the baseline measurements, the litter layer was removed
from Plot A (about 700-m2 area) in less than 2 h. Following
the removal, the measurements were repeated for both plots.
Images of the litter layer and of the pine tree site after the litter
removal are shown in Fig. 6.

In Fig. 7, the measured microwave emissivities (the ratio of
the measured brightness and the ambient temperatures) for both
plots on April 23 are graphed as a function of the incidence
angle. The filled markers represent data collected before the lit-
ter removal, and the nonfilled markers represent data collected
after the litter removal. During the 2-h period of litter removal,
the physical scene temperature increased by about 2 ◦C, and the
TP readings decreased by about 0.02 cm3 · cm−3, as shown in
Table VI. Fig. 7(b) shows that there was almost no change in
emissivity for Plot B, which demonstrated in the stability of
the radiometer calibration during the data collections. On the
other hand, the data show a detectable decrease (particularly at
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Fig. 6. (a) Plot A after removal of surface litter layer. (b) Forest floor
with/without litter removal.

lower angles) in emissivity in Plot A [Fig. 7(a)]. Up to 0.025
decrease in emissivity was observed at an incidence angle of
15◦. This decreased to about 0.007 as the angle of incidence
increased to 55◦. This decrease in the difference between the
plot treatments and the increasing incidence angle is due to
the increase in the path length that the waves travel within the
vegetation, which increases the canopy attenuation and thereby
reduces the sensitivity to the underlying forest floor. As the
forest floor gets dried, the emissivity of the ground is expected
to increase. However, the effect seen at Plot A was opposite
to what would be expected from the change in soil conditions
alone (about 0.02 cm3 · cm−3 drier surface after litter removal).
It is clear that when the surface litter layer is wet, there is an
increase in the overall radiance [16], [17]. This effect is evident
for both horizontal and vertical polarizations.

When evaluating the measured microwave observations be-
fore and after litter removal, it is also necessary to consider

Fig. 7. Measured L-band emissivity over a Virginia pine tree stand before and
after removal of a surface litter layer at (a) Plot A and (b) Plot B.

TABLE VI
AVERAGE TP READINGS BEFORE AND AFTER LITTER REMOVAL.

LITTER WAS REMOVED FROM PLOT A ONLY

the effect of the removal of the litter layer on the gravimetric
calibration provided in (1), which is utilized to separate the
VMC’s of the single layers. To investigate this effect on the
interpretation of TP readings after litter removal, the following
procedure was conducted. In a manner similar to the procedure
explained in Section II-C, the TP measurements were made at
20 different locations where the litter was removed from the sur-
face. Coincident with the TP measurements, the GMC of the
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Fig. 8. Simulations are compared with entire microwave data along with
ground TP measurements of Plot A. The last three measurements were made
after the surface litter was removed on April 23.

humus layer were also measured. Then, the measured GMC
values were used in (1b), and TP readings were estimated if
they were measured in the presence of litter layer. The estimated
TP readings were compared with the measured TP readings in
the absence of the litter, and it was found that the comparison of
TP readings before and after litter removal (Plot A) was valid
within 0.01 cm3 · cm−3.

For the summer data acquisitions (on August 1 and 18 in
2009), following the litter removal experiment, standard mi-
crowave data along with ground truth were also obtained for
both plots. A good dynamic range of ground moisture content
was encountered for these days, which was similar to the range
of measurements encountered during the campaign before the
litter removal experiment. Fig. 8 is a temporal plot of average
emissivities along with average TP readings for the entire
duration of the campaign in Plot A at an incidence angle of
35◦. In the figure, the litter removal experiment day is marked
with a vertical dashed line. Data set 1 (the filled markers) was
collected before the litter removal, and data set 2 (the non-
filled markers) was collected after the litter removal. Average
measured TP readings (gray vertical bars) are also provided to
indicate the forest floor conditions on each day. The solid curve
is the simulated first-order emissivity at vertical polarization
while the dashed curve is the simulated horizontally polarized
first-order emissivity. The same vegetation parameters given
in Table V are used in the simulations for all measurement
days. The values of vegetation optical depth for horizontal
and vertical polarizations were calculated to be 1.09 and 1.07,
respectively, and the single scattering albedo values for hori-
zontal and vertical polarizations were calculated to be 0.62 and
0.61, respectively, at an incidence angle of 35◦. Both quantities
depend weakly on the angle of incidence and polarization due
to the horizontal orientation of primary branches, which are the
main source of scattering and extinction [37].

As seen in Fig. 8, the first-order RT model produces a
good agreement with the experimental data over the entire
experiment duration with limited discrepancies such as the
trend from August 30 to November 20. The model predicts that

Fig. 9. Effect of forest floor moisture content on the first-order scattering con-
tributions for air–litter–humus–soil, air–humus–soil, and air–soil formations.

emissivity decreases (increases) with increasing (decreasing)
VMC. The increase in measured emissivity on September 8
and November 20 conflicts with the model predictions because
there is a decrease in the emissivity as the forest floor gets
wetter. The model predictions are expected to be valid under the
condition that tree state does not change but moisture content
is increased. However, there is supporting evidence that the
tree state might be different for these days as opposed to the
rest of the measurement days; however, this is not possible
to quantify with the available information. For example, the
remnants of tropical storm Hannah came through the site a
day before the experiment in September and brought 50 mm
of rainfall in one day with strong winds up to 80 km/h in the
region. The experiment on November 20 represents different
seasonal characteristics, and the scene temperature was near
freezing. In Fig. 8, it was also observed that the model captures
the decrease in horizontal polarized emissivity associated with
the removal of the surface litter layer on April 23. The mod-
eled response to combination of both litter removal and slight
decrease in ground moisture is lower than the experimental
observation for horizontal polarization and somewhat flat for
vertical polarization.

The first-order scattering is significant for tree canopies, and
it balances the reduction due to the large scattering albedo
which is around 0.6. Fig. 9 shows plots of the first-order
scattering contributions [see (2b)] for air–litter–humus–soil,
air–humus–soil, and air–soil formations separately over a typ-
ical range of TP readings of 0.05–0.30 cm3 · cm−3 at an ob-
servation angle of 35◦. The purpose of this figure is to provide
some insights into the relative importance of organic layers on
the first-order scattering contribution. As seen in the plots, the
addition of organic layers on top of the mineral soils produces
an increase in the scattering term for both polarizations, but
the increase due to addition of litter on top of the humus
layer is limited. The plots also indicate that the scattering
term demonstrates a slightly decreasing trend with TP read-
ings. There are two competing factors for this result: 1) The
terms involving ground reflections (sr1) increase with wetter
ground, but they are generally negligible compared with direct
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Fig. 10. Microwave observations at angle of 35◦ from (a) Plot A and (b) Plot
B during the entire field campaign.

scattered terms (s1), and 2) the direct scattered ground emission
(G-s1) decreases slowly with increasing ground moisture and it
is one of the dominating terms contributing to the first-order
scattering [19]. As a result, the overall first-order contribution
exhibits a fairly constant (slight decreasing) trend over a wide
range of ground moisture conditions that could lead to the
parameterization of the first-order scattering term with respect
to the presence of a litter layer irrespective of any knowledge of
the moisture content of the underlying soil.

In Fig. 10, the measured emissivity over the trees for both
plots is shown as a function of TP readings for the entire
duration of the campaign. The figure shows only the results at
an incidence angle of 35◦—similar results were also obtained at
other incidence angles but are not shown here. The radiometric
data collected on April 23 is marked with an arrow. The solid
lines represent linear fits to the data collected with a litter layer
while dashed lines represent linear fits to the data collected
without litter layer. The figure shows that there is limited
radiometric sensitivity to changes in soil or litter moisture
through the canopy of the pine trees. The radiometer ground
moisture sensitivity (change in emissivity per change in TP
readings) for both polarizations is 0.20 [cm3 · cm−3]−1 in Plot

B for the entire duration and in Plot A before litter removal. The
sensitivity increases to 0.31 [cm3 · cm−3]−1 in Plot A after litter
removal. This figure also indicates that the effect of surface
litter is more evident when the litter is wet while the effect is
negligible under dry conditions.

V. SUMMARY AND CONCLUSION

This paper has presented both theoretical and experimental
data concerning the problem of litter effects on the L-band
microwave radiometry of forest canopies. A field campaign
was described in which L-band passive microwave observations
were obtained over a natural Virginia Pine forest, together
with ground measurements of the tree biophysical parameters
and forest floor characteristics. Microwave measurements were
acquired from above the canopy at several look angles by
a ground-based microwave instrument system in 2008/2009.
Microwave data collection was made on ten different days over
a year to include temporal information on ground properties.
The radiometric sensitivity to the underlying ground moisture
through the pine tree canopy was somewhat limited even though
the VMC of the ground varied from 0.05–0.30 cm3 · cm−3. On
a day with wet soil conditions, an experiment was conducted
in which the surface litter layer was removed from one half
of the test site within a short period of time while keeping
the other half undisturbed. Considerable change in brightness
temperature was observed after the litter was removed.

The forest floor is made up of organic matter generated by the
canopy. This material was characterized by loose debris/needles
litter layer, and partially and fully decomposed transition hu-
mus layer, lying immediately above the mineral soil. A three-
phase dielectric mixing model was adapted to the problem of
estimating the effective dielectric properties of the surface litter
layer. A new representation of the multilayer forest floor model
was incorporated into a recently developed first-order emission
model for conifer trees. The model predictions were in good
agreement with the data, with limited discrepancies, and pro-
vided a quantitative understanding of the influence of organic
layers on the first-order brightness temperature. Observations
and model results showed that addition of organic layers on
top of the mineral soils produces an increase in the overall
emission and the first-order scattering contribution. The lack of
ground moisture sensitivity was attributed to the presence of the
vegetation and surface litter layer which masks soil emission.
The effect of surface litter is found to be more evident when the
litter is wet and negligible under dry conditions. It is clear that
the presence of a litter layer will adversely affect SM estimation
unless adequately accounted for in the SM retrieval process.

APPENDIX

THREE-PHASE DIELECTRIC MIXING MODEL

OF SURFACE NEEDLE LITTER

This Appendix adapts a three-phase dielectric mixing model
[33] to the problem of estimating the effective dielectric prop-
erties of the surface litter layer. It is assumed that the mix-
ture consists of inclusions made up of water-coated needlelike
confocal ellipsoids which are embedded in air and situated in
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Fig. 11. Effective permittivity of the anisotropic three-phase confocal system
of ellipsoids.

all directions parallel to the soil–surface plane, as shown in
Fig. 2(b). The ellipsoids have core axial dimension a2 with
two common axial dimensions b2 and c2 (i.e., b2 = c2 � a2) as
shown in Fig. 11. The outer ellipsoid is described in Cartesian
coordinates by a cubic equation in u (scalar) as

x2

u+ a22
+

y2

u+ b22
+

z2

u+ c22
= 1 (A1)

where x, y, and x are the position coordinates of any point on
the surface of the ellipsoid and the thickness of the confocal
shell is described by adjusting u. The volume of the outer
ellipsoid is V1 = (4π/3)

√
(u+ a22)(u+ b22)(u+ c22) while the

volume of the core ellipsoid is V2 = (4π/3)a2b2c2. Note that
confocal ellipsoids do not have the same axis ratios. Instead,
the outer ellipsoid is “fatter” than the inner one.

The application of a mixing scheme based on Maxwell
Garnet theory [38] leads to the effective permittivity in hori-
zontal direction (x−y plane)

εeffLx = εeffLy = ε0 +
ε0
2

∑
j=a,b

nαj

ε0

1− 1
2

∑
j=a,b N

j
1
nαj

ε0

(A2a)

and the effective permittivity in vertical direction (z-axis)

εeffLz = ε0 + ε0

nαb

ε0

1−N b
1
nαb

ε0

(A2b)

where n is the number density, αj is the polarizability of
the anisotropic three-phase confocal system of ellipsoids in
j direction, and N j

1 is the depolarization factor of the outer
ellipsoids in j direction [39], [40]. An analytical expression
for the polarizability factor of layered confocal ellipsoids was
derived in [33] and given by

nαj

ε0
=f1

(ε1−ε0)+
[
ε1+N j

1 (ε0−ε1)
]

(ε2−ε1)f2
ε1+Nj

2 (ε2−ε1)

ε0+N j
1(ε1−ε0)+N j

1

(
1−N j

1

)
(ε1−ε0)

(ε2−ε1)f2
ε1+N

j
2 (ε2−ε1)

(A3)

where N j
2 is the depolarization factor of the inner ellipsoid

and f1 and f2 are the volume fractions of the inner to outer
ellipsoids and inclusion given by f2 = V2/V1 and f1 = V1/V0,
respectively. The volume of the core is V2, the total volume of
the mixture is given by V0 = V2/(1− p), and the total volume
of the inclusion (the core and shell) is V1 = VMC × V0 + V2,
where porosity is given by p = 1− ρb/ρs with bulk density
ρb and particle density ρs. The site-specific bulk densities are

given in Section II-C, and the particle densities of organic
matter of pine forest and of mineral materials are taken to be
1.43 and 2.65 g · cm−3, respectively [24]. As seen in (A3),
the polarizability factor is a function of dielectric constants
of inclusions (ε0 = 1 for air, ε1 = εbW for water, and ε2 =
2 for dry needle), depolarization factors of inner and outer
ellipsoids, and volume fractions of the inner to outer ellipsoids
and inclusion.

In organic soils, bulk density, and thus, also porosity, sub-
stantially affects the relationship between the dielectric constant
and moisture content. When water molecules make up vicinal
layers near solid surfaces, their mobility is reduced by the inter-
action with solid molecules compared with water in “free” state.
The bound water shell is characterized by a reduced permittivity
εbW [28]. In order to account for the reduced permittivity of
bound water in the mixing scheme, a water-shell-thickness-
dependent approach is adapted here [41]. In this approach,
an exponential approximation is used for describing the water
phase permittivity starting from a minimum (εmin = 5) near the
surfaces toward the free water phase (εfW ) permittivity at the
air interface, resulting in

εbW =
uεfW

u+ 1
λ ln

[
εfW−(εfW−εmin)e−λu

εmin

] (A4)

where λ is an empirical decay factor taken to be 108 m−1 and
the permittivity εfW of “free” water is calculated by using a
temperature- and salinity-dependent empirical model [42].
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