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Abstract—The performances of the soil moisture retrieval and
assimilation algorithms using microwave observations rely on re-
alistic estimates of brightness temperatures (T ) from microwave
emission models. This study identifies circumstances when current
models fail to reliably relate near-surface soil moisture to an ob-
served Ty at L-band; offers a plausible explanation of the phys-
ical cause of these failures; and recommends improvements needed
so that L-band observations can provide reliable estimates of soil
moisture, more universally. Physically consistent soil parameters
and moisture at the surface were estimated by using dual-polar-
ized C-band observations during an intensive field experiment, for
an irrigation event and subsequent drydown. These derived pa-
rameters were used in conjunction with the in situ moisture in
deeper layers and different moisture profiles within the moisture
sensing depth to obtain estimates of H-pol T at L-band, that pro-
vided best matches with the observed Ty. The general assump-
tions of linear moisture distribution, with uniform or exponen-
tially decaying weighting functions provided realistic Ty during
the later stages of the drydown. However, the RMSDs of the Tgs
were upto 10.37 K during the wet period. In addition, the use of one
value of moisture representing the entire moisture sensing depth
during this highly dynamic stage of the drydown provides unreal-
istic estimates of emissivity, and hence, Ty at L-band. This study
recommends use of a hydrological model to provide dynamic, re-
alistic soil moisture profiles within the sensing depth and also an
improved emissivity model that utilizes these detailed profiles for
estimating T.

Index Terms—Emission models, moisture sensing depth, passive
microwave remote sensing, rough surface emissivity, soil moisture
profile.

I. INTRODUCTION

ATER content in the root zone is a critical driver for
hydrological processes and a governing factor in crop
growth. Accurate estimation of the root zone soil moisture
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(RZSM) is essential for predicting moisture fluxes such as
evapotranspiration, surface runoff, infiltration, and recharge,
as well as crop growth and yield [1]. Because the relaxation
frequency of liquid water lies in the microwave region, the di-
electric constant exhibits large differences between wet and dry
soils. Therefore, remotely sensed observations at microwave
frequencies are sensitive to changes of the water content in
the top layers of soil. Particularly, observations at the lower
frequencies of L- (1.4 GHz) and C-band (6.7 GHz) are most
applicable for soil studies because of negligible atmospheric
attenuation, better penetration through vegetation, and greater
sensitivity to moisture.

Satellite-based microwave systems allow frequent observa-
tions of global soil moisture. Currently, C-band observations
from the Advanced Microwave Scanning Radiometer aboard
the Earth Observation System (AMSR-E), available until Oc-
tober 2011, and from the Advanced SCATterometer (ASCAT)
are being used to retrieve soil moisture at the spatial resolutions
of 60 and 50 km, with repeat coverages of 2 and 5 days, respec-
tively [2], [3]. The recently launched Soil Moisture and Ocean
Salinity (SMOS) mission by the European Space Agency (ESA)
[4] provides passive microwave observations at L-band with a
spatial resolution of 40—50 km, with a repeat coverage of 2-3
days. In addition, the planned National Aeronautics and Space
Administration (NASA) Soil Moisture Active Passive (SMAP)
mission [5] will combine active and passive observations at
L-band to provide global near-surface soil moisture at 9-36 km,
with a repeat coverage of 2—-3 days. Although both passive and
active techniques measure the microwave radiation with similar
sensitivities to soil moisture [6], the active technique is highly
sensitive to the backscatter by soil roughness and vegetation
[7]-[9], effectively masking much of the contribution from soil
moisture. Consequently, the sensitivity to soil moisture will be
primarily obtained from the passive technique at coarser spatial
resolution of the radiometer, and radar will be used to estimate
the sub-radiometer pixel variability of soil moisture.

The microwave emission from an unvegetated terrain, T'g, is
estimated as the sum of contributions from soil (TBSO,;IJ,) and
sky (Tssiy,p), shown as:

TB = TBsoil,,p + TBsky,p (1&)
TBsoil,p = (szeff (lb)
TBsky,p = Tsky(l - Pp) (lc)

where, p is either H- or V-polarization, 7. s ¢ is the effective tem-
perature of bare soil, defined as an integral of radiative temper-
ature over non-isothermal soil layers [10], ¢, is effective emis-
sivity of the soil within the moisture sensing depth (MSD), and
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Fig. 1. Comparison of observed T3 from MicroWEX-5 (dots) with those estimated by Q-h (dashed line), Wegmiiller (dash-dot line), and IEM models (dotted
line) at (a) L-band H-pol, (b) C-band H-pol, and (c) C-band V-pol. For this simulation, the s = 0.62 cm, ¢/ = 8.72 cm, and soil porosity = 0.37. Vertical

dashed lines indicate irrigation events.

T4y 1s downwelling sky brightness, usually set to 5 K [11]. The
microwave emission models require knowledge of moisture and
temperature distribution in the soil to estimate Tp.

Current studies estimate e, from rough soil using moisture
in the top 0-2 or 0—5 cm, assuming a homogeneous soil over
this depth. The moisture in the 0-2 or 0-5 cm, called near-sur-
face moisture, is derived either from in situ measurements or
from land surface models (LSMs) such as NOAH! [12], NASA
Catchment model [13], or Land Surface Process (LSP) model
[14]. In situ measurements are not available in most regions of
the world and the sensors are not able to measure moisture with
high vertical resolution from surface to about 2 cm of the soil.
The impact of soil properties within the MSD on T is not well
understood and several studies have used different approaches
to obtain realistic estimates of Tz. For example, Schneeberger
et al. (2004) [15] added a transition layer on the top soil and

INOAH represents National Centers for Environmental Prediction (NCEP),
Oregon State University (OSU), Air Force, and Hydrologic Research Labora-
tory.

obtained plausible dielectric constant by changing soil porosity
in the transition layer. Their approach improved the consistency
between the modeled and observed Tg. However, the dielectric
heterogeneities in the soil are not only impacted by porosity, but
also impacted by moisture distribution and anisotropies in the
top soil [16], and improving only the porosity at the surface may
not be sufficient for accurate estimation of soil emission. Also,
the moisture in the upper few centimeters is highly dynamic,
particularly in sandy soils during and immediately following hy-
drologic events. Thus, the use of averaged moisture values can
result in unrealistic Ty estimation. For example, Fig. 1(a)—(c)
show that current state-of-the-art formulations are unable to pro-
vide realistic estimations of Ty at L- and C-band when com-
pared with the observed T'g values for sandy soils. The T were
estimated using the ¢ from [17], T, ;¢ from [18], Tg from [19],
[20] and [21], and using field observations of soil moisture at
0-2 cm, temperature at 0-2 and 64 cm, and surface roughness
in sandy soils of North Central Florida [22]. During the sim-
ulation period from noon March 28, Day of Year (DoY) 87.5,
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to noon April 4 (DoY 94.5), the field was irrigated at the mid-
night of March 29 (DoY 87.97) and in the late evening of April
1 (DoY 90.82). The models overestimate H-pol T'g at L-band
by as much as 82 K, and C-band Tg at H- and V-pol by 96 K
and 34 K, respectively, at the time of the event. During the entire
simulation period, the Root Mean Square Differences (RMSDs)
between the modeled and the observed T'g at L-band were 17.16
K, 37.80 K, and 20.47 K, using rough surface formulations [19],
[20] and [21], respectively.

Such unrealistic Ty estimates from soil have potentially sig-
nificant impacts on the performance of data assimilation and soil
moisture retrieval algorithms, for both bare and vegetated sur-
faces. Because most current models are calibrated to expected
norms, these algorithms are most likely to fail during extremes
of wet and dry hydrological conditions. Wet extremes include
the few hours up to a day of drydown immediately following a
hydrologic event, and dry extremes occur when normally moist
near-surface soils have become desiccated of their free-water
during near-drought conditions. The implications of the find-
ings of this study for reliably estimating soil moisture from
microwave brightness are important because it is often during
these extremes that reliable estimates are most relevant.

The goals of this study are to understand the sources of dif-
ferences between the modeled and the observed brightness tem-
perature during hydrologic events and during early stages of
the drydown; and to further explore the near-surface moisture
profiles and estimation of rough surface emissivities at L-band
in sandy soils. The objectives are to (1) obtain a plausible soil
moisture profile consistent with C- and L-band observations
during two drydown periods for sandy soils, (2) provide insights
into physical causes of unrealistic T'g estimates, and (3) recom-
mend improvements that are necessary in the microwave bright-
ness models to achieve reliable soil moisture retrieval and as-
similation algorithms. In Section II, we describe the field ob-
servations used in this study. The emission models, and the
methodology for estimating soil properties and Ty at C- and
L-band are described in Section III. In Sections IV and V, re-
sults are discussed and summarized, respectively.

II. EXPERIMENTAL OBSERVATIONS

Microwave Water and Energy Balance Experiments (Mi-
croWEXs) are a series of season-long experiments conducted
at Plant Science Research and Education Unit (PSREU),
Institute of Food and Agricultural Sciences (IFAS), in north
central Florida, to monitor the microwave signatures of soil
and vegetation during different stages of growth [22]-[25].
This study used the bare soil observations during the fifth Mi-
croWEX (MicroWEX-5), conducted during a growing season
of sweet corn from March 9 (DoY 68) to May 26 (DoY 150),
2006 [22]. The soil physical properties observed at the site are
given in Table I. During the experiment, Tp were observed at
1.4 and 6.7 GHz (A = 21.0 and 4.48 c¢cm), with an incidence
angle of 50°, using two tower-mounted radiometers: the UF
L-band Microwave Radiometer (UFLMR) and the UF C-band
Microwave Radiometer (UFCMR). Table II lists specifications
of the two radiometer systems. The 15-minute microwave
observations were augmented with concurrent observations of
soil temperature and moisture values at different depths in the

TABLE I
MEASUREMENTS OF SOIL PROPERTIES DURING MICROWEX-5

MicroWEX-5 Soil Observations
Physical Properties

o Texture:
— Sand = 89.4% by vol
— Clay=7.17% by vol
- Silt=3.5% by vol

« Bulk density: 1.67 g/cm®

Moisture & Tempera-

ture Profiles o Depths: 2, 4, 8, 16, 32, 64,

and 120cm

TABLE II
SPECIFICATIONS OF THE UF L-BAND MICROWAVE RADIOMETER (UFLMR)
AND THE UF C-BAND MICROWAVE RADIOMETER (UFCMR)

Parameter Qualifier UFLMR | UFCMR
Frequency(GHz) Center 1.4 6.7
Bandwidth(MHz) 3dB 20 20
Beamwidth(deg) 3dB 22.5 23
Polarization Sequential H V/H
Noise Figure(dB) | From T, 3.99 3.99
RF Gain(dB) 79 85
TABLE III

SOIL SURFACE ROUGHNESS MEASUREMENTS OF ROOT MEAN SQUARE
HEIGHT (s) AND CORRELATION LENGTH (/) USING MESH BOARD AND
GROUND-BASED LIDAR DURING MICROWEX-5

DoY Mesh Board LiDAR
(2006) | s (cm) | el (cm) | s (cm) | cl (cm)
67 0.8 15.5 0.7 11.3
69 0.7 8.1 0.7 9.1
69 0.4 5.3 0.4 3.0

soil profile, as shown in Table I. Four rain gauges were used to
record the amount of water during the irrigation/precipitation
events. Fig. 2 shows the field site and sensor layout during
MicroWEX-5. Soil roughness measurements, including root
mean square height (s) and correlation length (¢l), as listed in
Table III, were conducted using a 2-m-long mesh board and a
ground-based Light Detection And Ranging (LiDAR) system
[26]. In this study, observations from noon March 28 (DoY
87.5) to noon April 4 (DoY 94.5) were used, during which the
Leaf Area Index (LAI) was <0.3. Details of other observations
during the MicroWEX-5 experiment are provided in [22].

III. METHODOLOGY

A. Microwave Brightness (MB) Models

The microwave brightness model estimates contributions
from soil and sky ((1a)—(1c)). The sky contribution is very
small and set to 5 K. The soil is assumed as a non-isothermal,
semi-infinite layered dielectric medium, with a rough surface at
the upper boundary. The incoherent solution for the microwave
brightness temperature of such a soil accounts for reflections at
layer-interfaces, and the propagation of the radiance through
each layer, as shown in Fig. 3. The brightness temperature
above the layer j, T’g;, is given as:

- (22)
Ty,

T
Ts; = { BJ} = Bjj+1 78541 + S
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Fig. 2. (a) Location of the experimental field, as marked with a star, at the Plant Science Research and Education Unit (PSREU) in North Central Florida, and (b)

sensor layout during MicroWEX-5.
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Fig. 3. The illustrations of the incoherent solution of the radiative transfer
equation, first-order, and zero-order approximations for estimating emission
from a layered soil with infinite lower boundary.

where, Tg ; and T’y are upwelling and downwelling brightness
temperatures immediately above the 5" interface, respectively.
D3; 741, the backward propagation matrix defined in (2b), repre-
sents reflection and extinction from the j 4 1 layer reaching the
4™ layer. The second term, S; 1, is the emission contribution

from the j 4 1** layer, defined in (2¢).

. (1-2R;)
Bjj+1 = B (2b)
3.7 1— R] I—/J]zjl Lj+1
LD f1- B2+ L)
Sjt1 :TjﬂliR]-{ (R, + L) } (2¢)

where, I?; is the amplitude of reflection at the interface between
the j*" and the j + 1** layers, T} ;1 is the physical temperature
of the j + 1*" layer, and ;1 is the loss factor of the j + 1*"
layer, expressed as Ljy1 = exp(rjy10z;415ec0,41), where
ki1 is the absorption coefficient of the 5 + 1* layer, Az; 1 is
the thickness of the j+1%" layer, and ;1 is the refractive angle
between the interfaces of the j** and j +1**. The upwelling and
downwelling brightness temperatures of the bottom, semi-infi-
nite layer, N, as shown in Fig. 3, is a special case, where the
upwelling brightness temperature, Tg 1» 18 equal to the physical

temperature of the N'" layer, Ty, and the downwelling bright-
ness temperatures, 75, , is unknown. So that, Ty = BnTps,

where:
1 (1-2RN) Ry
By =—— : : 2d
N =T R { R 1 (2d)
T\r
Ton = { A } (2e)
TBh

Setting the downwelling sky brightness temperature, T3, to
Z€ro, Tgo becomes Tgrsoi1, from a specular soil surface. The
rough surface brightness temperature can be expressed:

T
1— Ry

)

TBsoil,p =€p

First-order or zero-order approximations to propagation (2a)
are often used in which either single reflections at interfaces
are considered or reflections are ignored, respectively. The first-
order approximation is given as [27]:

N j
1 R. I*Ri,
Tpwitpy=cp » T (1—5) (1+L17> II ((L711)>
‘= j i

7 =
“
The zero-order approximation that does not account for any re-
flections between the soil layers is given as [10]:

N NG
TBsoil,p =€y ZTJ (1 - L_> H Li,fl

j=1 77 =2

)

All of these models use complete soil moisture and temper-
ature profiles for the T'g,,:1,, estimation, when such measure-
ments are available, and allow for user-defined thickness of soil
layers. In this study, the backward propagation solution and its
two approximations are compared and discussed to understand
the applicability of the approximations in estimating realistic
L-band T of the sandy soils.

B. Rough Surface Emissivity Model

Although the semi-empirical approaches for rough surface
emissivities [18], [19], [28]-[32] are widely used, such as for
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the SMOS mission, the model parameters in these approaches
are highly dependent upon the observations used during the re-
gression process. In order to avoid such uncertainties, a more
physically-based, Integral Equation Model (IEM) [21], is used
in this study, to estimate the rough surface emissivity. The emis-
sivity is defined as:
=1- ( 27" (0o) + 7‘§Oh(00)) (6)

where, r7°™ (o) and r;(’h(ao) are noncoherent and coherent re-
ﬁectlvmes at the incidence angle, g, respectively, and they can
be written as:

2 g
7']?0”(6 471’(,()509( / / sm[ PP 907 (,bO; 6’5: ¢?)
0 0

+0’50“’qp((9(]7 do; 0, (/)S)] sinf,df do,
r;°h(90) =rp0(bp)exp [—(2kscosty)’]

(7a)
(70)

where, 0,,;; ., is the bistatic scattering coefficient, (6o, ¢) and
(0, ¢5) are elevation and azimuth angles for the incidence and
the scattering radiation, respectively, 7,0 is the Fresnel reflec-
tivity, and s is the root mean square height. Fung et al. (1994)
[21] derived an approximate solution for the scattering coeffi-
cient and proposed an emission model based upon the IEM. The
model is applicable to a wide range of roughness and frequen-
cies [33], and for a variety of natural terrains.

Note that all the current approaches estimate e, using a single
soil moisture value within the moisture sensing depth (MSD),
also referred to as the surface layer, where the soil is assumed
homogeneous. The MSD is defined as the depth at which the
emission is 1/e described to 6, = 1/#. Such a definition does
not account for the reflections between soil layers, so the actual
MSD may be different than the 6 = 1/x.

C. Dielectric Constant Model

Dielectric constant, ¢, of the wet soil is a function of soil
components such as soil solids, water, and air. A semi-empir-
ical model, developed by Dobson et al. (1985) [34], is widely
used to estimate the € for frequencies from 1.4 to 18 GHz. Re-
cent studies have found that the Dobson et al. (1985) model
significantly overestimates ¢ in sandy soils [17], [18]. Further-
more, the model proposed in [20] based their empirical radiative
transfer model upon [34], and are not applicable for sandy soils.
Mironov et al. (2009) [17] proposed a refractive mixing model
for moist soils, shown as:

ng + (ny, — 1)m, My < Mgy

Nsoil = § Nta + (np — 1)1y (8a)
+(ng — 1)(my — mat) My, > My
kq + kym,y, My < My

ksoil = kd + kb7n1)t (8b)
Fhp(my, —my) My > My

where, n is the refractive index (RI), % is the normalized atten-
uation coefficient (NAC), the subscripts soil, d, b, and f refer
to the soil, dry soil, bound water, and free water, m., is the soil
water content, and m.,,; is the fraction of the maximum bound
water. The mineralogically based equations for the Rl and NAC

of each element mentioned above are formed and listed in [17].
The dry soil component in (8a) and (8b) is a combination term
of solid soil and air, and depends only upon the soil type. How-
ever, even for the same soil type, the soil porosity may vary with
the soil column, changing the volume fraction of the soil solids.

In this study, we re-wrote the (8a) and (8b) in terms of soil
porosity as:

Mgy 2 o b+ npmy, + v, My < Moyt

Ngoil = K Mas 5*’ + Nyt (9a)
+(ng — DY(my — map) + 04 My > Moy
kgs 2y 1 By, My < Moyt

ksoit = < kgs Z’ + ke (9b)
+hp(me — M) My > My

where, n,; and k, are the real (RI) and imaginary (NAC) parts
of /€y, from [34]. ny, ki, and m.,; are obtained from empirical
soil models in [17], and n¢ and %y can be calculated from the
Debye relaxation equations [11].

D. The Simulations

Two drydown periods, with varying water applications, were
chosen for this study. The first drydown period, from noon
March 31 (DoY 90.5) to noon April 4 (DOY 94.5), with 5 mm
of water input on in the late evening of March 31 (DoY 90.8),
consisted of 480 observations of H- and V-pol Ty at C-band
and 375 observations of H-pol Tp at L-band; and the second
drydown period from noon March 28 (DoY 87.5) to noon
March 31 (DoY 90.5), with 7.5 mm water input at the midnight
of March 30 (DoY 88.0), consisted of 281 observations of Ty
at C-band and 282 observations of T at L-band.

Typically, the top-most layer of sandy soils consists of loose
sand particles, with high porosity compared to the lower soil
medium. In addition, due to its shorter wavelength, the C-band
radiometric observations are highly sensitive to the properties
at the surface, such as the roughness, porosity, water content
in the shallower soil. The soil roughness, porosity, and moisture
within the MSD were derived from the dual pol Tz observations
at the C-band, as described in the section below. As shown in
Fig. 4, the thickness of the soil layers in the top 2.5 cm was set
to 1 mm to capture the strong dynamics of the moisture. The
soil below 2.5 cm was divided into 1 cm-thick layers up to 64.5
cm and a semi-infinite layer below 64.5 cm. The soil moisture
observations at the depths 0f 2, 4, 8, 16, 32, 64, and 120 cm from
MicroWEX-5 represented the values for the modeled layers at
1.9-2.1,3.5-4.5,7.5-8.5, 15.5-16.5,31.5-32.5, 63.5-64.5, and
below 64.5 cm, respectively, as shown in Fig. 4. Soil moisture
values in the other layers were obtained by linearly interpolating
the values between the layers. The soil temperature observed at
2 cm during MicroWEX-5 was used as the temperature for the
modeled layers from 0 to 2.5 cm. The temperatures for deeper
layers, >2.5 cm were assigned in a similar manner to the soil
moisture values.

E. Extracting Soil Parameters Using C-Band Signatures

1) Estimation of Surface Roughness and Soil Porosity Within
MSD at C-Band: The initial MSD of C-band was set to 2 mm
to estimate soil properties and the moisture consistent with
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Fig. 4. Distribution of moisture and temperature in the soil layers of the MB model and corresponding observations at the depths of 2, 4, 8, 16, 32, 64, and 120

cm during MicroWEX-5.

dual-pol observations of C-band during the drydown period.
The sensitivity of microwave emission to surface roughness
increases as the soil gets wetter [33]. Therefore, the roughness
properties, s and ¢/, were estimated during the driest period of
the first drydown, around noon on April 3 (DoY 93.5), and were
further refined during the wettest period, around midnight on
April 1 (DoY 91), to ensure that the estimated values provided
realistic T'g estimates during the entire drydown period. During
the driest period, the soil moisture within the MSD was set to
0.01 m?/m? because the surface of the sandy soil is extremely
dry due to insolation. The means of s and ¢l observations
using mesh board and LiDAR during MicroWEX-5 were 0.62
and 8.72 cm with standard deviations of 0.17 and 4.42 cm,
respectively. The initial values of surface roughness, s and ¢/,
and porosity were set to 0.62, 8.72 cm, and 0.37, respectively,
as observed during MicroWEX-5. Because the microwave
emission is more sensitive to rms height, s, than the correlation
length, ¢l, only s and porosity were adjusted to provide the
lowest root mean square difference (RMSD) between the ob-
served and the modeled T'g. During the wet period, the value of
s was further adjusted along with soil moisture value. Porosity
was fixed at its value during the dry period.

2) Estimation of Soil Moisture Within the MSD at C-Band
During the Drydown Period: These best estimates of s, cf,
and porosity, found during the driest period, were implemented
during the wettest period of the drydown, immediately after the
irrigation event. The soil moisture and s values that provided
the T estimates closest to the observed Tg were chosen during
this wettest period, constrained by the porosity values estimated
for the dry soil. The soil moisture within the moisture sensing
depth was estimated during the drydown by dividing the dry-
down into several small intervals, with breaking points based
upon temporal changes in the observed Ty at C-band. The best
estimate of the soil moisture within MSD of C-band was deter-
mined by comparing the modeled and the observed T values

at both V- and H-pol. The soil moisture values estimated at the
breaking points were linearly interpolated to obtain continuous
values during the entire drydown period.

E Estimating T at L-Band

The current MB models use single soil moisture value, m.,_y,
within the MSD, for estimating ¢, to estimate T, given as:

My _y = /TTL1,(Z)’M7(Z)dZ (10)
0

where, f represents the frequency, f, m.,(z) is the soil moisture
as a function of soil depth z, and w(z) is the weighting function,
with [ w(z)dz = 1.

In this study, we explore uniform and exponentially decaying
weighting functions, given as:

1
_J 0<sz=2z
wy(z) = {Of 2 < 2 €h))
and
1 —z
we(z) = —exp | — 0<z< 0 (12)
2y 2y

where, the subscripts « and e represent uniform and exponential,
and zy is the MSD at the frequency of f.

Using (9b), the ratio of the MSD at C- and L-band is a con-
stant equal to 12.6 for different values of soil moisture, as shown
in Table IV. Given the 2 mm MSD assumed at C-band, the MSD
at L-band is 2.5 cm. The weighting functions can be applied to
the discrete soil medium and the (10) becomes:

N
> j=1 Moy

N (13)

MWy [ —
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TABLE 1V
THE SOIL PENETRATION DEPTH (8, ) OF C- AND L-BAND AND THE SENSING DEPTH RATIO

893

Soil moisture | &, of C-band (cm) | J, of L-band (cm) | Sensing depth ratio
0.01 21.22 267.35 12.60
0.05 4.24 53.47 12.61
0.1 2.12 26.74 12.61
0.2 1.06 13.37 12.61
0.3 0.71 8.91 12.55
218 ' ' " L-band H-Pol ’ ' '
20 . T N e e
056\ AP
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< 195f
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Fig. 5. Estimated T's at L-band for the incoherent solution (dash-dot line), first-order (dashed line), and zero-order (solid line) approximations, for (a) H- and (b)
V-pol using the soil moisture and temperature profiles observed during MicroWEX-5.

using uniform weighting function, and

N
> MW
M1 = gzl e (14)
N
Zj:l Wej

using exponentially decaying function. Where, L represents fre-
quency at L-band, 7 is the j*"* layer of soil, NV is the soil layer at
the MSD of L-band, W,; is the soil moisture in the 4t layer of
soil, and w,; is the weight given to 4" layer of soil. The 1, L
is used to estimate ¢, from IEM model and the Ty at L-band.

IV. RESULTS AND DISCUSSION

A. Comparison of the MB Models

Figs. 5(a) and (b) show the estimated L-band Tp at H- and
V-pol, respectively, using the incoherent solution from (2) and
(3), the first-order from (4), and the zero-order approximations
from (5). These estimates were obtained with the 0-2 cm
soil moisture and temperature observed during MicroWEX-5,
and interpolated values for the layers below, as explained in
Section III-D. The Ty estimates from the three approaches are
very similar, with the maximum difference of <1.2 K among
them. This indicates that the reflections between the soil layers
may not be significant in the soil column of the sandy soils

at the MicroWEX-5 site. In this study, we use the first-order
approximation to account for the single reflection that may
become significant at the interfaces of the sandy soil, where the
moisture in the top surface is highly dynamic.

B. Estimating Surface Parameters From C-Band Signatures

1) Estimation of Surface Roughness and the Soil Porosity in
the Top 0—2 mm: In the IEM model, the T'g at H-pol increases
with roughness, while that at V-pol decreases [33]. In addition,
the Tp increases with porosity and decreases with increasing
soil moisture. Increasing the surface porosity results in an in-
creased dynamic range of soil moisture at the surface. These re-
lationships in the IEM model were used to determine the s and ¢/
that were within observed ranges during the MicroWEX-5. The
s and ¢l 0f 0.73 and 8.72 cm were found to provide the best Ty
estimations during the driest period, from DoY 92.5-94.5, but
the Tp were still underestimated by up to 13 K at H-pol and by
up to 5 K at V-pol, when compared with the observed values.
However, when soil porosity was increased to 0.55 in the top
2 mm, consistent with typical loose top layer in sandy soils, the
best estimate of Tg was obtained during the driest period.

2) Estimation of Moisture in the Top 0-2 mm of Soil During
the Drydown: The parameters, s = 0.73 cm, ¢l = 8.72 ¢m, and
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Fig. 6. Comparison of observed Tz from MicroWEX-5 (dots), with modeled T during the driest (dashed line), and the wettest periods (dash-dot line) at C-band
for (a) H- and (b) V-pol using the s, ¢l, and porosity estimated during the driest period and moisture estimated during the wettest period.

soil porosity = 0.55 found during the dry period, were applied
during the wet period, from DoY 90.82 to 91.3, to find the water
content in the top 0—2 mm of soil. The soil moisture value of
0.3 m3/m? in the top 2 mm during the wet period provided the
best Ty estimations, even though they were overestimated by
up to 12 K at H-pol, and those at the V-pol were underestimated
by up to 10 K. A further decrease in s to 0.41 cm resulted in a
better Tp estimate during both the wet and the dry periods, as
shown in Fig. 6. The estimated value of s is close to one standard
deviation of the observed s values during MicroWEX-5.

Ten breaking points were selected during the drydown period
to obtain the water content in the top 0—2 mm of soil that re-
sulted in the best H- and V-pol Tg estimates at C-band at those
points. Fig. 7 shows the moisture values found at the breaking
points, and the best estimated H- and V-pol Ty at C-band with
the new soil moisture values in the top 0—2 mm. The RMSD of
the H- and V-pol Tp were 2.67 K and 2.43 K, and standard de-
viations were 2.63 K and 1.70 K, respectively, when compared
with the Ty observed during the MicroWEX-5. In Fig. 8, the
soil moisture in the top 0—2 mm is compared to that observed
at 2 and 4 cm during MicroWEX-5. As expected, the dynamic
range near the surface is much larger than the range at the deeper
layers. In addition, the T estimates at L-band using the [IEM
model, shown in the Fig. 1, suggest that a wetter soil surface
during the wet periods and a drier soil surface during the dry
periods were observed than predicted by models.

C. Impacts of Soil Moisture Distribution on Microwave
Signatures at L-Band

The soil properties of s, ¢l, porosity, and soil moisture in
the surface layer, obtained using C-band observations in the

Section IV-B were used to estimate H-pol Ty at L-band using
different moisture profiles within the MSD at L-band, as shown
in Fig. 9. The soil moisture for the layers below the MSD at
C-band was the same as given in Section III-D. The estimates
of Ty were compared to those observed during MicroWEX-5 to
gain insights into the impacts of the distribution of soil moisture
on the microwave signatures and understand the assumptions
necessary to match the observations. In Fig. 11, the observed Tg
at L-band during MicroWEX-5 is compared with the estimates
of T'g using different moisture profiles. The first moisture profile
consisted of soil moisture 0-2 cm from observed value during
MicroWEX-5, as shown in Fig. 10(a), with the newly estimated
soil physical properties to understand the effect of only physical
properties. The estimated T, shown as the green dashed line
in Fig. 11(a), show that the difference of overall estimates of
Tpg is within 2 K to the result shown in the Fig. 1 using original
soil physical properties (see Table V). The result implies that the
H-pol Tp estimates at L-band remain largely unaffected when
only soil physical properties are changed, and the soil moisture
observed at 2 cm is insufficient to represent the highly dynamic
of soil moisture.

The second moisture profile was obtained by linearly inter-
polating the soil moisture values in 0-2 mm estimated from
C-band, and those observed at 2 and 4 cm during MicroWEX-5,
as shown in Fig. 10(b). Using this profile, the average soil mois-
ture within the 0-2.5 cm, i.e. 12.6 times the MSD at C-band,
was used to estimate rough surface emissivity. Thus this method
weighs each layer within the MSD equally, using a uniform
weighting function. The overall Ty, shown as blue dashed line
in Fig. 11(a), match the observations well with an RMSD of
4.53 K and SD of 4.52 K. This indicates that the overall dy-
namics Tp during the drydown could be captured using the
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Fig. 7. The comparison of observed T from MicroWEX-5 (dot), and estimated T i (dashed line) at C-band for (a) H- and (b) V-pol, and the ten breaking points
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Fig.9. The flow chart of steps to estimate H-pol T' ;35 at L-band using different profiles, where s, cI, I”, SM and MSD represent root mean square height, correlation
length, porosity, soil moisture, and moisture sensing depth, respectively.

linear moisture profile with a uniform weighting function. How-
ever, Tp was overestimated during the wet period, with higher

RMSD 0f 10.37 K, as shown in Table V. Because the surface soil
moisture is constrained by the C-band observations, the result
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obtained by linearly interpolating the SM in 0-2 mm estimated from C-band and observed SM at 2 cm, (c) SM in 0-2 cm obtained by linearly interpolating the
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Fig. 11. Comparison T3 observed from MicroWEX-5 (dots) to those estimated using (a) observed soil moisture at 2 cm for e,, (solid line); moisture within MSD
of 2.5 cm at L-band with uniform weighting function (w., ) for ¢, (dash-dot line); moisture within MSD of 2.5 cm at L-band with exponentially decaying weighting
function (w. ) for e, (dotted line); and moisture within MSD of 1.3 c¢m at L-band with . for e,, (dashed line), during DoY 90.5-94.5. and (b) moisture within
MSD of 1.3 and 2.5 cm at L-band during wet and dry periods, respectively, with w,. (dashed line), during DoY 87.5-90.5.

may indicate a need for using non-uniform weighting function
such as an exponentially decaying function that would increase
the contribution from the surface layer. It may also indicate that
the MSD at C-band need to be shallower. In the next two pro-
files, we tested these hypotheses.

The third moisture profile was the same as second moisture
profile, but with the soil moisture used for ¢,, obtained using an
exponentially decaying weighting function. Overall, the Ty es-
timates, shown as the gray dashed line in Fig. 11(a), are very
close to those obtained using the uniform weighting function,
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TABLE V
ROOT MEAN SQUARE DIFFERENCES (RMSDS) AND STANDARD DEVIATIONS (SD) BETWEEN THE OBSERVED AND MODELED H-POL T AT L-BAND USING
DIFFERENT MOISTURE PROFILES AND SOIL PROPERTIES OF ROOT MEAN SQUARE HEIGHT (s), CORRELATION LENGTH (/) AND POROSITY DURING TWO
DRYDOWN PERIODS

For drydown during DoY 90.5-94.5; wet period DoY 90.8-91.3; and dry period DoY 92.5-94.5
Moisture profiles to s (cm) | cl (cm) | Porosity RMSD in K SD in K
estimate Tg @ L-band

Overall Wet Dry | Overall | Wet | Dry
Current approach (as in Fig.1) 0.62 8.72 0.37 19.19 | 20.99 | 22.42 15.67 | 3.55 | 3.63
Profile 1 0.41 8.72 0.55 19.18 | 19.56 | 23.65 15.67 | 3.51 | 3.62
Profile 2 0.41 8.72 0.55 4.53 | 10.37 2.64 452 | 396 | 2.46
Profile 3 0.41 8.72 0.55 4.55 7.31 3.65 450 | 4.02 | 2.67
Profile 4 0.41 8.72 0.55 9.14 4.11 | 10.27 8.60 | 4.14 | 3.59
For drydown during DoY 87.5-90.5; wet period DoY 88.0-88.3; and dry period DoY 89.5-90.5
Profile 3 & 4 [ 041 [ 872 [ 055 | 936 | 640 | 5.80 | 6.63 | 4441422

with a difference of RMSD within 1 K. However, during the
wet period, immediately following the irrigation event, the ex-
ponentially decaying weighting improves the RMSD of Ty at
L-band by 3 K, as shown in the Table V. During the dry pe-
riod, the T'p using the exponential function has a higher RMSD
than the Tgs obtained using the uniform weighting by 1 K, be-
cause the drier surface layer contributes more than the deeper
wet layers.

Even though using the exponentially decaying function
improved the Tg estimates during the wet period, the Tgs at
the time of the event and within 12 hours have RMSDs are
still high at about 7.3 K. This indicates that the MSD at C-
and L-band may be shallower than 0—2 mm and 0-2.5 cm,
respectively. The fourth moisture profile used a shallower
surface layer, 0—1 mm, with its moisture estimated from the
C-band. The 0—1 mm soil moisture was linearly interpolated
with the moisture observed at 2 cm during MicroWEX-5, as
shown in Fig. 10(c). The average soil moisture value used for
e, obtained using the exponentially decaying weighting func-
tion in the top 1.3 cm, the MSD at L-band. The Ty estimates,
shown as the brown dashed line in Fig. 11(a), are closer to those
observed within 12 hours after irrigation than the third moisture
profile, with RMSDs reduced to 4.11 K, as shown in Table V.
Decreasing the MSD at C-band to 1 mm and averaging the soil
moisture using exponentially decaying weighting function in
the top 1.3 cm for estimating Ty at L-band produced the best
Tp estimates during the wet period.

The realistic estimates of Tp at L-band above, depended
upon four assumptions: 1) the MSD of C-band is 1 mm and 2
mm during the wet and dry periods, respectively, with the soil
moisture as low as 0.01 m*/m? during the driest period; 2) the
MSD at L-band is 12.6 times that at C-band, using Mironov
et al. (2009); 3) the soil moisture profile within the MSD at
L-band is linear; and 4) the rough surface emissivity (e, ) at
L-band can be adequately obtained using either a uniform or an
exponentially decaying weighting function for an effective soil
moisture value within the MSD. However, these assumptions
may not be valid for different soil types or during different
hydrological conditions. For example, the same approach was
applied to the second drydown period, form DoY 80.5-90.5, in
which the soil moisture within MSD at C-band of 0—1 mm for
wet period, before DoY 88.3, and 0—2 mm for dry period was
used along with the exponential weighting function to estimate
e,. The RMSDs of 2.34 and 2.60 K for H- and V-pol Ty at

C-band, respectively, were obtained. The RMSDs were higher
for the H-pol Ty at L-band compared to those obtained during
the first drydown period, see Fig. 11(b) and V.

Because the moisture distribution within the MSD is highly
dynamic during the wet period, particularly during the 12 hours
following an irrigation event, a dynamic hydrological model
such as LSM, NOAH, and LSP, is needed to provide detailed
moisture profile in the soil column, with a vertical resolu-
tion sufficient for Ty estimation at L-band. Escorihuela et al.
(2010) [35] used a hydrology model to obtain dynamic 0-2
cm soil moisture and found that the Tg estimates at L-band
matched the observations. However, as discussed earlier, the
vertical resolution of 0-2 cm was found to be too coarse for
the sandy soils in this study. In addition, both the MSD and
the weighting functions depend upon the soil moisture, and
the use of one soil moisture value, assuming homogeneous
soil surface, to estimate emissivity is unrealistic, particularly
during hydrological extremes. Current microwave algorithms
work fairly well during less dynamic stages of the drydown
periods under hydrologic equilibrium. However, they provide
unrealistic Ty estimates during hydrologic extremes. It is more
important to know the hydrologic storage and fluxes during
these periods because the response of the system is more sig-
nificant than during the equilibrium periods. An improvement
of about 20-30 K in T is needed, resulting in an improvement
of 0.05-0.10 m?/m? in volumetric soil moisture during and
immediately following a hydrological event to provide accu-
rate estimates of the storage and fluxes using assimilation and
retrieval algorithms from current space borne observations. In
this study, the methods developed for bare soil using C- and
L-band observations provide insights into the error sources in
the current microwave algorithms during the highly dynamic
periods. The observations from sensors such as AMSR-E and
ASCAT are sensitive to moisture, porosity, and roughness at
the surface, while those from SMOS and SMAP are sensitive to
the soil properties in the lower layers. This study provides two
recommendations to improve current microwave algorithms.
First, using a dynamic hydrological model to provide detailed
moisture profile within the MSD for the C- and L-band sen-
sors, and second, developing a better approach to estimate ¢,
that utilizes the detailed moisture profile from the hydrolog-
ical model. However, the operational use of the methodology
needs further understanding of its computational demands and
upscaling to the satellite scales.
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V. SUMMARY AND CONCLUSIONS

This study aims to understand the impact of moisture dy-
namics within the sensing depth on L- and C-band brightness
signatures in sandy soils. Current microwave algorithms use a
single moisture value to represent the effective moisture in the
moisture sensing depth that results in unrealistic Ty estimates
for the bare and vegetated soil at L-band, particularly during ex-
treme hydrologic conditions. C-band radiometric observations
were used to estimate physically consistent surface parameters
of sandy soils such as s, porosity, and moisture within the
MSD at C-band, with the soil moisture of 0.01 m®/m? during
the driest period. A uniform and an exponentially decaying
weighting functions were used to obtain effective soil mois-
ture values within the MSD at L-band for the rough surface
emissivity (e,) estimates of H-pol Ty at L-band. The results
indicate that the impact of moisture distribution within the
MSD on the Ty at L-band in sandy soils is more significant
than that of physical properties, such as s, ¢/, and porosity.
Reasonable estimates of Tpg could be obtained when soil
reached equilibrium, however large differences were obtained
during the times of the events and early drydown stages.

It is almost impossible to accurately acquire soil moisture dis-
tribution within 0-2 cm using current state-of-the-art in situ sen-
sors. A dynamic hydrological model such as LSM, NOAH, and
LSP, may be used to provide detailed moisture profile in the soil
column, with a vertical resolution sufficient for Ty estimation
at L-band. Although such a method will increase the computa-
tional demands, current capabilities in high performance com-
puting may allow such inclusions. In addition, the MSD and the
weighting functions depend upon soil moisture. An improved
approach that can use the detailed profile rather than one effec-
tive soil moisture value to estimate ¢, is required.
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