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CHAPTER 1

Introduction: Science Objectives and the Converging
Technological Capabilities for an Advanced L-Band
Radiometry Mission

1.1 Prologue

Wide bandwidth analog-to-digital conversion has advanced to the point where it could
ease the implementation of aperture synthesis radiometer satellites. especially for applica-
tions that require improved spatial resolution at L-band frequencies. One potential by-
product of this A/D converter technology is a novel direct RF sampling radiometer, whose
simplified architecture would have a number of inherent advantages in aperture synthesis.
In this thesis. [ will analyze and implement (through hardware) a prototype direct-sampling
digital correlation radiometer system operating at 1.4 GHz so that performance figures like
noise-equivalent sensitivity and phase stability can be quantified. To begin, the require-
ments for the instrument will be put in the context of a remote sensing mission for soil
moisture retrieval. which would lead to improvements in the predictive skill of weather and

climate models.



1.2 Numerical Weather Prediction with Microwave Radiom-
etry

1.2.1 Soil moisture retrieval

Water stored in soil plays a crucial role in continental weather and near-term climate,
mainly because this moisture influences how much latent heat energy is transferred be-
tween the land and atmosphere. The mechanisms of evaporation from the soil surface and
transpiration through vegetation layers. cumulatively called evapotranspiration. move la-
tent heat energy in the form of water vapor into the atmosphere. where this energy may be
released later through condensation [52]. In certain regions and at particular times of the
year. evapotranspiration can become the dominant component of energy flux from the land
to atmosphere. A running knowledge of these flux levels therefore improves predictions of
near-term (30-90 day) climate trends. which can have far reaching consequences for regional
economies. agriculture and human health.

Several recent climatological studies have been conducted that underscore the dominant
influence of soil moisture and cvapotranspiration in affecting weather. General circulation
models (GCMs) for the central and eastern United States partition energy contributions
from the ground into infrared radiation. sensible heat flux. and latent heat flux. Among
these three components. ~ 70% of the mean energy transported from land to atmosphere
over a 50-day summer period arises from latent heat flux [64]. There is also a cause-effect
relation between soil saturation. evapotranspiration. and precipitation that sets up a pos-
itive feedback condition. tending to draw out persistent weather events like drought and
flooding. A retrospective study of the drought of 1988 in the Midwestern U.S. using GCMs
demonstrated that the time correlation and magnitude of the drought was mainly influenced
by anomalies in soil moisture [2]. To compare the relative importance of input boundary
conditions in the model, several simulations were run with ground truth data for soil mois-

ture or sea surface temperature turned on or off. Realistic values of soil moisture lead to



the greatest reductions in precipitation and increases in surface temperature, corresponding
to the real conditions experienced that summer during the 1988 drought. GCM modeling
studies by Koster and Suarez have also shown that variations in precipitation over con-
tinents are most affected by moisture and energy transport through evapotranspiration.
Persistent precipitation events experienced during the Midwest’s Flood of 1993 could be
predicted accurately only when antecedent soil moisture data were available at sufficient
temporal and spatial resolutions [28].

1.2.2 L-band radiometry

Why lower microwave frequencies are better

Since the 1970’s, researchers working in climate physics and remote sensing have realized
that L-band (1-2 GHz) radiometry is potentially the most effective tool for mapping soil
moisture on a global scale [62]. The main benefit of a satellite-based sensor. especially cne
at microwave frequencies. is its ability to acquire data consistently with a single instrument
that can operate through cloud cover or at night. At a relatively long wavelength of 21 cm
(1.4 GHz). the upwelling radiated brightness temperature from the ground will be highly
sensitive to the amount of water stored within the top layer of soil due to the large difference
between dielectric coefficients for dry soil (e, = 3) and liquid water (¢, = 80). The L-band
brightness signature will also include radiation emitted by soil as much as 5 cm below
the ground surface [24]. This emission depth is significantly greater at L-band frequencies
thaun at higher frequencies because there is less attenuation of upwelling radiation at longer
wavelengths. In addition. other factors that can add noise to radiometric measurements of
soil moisture. for example. soil surface roughness and scattering from vegetation, become
less important at low microwave frequencies [63].

Physically based one-dimensional hydrology/radiobrightuess (1dH/R) models have con-
sistently demonstrated the high sensitivity of L-band brightnesses to surface soil moisture,

even with overlaying vegetation canopy densities up to 4 kg/ m? [39]. Results for a 60-day



dry-down simulation in prairie grassland show that the soil brightness makes up 75-80%
of the total signature at 1.4 GHz, whereas the corresponding contributions at 19 and 37
GHz are only 10% and 3%, respectively. In contrast to L-band radiometry, 19-85 GHz
frequencies provided by satellites that are currently in operation, like the Special Sensor
Microwave/Imager (SSM/I). are not effective for determining soil moisture content. Ra-
diobrightness experiments with a ground-based SSM/I simulator show that for prairie with
moderate vegetation densities of 2 kg/m?. the vegetation canopy essentially absorbs all

upwelling microwave radiation. masking the signal emitted by the soil [11].

Inverse problem

Entekhabi et al. have demonstrated that L-band brightness measurements. coupled with
a Kalman filter algorithm. can be used to solve the inverse remote sensing problem [13]—
that is, finding soil moisture from a history of brightness temperatures. In this assimilation
technique. vertical temperature and moisture profiles can be inferred to a depth of tens of
centimeters. given a knowledge of soil moisture within the top few centimeters over some
period of time. The brightness predicted by a radiative transfer model for the soil is com-
pared with actual measurements. and this difference. or error signal. is used to dynamically
correct the state of the soil moisture and temperature profiles. Experimental results with a
1.4 GHz radiometer show that over the course of several precipitation and dry-down events.
vertical profile errors can be contained to within 2-8% volumetric soil moisture, to depths

of 60 cm {16].

Scaling

There is also evidence that L-band radiometry may avoid some of the scaling problems
that arise in remote sensing. Because the relationship between canopy column density and
radiobrightness is non-linear, the pixel brightness for regions having heterogeneous landcover

may not be a spatially weighted average of the soil brightness temperature. This problem is






