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(ABSTRACT)

The Earth Radiation Budget Experiment (ERBE) active-cavity radiometers
are used to measure the incoming solar, reflected solar, and emitted longwave
radiation from the Earth and its atmosphere. The radiometers are carried by the
National Aeronautics and Space Administration's Earth Radiation Budget Satellite
(ERBS) and the National Oceanic and Atmospheric Administration's NOAA-9 and
NOAA-10 spacecraft. Four Earth-viewing nonscanning active-cavity radiometers
are carried by each platform. Two of the radiometers are sensitive to radiation in
the spectral range from 0.2 to 50 um, while the other two radiometers are sensitive
to radiation in the spectral range from 0.2 to 5.0 um. Each set of radiometers
comes in a wide-field-of-view (WFOV) and a medium-field-of-view
(MFOV) configuration. The cavities of the shortwave (visible) radiometers are
covered with a Suprasil® hemispherical dome to filter out the incoming longwave
radiation.

Knowledge of the optical and physical properties of the radiometers allows



their responses to be predicted using a low-order physical model. A high-level,
dynamic electrothermal end-to-end model which accurately predicts the
radiometers dynamic output has also been completed. This latter model is used
to numerically simulate the calibration procedures of the actual instruments. With
calibration of the end-to-end model complete, a simulation of a phenomena
referred to as the "solar blip" is conducted to investigate the instruments'
responses to steep transient events. The solar blip event occurs when direct solar
radiation is briefly incident to the active-cavity radiometric channels as the

spacecraft passes into and out of the Earth's shadow.
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1.0 Introduction

1.1 The Earth Radiation Budget

The ability of man to influence his surroundings on a global scale is a
phenomenon unique to the twentieth century. With the advent of industrialization
has come the consequence of releasing vast quantities of pollutants into the
atmosphere. As a result, atmospheric composition has become dynamic, with
climatic consequences that are not yet well understood. Measurement of the
radiative exchange between the planet Earth and its space environment represents
one of the fundamental activities for understanding the driving mechanisms of our
planet's weather and climate.

The Earth radiation budget, or the energy balance of the Earth-atmosphere-

ocean system, is defined as the difference between the absorbed solar radiation
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and the radiation emitted from the Earth and its atmosphere. Determination of the
Earth's radiation budget allows scientists to better understand the dynamic
behavior of our planet's climatic system [1,2]. Contributions to the Earth's radiation

budget are shown in Figure 1.

1.2 Earth Radiation Budget Measurements

The following historical overview has been obtained from Hunt et al. [3,4].

The first serious attempts at estimating the Earth radiation budget
components on the basis of measurements were not made until well into the
nineteenth century. Pouillet obtained an estimate of the solar constant of 1211
W/m? in 1837. However, it was not until the first decade of the twentieth century
that the initial attempt to determine the components of the Earth radiation budget,
on the basis of observational data, were made. These early efforts suffered from
severe limitations in geographical sampling of climatic observations.

Simpson was the first to recognize, during the 1920's, the importance of the
spectral distribution of water vapor absorption and to calculate the distribution of
incoming and outgoing radiation as a function of latitude and season, making use
of observed cloud distributions.

The 1940's and 50's marked a time of significant developments in

atmospheric physics that led to increased knowledge of the Earth radiation budget.
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Aircraft studies during this period provided much needed data on cloud physics.

With the onset of the 60's, man was about to enter the space-age, and with
it the era of satellite meteorology. The first satellite dedicated to the determination
of the Earth radiation budget was Explorer 7, launched on October 13, 1959. The
radiometers on Explorer 7 consisted of black and white hemispheres containing
thermistor bolometers attached to rectangular mirrors on the equator of the
spacecraft. The reflected image of each hemisphere in the mirrors made the
radiometers appear as "spheres” in space.

The first imaging system to be carried into space was launched on April 1,
1960, on board the TIROS-1 satellite, the first in a series of seven satellites. The
Television Infrared Observation Satellites (TIROS) missions provided four years
of Earth radiation budget data and included the first such satellite to provide a
continuous record of data for one year, TIROS 7.

The most successful of the early observational systems were the Nimbus-6
and Nimbus-7 satellites. These satellites were launched in 1975 and 1978,
respectively, and together provided more than a decade of continuous Earth
radiation budget data [4].

Advancements which have influenced the evolution of Earth radiation budget
instrumentation may be broken down into four broad categories: (1) spacecraft
power budgets, on-board data storage, satellite stabilization, and attitude control;

(2) viewing angles of nonscanning medium field-of-view and wide field-of-view
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radiometers and scanning medium and high-resolution radiometers; (3) spectral
isolation of the shortwave and longwave components; and (4) on-board calibration
standards for both longwave and shortwave detectors.

The current Earth Radiation Budget Experiment (ERBE) is the first program

to incorporate all of these advancements.

1.3 The Earth Radiation Budget Experiment

The Earth Radiation Budget Experiment (ERBE) was begun by the National
Aeronautics and Space Administration (NASA) in 1979 in order to quantify the
radiative interaction between the Earth and its space environment. The radiation
from the sun which is absorbed by the Earth and eventually re-emitted is the
energy source which drives the motions of the Earth's atmosphere and oceans and
which determines our weather and climate. The goal of ERBE is to monitor this
interaction over a long time scale and over specific geographical regions [5].

The ERBE mission consists of a three-satellite platform. The first ERBE
instruments were launched on October 5, 1984, aboard the National Aeronautics
and Space Administration's Earth Radiation Budget Satellite (ERBS). The
remaining radiometric instruments were launched on December 5, 1984, and
September 17, 1986, aboard the National Oceanic and Atmospheric

Administration's NOAA-9 and NOAA-10 satellites. Each radiometric package
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contains four Earth-viewing nonscanning active- cavity radiometers, three scanning
thermistor bolometer radiometers, and a solar monitor. Inflight stability of all
radiometric channels is monitored by internal calibration sources. Combined, these
radiometers can quantitatively describe the spectral and spatial distribution of the
Earth's radiative field.

The Earth-viewing nonscanning active cavity radiometers are described in
detail in Chapter 2. The scanning thermistor bolometer radiometers and solar
monitors are described elsewhere [6,7].

ERBE has established the benchmark by which the success of future Earth
radiation budget measurement missions will be judged. Definitive answers to
several important scientific questions have been obtained throughout the mission.
Two such questions answered by ERBE have been the net cooling effect which
clouds and volcanic activity produce on our climate system [8-11] and the
correlation of solar activity to global-average atmospheric temperature change

[12,13].

1.4 The Thermal Radiation Group

Under the direction of Professor J. R. Mahan, graduate students have been
studying the dynamic electrothermal properties of instruments designed to measure

the Earth radiation budget since the early 1970's. The Thermal Radiation Group
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originally studied the theoretical radiative characteristics of spherical balloon-type
detectors [14-16]. However, with the development of more powerful computers in
the early eighties the group turned their focus towards applied numerical modelling
of more complex radiative enclosures. Eskin [17] was the first student in the group
to utilize a Monte-Carlo-based ray-trace technique. Eskin's work modeled the
radiative exchange inside a conical cavity such as those on the ERBE mission.
Gardiner [18] studied the operation of ERBE-type active cavity radiometers at
cryogenic temperatures. Tira [19] was the first to utilize the Monte-Carlo ray-trace
technique in conjunction with a finite-element model of an active-cavity radiometer
_ to determine the electrical response of the detector to varying radiative inputs.

Thus began the current focus of the Thermal Radiation Group: completion
of end-to-end models for space-based radiometric channels. These models
usually begin with a radiative and optical analysis of the instrument in question
using a Monte-Carlo ray-trace technique. The results from the ray trace are then
implemented into either a finite-element or finite-difference heat conduction code
which characterizes the electrothermal behavior of the instrument to various
radiative inputs. Once validated by successfully processing actual data product,
these models may be used to investigate the sources of any anomalous behavior
of the actual instruments.

Research concluded so far includes the work of Fanney [14], Rasnic [15],

Passwaters [16], Eskin [17], Gardiner [18], Tira [19-22], Kowsary [23], Meekins
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[24], Haeffelin [25-28], Bongiovi [29], Chapman [30], Villeneuve [31], and the

current author.

1.5 Motivation and Goals

This thesis presents the effort involved in the development of a complete
end-to-end model of the Earth-viewing nonscanning active-cavity radiometric
channels developed for the Earth Radiation Budget Experiment. The first step
toward completion of this goal was the work completed by Eskin [17] in which he
characterized the transient thermal behavior of the ERBE active cavity. Tira
[19,22] advanced Eskins work by incorporating a two-dimensional finite-element
description of the electrothermal response of the active cavity. Haeffelin [26,28]
characterized the optical front end of these channels, completing a transient model
of heat conduction in the hemispherical filter dome.

The goal of the current effort is to integrate the optical and radiative front
end model created by Haeffelin with the electrothermal model of the active cavity
created by Tira. This goal is met by adding the active cavity geometry to the
radiative model of the front end completed by Haeffelin. This results in a complete
description of the radiative exchange within the instrument. This description can
be used as input for radiative boundary conditions in both the finite-difference heat

conduction code of the hemispherical filter dome completed by Haeffelin and the
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finite-element electrothermal characterization of the active cavity completed by
Tira. The resulting high-level dynamic electrothermal model would then be
formulated at a level which would permit the assessment of changes in the
geometry, surface temperature distributions, or other thermophysical properties on
the response of the instrument.

In order to demonstrate the accuracy of the resulting high-level end-to-end
model it is calibrated numerically with procedures identical to those for the actual
instrument. This simulated calibration will allow the model's response to a given
radiative scene to be characterized in such a way that the performance of the
actual radiometers may be assessed.

In addition, a low-order physical model of the radiometers is used to
estimate the uncentainty in the instrument data product. This low-order physical
model is also used to characterize the instruments through the use of first-principle
physics. Thus three types of instrument calibration are completed: ground
calibration of the actual instruments, a first-principle approach using a low-order
physical model, and a numerically simulated ground calibration using the end-to-
end model.

Further, a numerical simulation of the so-called "solar blip" phenomenon, an
event in which an instrument is rapidly subjected to an excess of energy when the
sun briefly enters its field-of-view during the satellite’s entry and exit from the
Earth's shadow, is conducted, allowing the responses of the actual radiometers to
be studied.
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2.0 The Earth-Viewing, Nonscanning, Active-
Cavity Radiometer

2.1 Radiometer Description and Operation

Figures 2 and 3 show a cross-section and an assembly drawing of an ERBE
Earth-viewing nonscanning active-cavity radiometer. Each radiometer consists of
an optical front end and two silver conical cavities, one active and one passive.
The optical front end consists of a truncated hemispherical field-of-view limiter and
a base plate having a precision aperture at its center. The visible channels contain
a Suprasil® hemispherical filter dome to remove the longwave component of the
incident flux. Both cavities communicate thermally with a common heat sink
through concentric cylindrical thermal impedances.

The field-of-view limiters and substrates of all channels have specularly

reflecting coatings. These surfaces are covered by a highly emissive black
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coating(a =0.95) for the visible channels and a low emissive vacuum deposited
aluminum coating(a =0.04) for the total channels [32]. The wide field-of-view
(WFOV) channels view the entire Earth disk, while the medium field-of-view
(MFQOV) channels view the Earth with an Earth central angle of approximately 10
deg.

As shown in Figure 4, each cavity consists a 30-deg cone of length 14.94
mm bonded to a cylinder of diameter 8.00 mm and Ilength 5.49 mm. The thermal
impedance sleeves are cylinders 10.28 mm in diameter and 23.00 mm long. A
coupling ring connects the thermal impedances to the cavities. The cavity
components are constructed from 0.0635-mm (nominal) thick electrodeposited
silver (99.99 percent pure).

The ends of the thermal impedances near the coupling ring are wound with
platihnum wire which acts as a resistance temperature detector (RTD). The
windings, along with the external surface of the sleeve, are covered with an
aluminized mylar insulation jacket.

The interiors of both cavities are coated with Chemglaze Z302, a specularly
reflecting and highly emissive (o« «0.9) black paint [32]. This special coating and
the conical shape of the cavities assure a spectrally flat response over the 0.2 to
50 pm range.

The reference cavity views only a closed environment maintained at the heat

sink temperature. During normal Earth viewing the reference cavity heater is turned
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off; thus, its temperature tracks that of the heat sink very closely. The active cavity
views the scene (i.e., the Earth) and is maintained at a temperature of
approximately 0.78°C [19] above that of the reference cavity by electrical
substitution heating. The constant temperature difference is maintained via closed-
loop feedback control of the active heater using inputs from the active and
reference resistance temperature detectors. This thermal control is accomplished
by balancing a resistance bridge circuit. The temperature differential is the result
of a bias resistor selected for each detector to produce an imbalance in the bridge
in the zero heater power condition. To maintain a balanced bridge the voltage to
the active heater is varied such that its squared value varies inversely with the
radiative power absorbed by the cavity. The channel output is a 13-bit digitized
direct measurement of the active heater voltage, sampled every 0.8 s, ranging
from O to 10 V. A block diagram and a simplified version of the circuit which
implements this feedback function are shown, respectively, in Figures 5(a) and
5(b).

Complete dimensions and material properties for the Earth-viewing

nonscanning radiometric channels are given in Tables 1 through 3.

2.2 Radiometer Characterization and Calibration

The ERBE instruments are the most completely characterized and most
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accurately calibrated instruments of their type ever to be flown [32]. The equations
used to characterize the total (T) and shortwave (SW) radiant energy received by
the radiometers during calibration are referred to as the ground count-conversion

equations. The forms of these equations have been determined [33, 34] as

Ef = AgV2 + AL(Te - Ty + ARVR + By (2.1)

and

Edw = AWVZ + AL(Te - Trp) + ARVA + ALE; + Bdy (2.2)

where E' is the irradiance at the field-of-view limiter aperture (W/m?), A/ is a
coefficient corresponding to the heater voltage term (W/m?V?), V is the active
cavity heater voltage (V), A/ is a coefficient corresponding to the field-of-view
limiter temperature term (W/m°K), T. is the temperature of the field-of-view limiter
(K), Tk, is the mean field-of-view limiter temperature during the calibration runs (K),
A is a coefficient corresponding to the reference cavity heater voltage (W/m?V?),
V, is the reference cavity heater voltage (V), A is a coefficient meant to correct
for the presence of the shortwave filter dome (-), and the offset terms B; g, (W/m?)
calibrate the instruments by means of internal calibration sources. For nominal
Earth scenes Vg is set equal to zero.

To perform an absolute calibration, the instruments were allowed to view
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