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Abstract 

This report documents work done between FY91 and FY95 for the lower at- 
mospheric portion of the joint Department of Defense (DoD) and Department 
of Energy (DOE) Atmospheric Remote Sensing and Assessment Program 
(ARSAP) within the Strategic Environmental Research and Development 
Program (SERDP)‘. The work focused on (1) developing new measurement 
capabilities and (2) measuring atmospheric heating in a well-defined layer 
and then relating it to cloud properties and water vapor content. Seven new 
instruments were developed for use with Unmanned Aerospace Vehicles 
(UAVs) as the host platform for flux, radiance, cloud, and water vapor meas- 
urements. Four major field campaigns were undertaken to use these new as 
well as existing instruments to make critically needed atmospheric measure- 
ments. Scientific results include the profiling of clear sky fluxes from near 
surface to 14 km and the strong indication of cloudy atmosphere absorption 
of solar radiation considerably greater than predicted by extant models. 
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’ The work described in this report was performed under the Work for Others 
agreement numbered 81 9301 21 and titled “Atmospheric Remote Sensing for 
the Strategic Environmental Research and Development Program (SERDP).” 
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Executive Summary 
The Atmospheric Remote Sensing and Assessment Program (ARSAP) is 
a Department of Defense (DOD) and Department of Energy (DOE) joint 
program within the Strategic Environmental Research and Development 
Program (SERDP) Global Environmental Change thrust area. ARSAP 
was funded from FY91 through FY95 to develop improved measurements 
and understanding of the Earth's atmosphere. The program naturally 
divided into the study of the troposphere by the DOE and stratosphere 
and mesosphere by DOD. This report covers the DOE program activities, 
which were aimed at reducing the uncertainties associated with current 
knowledge of radiation cloud interactions and understanding how these 
uncertainties influence our ability to predict the effects of changing 
concentrations of greenhouse gases in the atmosphere. 

The DOE effort had two major components: (1) the development of new 
measurement capabilities and, with this, (2) the measurement of 
atmospheric heating in a well defined layer and then relating it to cloud 
.properties and water vapor content. Guidance was provided by a 
specially formed science team comprised of leading atmospheric 
scientists from ten universities and government research centers. 

The DOE program focused on the Unmanned Aerospace Vehicle (UAV) 
as the platform of choice for atmospheric measurements from within the 
atmosphere. UAV's represent a, rapidly expanding technology that 
promises both the altitude ( >20 km) and endurance ( >24 hr on station) 
desired for this kind of research. Seven new UAV compatible instruments 
were developed to extend flux, radiance, and cloud measurement 
capabilities and seven more existing instrument types were adapted to the 
UAV payload environment. The new instruments were (1) the Cloud 
Detection Lidar by Lawrence Livermore Laboratory, (2) the UAV 
Atmospheric Emitted Radiance Interferometer by the University of 
Wisconsin, (3) the Hemispheric Optimized Net Radiometer by Los Alamos 
National Laboratory, (4) the Multispectral Pushbroom Imaging Radiometer 
by Sandia National Laboratories, (5 and 6) the frost point and laser diode 
hygrometers by Brookhaven National Laboratory, and (7) Scanning 
Spectral Polarimeter by Colorado State University. 

In cooperation with the DOE Atmospheric Radiation Measurement (ARM) 
program, four major field campaigns were undertaken to make critically 
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needed atmospheric measurements. During the course of these 
campaigns techniques for using UAVs in conjunction with manned aircraft 
were developed while utilizing many of the new instruments. The three to 
six week campaigns were flown over the Cloud and Atmospheric 
Radiation Testbed (CART) Site in north central Oklahoma in April 1994, 
October 1995, April 1996, and September 1996. Key scientific results 
include the profiling of clear sky fluxes from near surface to 14 km in 
altitude with unprecedented accuracy and the strong indication of cloudy 
atmosphere absorption of solar radiation as much as 50% greater than 
that predicted by the best extant models. Key technical accomplishments 
include the first ever use of UAVs for atmospheric research, the flight of 
UAVs in civilian airspace without chase, precision stacked flight with 
manned aircraft and a UAV maintaining lateral separation of a few 
hundred meters with vertical separations of 10 km, and a diurnal UAV 
mission with greater than 24 continuous hours on station without refueling. 
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Chapter 1 
Participants 

ARSAP was a multi-laboratory program jointly led by Sandia National 
Laboratories for the DOE and the Naval Research Laboratory for DOD. 
This report covers only the DOE effort. 

Led by Sandia, DOE national laboratory participation included Los 
Alamos, Pacific Northwest, Lawrence Livermore, and Brookhaven. A 
strong partnership with the NASA laboratories and centers was also 
maintained. University scientists participated in ARSAP as scientific co- 
investigators and grantees. Finally, high technology aerospace 
companies contributed to the program, primarily by furnishing unmanned 
aerospace vehicles (UAVs) for carrying developed instruments and 
payloads. 

Problem Statement 
The goal of the ARSAP program was to develop improved measurements 
and understanding of the Earth’s atmosphere and its response to global 
change based upon unique DOD and DOE technologies. The DOE role 
focused on the uncertainties associated with current knowledge of 
radiation cloud interactions and how these uncertainties influence our 
ability to understand the effects of increasing concentrations of 
greenhouse gases in the atmosphere. This programmatic role is 
responsive to DOE’S mission to understand the impacts of energy policy 
on the environment and to DOD interest in clouds and weather as they 
affect military operations. 

Technical Objectives 
The technical objective of the lower atmosphere portion of the ARSAP 
program was to develop and apply improved measurement techniques to 
significantly reduce our uncertainty in understanding radiation-cloud 
interactions. These techniques involve the measurement of atmospheric 
heating in a well defined layer and then relating this measurement to the 
cloud properties and water vapor contained in the layer. This allows the 
testing and refining of the models that predict atmospheric heating based 
on such parameters. 



The required measurements at the boundaries of the defined layer 
include upwelling and downwelling solar and thermal fluxes at both the 
upper and the lower surfaces. The properties of clouds within the layer 
that must be measured include reflectivity, ice/water phase, and droplet or 
crystal size. In addition, since water vapor plays a major role in radiative 
processes, its profile through the layer must also be measured. Each of 
these measurements must be made for multiple days for differing layers, 
including some that extend upwards in altitude to the tropopause (14 km 
in the mid-latitudes and 20 km in the tropics). They must also be of 
extremely high accuracy since the radiative, cloud, and water vapor 
heating effects are 10 to 25 times larger than the added atmospheric 
heating associated with a doubling of COn (4 W/m2), the most notorious of 
the greenhouse gases. 

Thus the DOE objective was (1) to develop these high accuracy 
measurements techniques, (2) to use them to make sustained 
measurements up to the tropopause, and (3) to use these measurements 
to calibrate existing satellites and their data products to the accuracy 
required for climate measurements, thereby leveraging this national 
resource. 

Technical Approach 
As discussed above, certain key quantities must be measured in the 
atmosphere. These quantities include the solar and thermal fluxes at 
various levels in the troposphere, and especially at the tropopause; 
properties of cloud tops and layered clouds; and the distribution of upper 
tropospheric water vapor. Furthermore these measurements must be 
made up to the top of the lower layer of the atmosphere which governs 
our climate and for multiple days so as to sample diurnal and synoptic 
effects. This means multi-day measurements at altitudes up to 20 km 
(the tropical tropopause) are needed. These combined altitude and 
endurance requirements are beyond the capability of manned aircraft and 
are best met using the UAVs that are now under development by industry. 

The approach was, first, to draw on DOE and DOD related defense 
technology to develop improved instruments that can both meet the 
measurement requirements and are also UAV compatible, Le. , compact, 
lightweight, and capable of fully autonomous operation. Second, the 
approach required flying these instruments on UAVs provided by industry, 
to develop and demonstrate the necessary measurement techniques and 
to obtain early scientific results. These early results were then integrated 
with related Atmospheric Radiation Measurement (ARM) measurements 
and Computer Hardware, Applied Mathematics, and Model Physics 
(CHAMMP) modeling efforts for the development of improved climate 
models. 
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A three phased approach was instituted for implementation, taking 
maximum advantage of the increasing instrument and UAV capabilities as 
they were developed by ARSAP and by industry. The first phase 
concentrated on demonstrating the needed accuracy in radiative flux 
profiling using a low altitude UAV under clear sky conditions. This phase 
was completed in a highly successful series of flights in April, 1994, and 
constituted the first ever climate measurements from a UAV. The second 
phase then extended these measurements to midaltitudes (14 km -the 
midlatitude tropopause) and to cloudy skies. This phase completed with 
the September, 1996, measurement campaign which included a 26 hour 
UAV endurance flight The third and final phase was to provide the full 
altitude capability (20 km - the tropical tropopause) needed for the 
tropics and was to have added the ability to profile upper tropospheric 
water vapor. Although the water vapor instrument has been developed, 
the tropical flight campaign was eliminated due to funding and schedule 
curtailment. 

An element of technical and schedule risk was introduced into the 
program by relying on industry to develop the high altitude long endurance 
UAVs. This risk was mitigated by phasing the implementation as-just 
described and by working with two separate companies, both of which 
were independently developing UAVs that provided the needed 
capabilities. 
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Instrument Development 
Introduction 

A major portion of ARSAP involves the adaptation of existing DOE tech- 
nology into a range of new, UAV compatible instruments for the meas- 
urement of cloud properties, radiation, and water vapor from within the 
atmosphere. This section discusses the motivation for the development 
of six new instruments, describes each in detail, and discusses a calibra- 
tion facility developed for their calibration. 

Cloud Properties 
The optical properties of clouds govern the radiative transfer within and 
through them, and understanding this transfer is a key element in being 
able to understand the effects of clouds on climate and any buildup of 
greenhouse gases in the atmosphere. Optical properties can also be 
used to infer state parameters that are necessary for radiative modeling 
such as droplet size, phase (ice or water), and total water or ice content. 
Often in the past cloud optical properties have been derived from global 
scans from satellite platforms, a technique that suffers resolution, band 
selection, and calibration difficulties when applied to the task of retrieving 
these key properties. 

The ARM-UAV program has funded the development of three instruments 
to accurately measure cloud morphology, optical depth, and radiances 
within the atmosphere from UAVs. ’ The Cloud Detection Lidar (CDL) de- 
tects clouds, including subvisible cirrus, and aerosols by the back scatter- 
ing of 1.053 pm laser light. The Scanning Spectral Polarimeter (SSP) is a 
third generation radiometer which utilizes a circular variable filter to meas- 
ure solar radiation in the spectral region from 400 nm through 4000 nm 
with half bandwidths between 17 nm to 60 nm. Finally, the Multispectral 
Pushbroom Imaging Radiometer (MPIR) is a well calibrated imaging radi- 
ometer for measuring optical data in nine spectral bands ranging from the 
visible to 11 pm. 
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Cloud Detection Lidar (CDL) 

Bvenriew 

The Cloud Detection Lidar (CDL) is a lidar (Light Detection And Ranging - 
a laser radar) built by Lawrence Livermore National Laboratory. It detects 
clouds and aerosols by their scattering signature. The retum time from a 
pulsed 1.053 pm laser gives the range to the target while the amplitude of 
the retum signal provides information on the cloud and aerosol density or 
ground albedo. 

This system was developed to be a particularly compact and ruggedized, 
fully eye-safe, high performance backscatter lidar for use on high altitude 
(20 km) UAV platforms. The primary function of the CDL is the detection 
and profiling of high 
altitude thin cirrus Cloud Detection LIDAR Layout 
clouds. It is designed Upper Upper WFOV Cloud 

to profile out to 20 km 
with a selectable CDLSeNics er LIDAR Window 

Camera Window 
~1 eld of View Go 

range resolution Module Assy 

down to 50 meters. 
Its abil'ky to detect 
sub-visual cirrus 
clouds is particularly 
significant, since 
these clouds are ex- L-r 

tremely difficult to c l o u d  

detect by other BafRalShroud 
, 

Lower WFOV Cloud LIDAR Beam \OLW LIDAR Wlndow 
Camera Field of View Cone means, and can 

cause significant er- 
rors in the radiometric o Figure 1. Schematic of the Cloud Detection Lidar. 

measurements. 
There are a variety of 
secondary goals, mostly involving determinations of cloud structure. 

The lidar uses a common aperture 20 cm diameter telescope to output 
the transmitter beam and receive the back-scattered radiation. The sys- 
tem is made eye-safe through a novel approach of operating with rapid 
but very low energy pulses expanded over the aperture of the telescope. 
The system is designed to autonomously provide a single measurement 
each second that iscalculated from the retums from 5000 separate shots 
to enhance the effective signal to noise. This approach, in effect, samples 
the profile with nearly 300 mJ of energy while maintaining the much lower 
(eye-safe) energy per pulse output. The lidar can be rotated to perform 
cloud detection either above or below the aircraft. Figure 1 shows a 
schematic of the instrument mounted in the nose of an airframe. 
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There are two wide field of view (WFOV) charge coupled device (CCD) 
cameras in the CDL package. These are used to provide photographic 
documentation of the extent of cloud cover and some information on the 
type and variety of ground cover. The camera images can be used to es- 
timate fraction of cloud cover when interpreting the radiometric measure- 
ments. The CDL data and camera images can be  combined to provide 
valuable information on the three-dimensional structure of clouds. Figure 
2 shows typical CDL data taken while descending through a cirrus cloud. 
Data on the left hand side was taken with the instrument pointing down- 
ward; when the descent reached the middle of the cloudy layer the in- 
strument was rotated to point upward. The color scale indicates optical 
density. 

The CDL weighs 28 kg, consumes less than 100 watts of power, and oc- 
cupies less than 0.1 cubic meter of volume. The instrument package in- 
cludes the up and down looking CCD cameras which share power, con- 
trol, and data lines with the CDL. The main sensor assembly contains a 
laser diode-pumped Nd:YLF laser with an output wavelength of 1.053 pm 
and operating at 5 kHz rep. rate with Q-switched 20 n s  long pulses of 
48 pJ/pulse. A photon counting Geiger-mode avalanche photodiode 
(APD) detector is used to detect the return signal. A stacked narrow 
bandpass interference filter and etalon combination generate a 0.1 nm 
wide filter with over 35% in-band transmission. 

Housekeeping sensors are used for interlocks for personnel and instru- 
ment safety. Some sensors are useful for monitoring instrument status. 

Figure 2. April 20, 1996 CDL data taken during descent through a cirrus cloud. 
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CDL Technical Data: 

Output energy 
Wavelength 
Pulse length 
Repetition rate 
Output aperture 
Beam divergence 
Beam offset (nadir) 
Beam offset (zenith) 
Detector FOV 
Detector linearity 
System sensitivity 
Bin boundary 

CDL Utilization Data: 

48 pJ per pulse (CDL-L1 1) 
1.053 pm 
20 nsec 
5 kHz (adjustable to slower) 
20 cm 
79 prad (CDL-L11) 
5 +/- 0.8" forward of nadir 
3 +/- 0.8" forward of zenith 
100 prad 
1 .O (linear) to le6 counts/sec 
0.0030 counts/photon (CDL-L1 1) 
no lost or double-counted counts 

pbin (microbin) - Fundamental unit of range measurement 
width = 49.956 m 
Errors (range, not rms): 
+/- 0.005 m due to thermal drift of clock 
+/- 0.005 m due to variation in index of refraction 
+/- 0.002 m due to jitter in timing 

Bin-width - User-selected integral number of pbins (2 nominal) 
Range bin width - 50 m x bin-width (100 m nominal) 
Range - 200 x range bin width (20 km nominal) 
Range offset - 0 to 15 m (due to timing jitter in laser firing) 
Sensitivity - Noise limited to sub-visual opacity of less than 0.03 

(exact value depends on cloud geometry) 

CDL Housekeeping Data: 

Temperatures 8 sensors are monitored, 0.48"/bit 
Pressure Converted to kPa, 0.39 kPa/bit 
Rotary stage position Indicates up or down position, I .42"/bit 
Motor Current Non-zero when rotating CDL, 3.9 mNbit 
Power Supply Current Verifies laser power supply on, 0.039 Nbit 

There are two WFOV cameras, one mounted to look down and one to 
look up. Only one camera can be operational at a time. The camera gives 
a black and white image 256 pixels square. Each pixel has a width/height 
aspect ratio of 19.6/16, where width corresponds to width in standard dis- 
plays of imagery. The flight path is in width direction. 

18 



Camera output is 8 bits. Gain, offset and exposure time are set  automati- 
cally. Exposure time can vary from 0.5 p s  to 20 ms. Its sensitivity is 2 lux 
at  f/l.2 and its spectral response is from 350 nm to 1 150 nm, peaked at 
650 nm, with half-peak points at  420 nm and 830 nm. 

The lens is 8mm f/l.2. Pixels are 19.6 pm wide and 16.0 pm high, giving 
a central instantaneous field of view of 2.04 x 1.67 mradpixel and 24.1" x 
29.3" for the entire 256 x 256 array. 

Present optical design does not give overlapping images for typical UAV 
air speeds and altitude. Image overlap is obtained for strong headwinds. 

Image is taken every 65.5 seconds. Whether images overlap to form a 
continuous strip depends on the speed of the UAV relative to the scene 
viewed and the distance to the scene. The shutter speed freezes appar- 
ent cloud scene or ground motion. 

Since the cameras are intended to provide qualitative information, they 
have automatic gain control in order to provide the most useful images. 
Absolute radiance calibration is not possible. 

*Figure 3. Here is some data from the Wide Field of View (WFOV) camera, which is an ordinary 
broadband visible light camera peaking at 650nm and co-aligned with the CDL. The camera's function 
is to provide qualitative information on the presence, geometry, and extent of clouds. The two images 
contain patchy clouds at two heights. These two images are in good agreement with the CDL data 
which show two levels of clouds, The direction of flight of the aircraft is to the right. The field of view is 
35.9 degrees in X (8 km on the ground in the first image and 7 km in the second) and 29.3 degrees in 
Y. The gray scale has been equalized for this report. 
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Scanning Spedral Polarimeter (SSP) 

Purpose and Rationale 3 

Characterizing the spectral distribution of solar radiation in the Earth's 
atmosphere is fundamental to understanding climate and global change 
for at least two reasons. Spectral reflection of sunlight from the atmos- 
phere, and from clouds in particular, contains information about the mi- 
crophysical properties of the scatterers. Second, solar radiation absorp- 
tion in the atmosphere and at the surface is an important source of energy 
that drives the circulation of the atmosphere and oceans. 

Recently our ability to model the.transfer of solar radiation in the atmos- 
phere has been called into question. The basis for doubt revolves around 
the long-standing question 
of how much absorption of 
solar radiation occurs in the 
atmosphere either under 
clear sky conditions or under 
cloudy skies. Inferred differ- 
ences between measured 
and calculated absorptions 
suggest that the atmosphere 
absorbs much more solar 
radiation than is estimated 
from theory. Whether this in- 
creased absorption really 
occurs in the atmosphere 
and what unresolved 
mechanisms might produce 
these absorptions cannot be 
fully addressed without 
highly resolved spectral 
measurements of solar fluxes. 

Instrument and Characteristics 

0 Figure 4. SSP1 

These issues provide the motivation for the development of the Colorado 
State University Scanning Spectral Polarimeter (SSP). It is a third genera- 
tion radiometer which utilizes a circular variable filter to measure solar ra- 
diation in the spectral region from 400 nm through 4000 nm with full Half 
Bandwidths (HBW) of less than 17 nm to 60 nm. Earlier versions of this 
instrument were used to measure reflectance of low level clouds. The in- 
strument has evolved in two stages. The first stage is a version with a 
spectral response from 0.4-1 .I pm, referred to as the SSPI , and the sec- 
ond is the SSP2 with a spectral response extended to 4.0 pm. SSPl is 

, 
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fully operational and has flown on several of the campaigns described 
later in this report. SSP2 is currently developed and going through final 
tests. A feature of the SSP radiometers is that the optics are designed to 
be modular and possess multiple channels to provide multiple capabilities. 
The optical configuration of each channel can be readily changed to alter 
the design and performance of the instrument. 

The instrument currently has six channels, five that measure spectral ra- 
diances, four of which are devoted to measurement of linear and circular 
polarization, and the sixth channel that measures spectral flux (Figure 4 
shows the instrument and the six windows corresponding to the six chan- 
nels). The instrument is much more compact than its predecessor having 
flown as part of the ARM UAV payload. The SSPI version has been cali- 
brated from 0.4 pm to 1 .I pm and is fully characterized. 

Figure 5 highlights certain of these characteristics showing an example of 
the field of view of the radiance channels. Results are shown for one of 
the spectral channels and alternatively presented as a function of wave- 
length where the latter shows the half view angle based on a Gaussian fit 
of instrument output as a function of movement of a source across.the 
FOV. A further example of the instrument characterization is given in 
Figure 6 (bottom) showing the bandpasses of several of the spectral 
channels of the SSPI . 
In addition to its spectral radiance channels, the SSPI has a channel to 

.measure the spectral flux. This channel has a diffuser at its aperture, so 
as to minimize its sensitivity to the angle of the incident radiation. The top 
diagram in Figure 6 is the cosine response of this diffuser for selected 
wavelengths. These data are from analyses provided by the radiometric 
calibration facility at the Los Alamos National Laboratory. Generally the 
diffuser used has adequate cosine response except for the spectral region 
beyond about 0.9 pm where forward transmission peaks are observed. 
While these effects are removed through calibration in principle in practice 
a careful assessment of the nature of the diffuse cosine response is re- 
quired to understand the SSPI . 
Further details and examples of applications can be found at the SSP 
web site http://optical.atmos.colostate.edu. All electrical, mechanical, and 
optical characteristics are found there. The web site also includes more 
measurements from the SSPI and SSP2 than are now presented. 

’ 

The SSP2 is an upgraded version of the SSPI with extended wavelength 
range from 0.4 pm to 4.0 pm but of the same physical dimensions as the 
SSPI . This instrument has been considerably miniaturized with a change 
in the optical configuration from that of the SSPI. A block diagram of the 
instrument ‘system’ is shown in Figure 7. The instrument is currently in 
final stages of testing. 
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0 Figure 5. The characteristics of the field of view of the radiance channels of the SSP1. 
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0 Figure 6. (top) The cosine response of the diffuser used in the SSPl and SSP2. 
(bottom) The spectral bandpass of the CVF for 10 of the channels of the SSPI. 

, 
The principal change from SSPI revolves around the detector and its as- 
sembly. The detectors are thermo-electrically cooled (TEC), two color hy- 
brid detectors contained in two miniature packages developed for the 
SSP2. The two-color detector has a 2mm silicon (Si) photovoltaic detec- 
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tor mounted over a 1 mm Indium Arsinide (InAs) photovoltaic detector. 
The Si detector operates from 0.4 pm to 1 .I pm and has a 50% transmis- 
sion beyond this upper wavelength. The lnAs operates in a photovoltaic 
mode which eliminates the need for bias voltages which are sources of 
noise that are difficult to eliminate when the instrument is to be operated 
in a continuous or near continuous mode as proposed. Both detectors 
operate in a DC mode and are temperature controlled by a two-stage 
thermoelectric cooler providing superior stable detector performance re- 
sulting in a much improved calibration over that of the SSP1. The second 
package of the detector assembly contains the dual channel hybrid pre- 
amps. 

The SSP2 electronics con- 
sist of a power supply pack- 
age, a motor drive package, 
a TEC package, and the 
main electronics. These four 
packages have been minia- 
turized for use on UAVs. 
The data system is inte- 
grated into the main elec- 
tronics package and con- 
tains two microcontroller 
boards. One is an 8 bit high 
speed 8051 derivative mi- 
crocontroller that controls 

*Figure 7. A block diagram of the main compo- 
nents of the SSP2. 

the entire instrument, collects data and sends these data to a 16 kB FIFO. 
The second computer is a single board miniaturized 486 computer that 
preprocesses data for output. This preprocessing involves dark current 
removal, ordering wavelength channels and averaging scans. The SSP is 
designed to determine the dark current on each scan which can change 
from scan to scan. The output is approximately 2 Kbytes per scan after 
preprocessing. A total of 60 A/D channels available with twelve 16 bit 
channels for optical data, sixteen 12 bit temperature channels, and 32 12 
bit channels that monitor the health of the system. 

The sensor system (including data system) weighs 10 Ib, operates with 
28VDC and requires between 4-8 amps to operate depending on the 
temperature to which the detectors are cooled. Further details of the 
electrical, mechanical, and .optical configurations can be found at the 
SSP web site at http://optical.atmos.colostate.edu. 

Field Applications 

The SSP1 radiometer has flown on four different aircraft platforms as part 
of the ARM-UAV program, the DHC-6 Twin Otter, the GNAT 750 UAV, 
and the Grob Egrett, and the Altus UAV. It has been regularly flown to 
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45,000 feet on two different ARM UAV deployments, has been exposed 
to flight temperatures from -52°C to 20°C, and to calibration temperatures 
Of -65°C. 

Examples of Measurements 

Figure 8 highlights SSPI measurements of spectral flux reflected from a 
thin cirrus clouds observed during the October,' 1995, ARM-UAV IOP, and 
contrasts these against model simulations of the spectrum for similar con- 
ditions. 

Multispectral Pushbroom Imaging Radiometer (MPIR) 

The Multi-spectral Pushbroom Imaging Radiometer (MPIR) developed by 
Sandia National Laboratories is an imaging radiometer for measuring well- 
calibrated optical data in nine spectral bands with selected wavelengths 
ranging from the visible to 11 pm. Figure 9 is a simplified schematic illus- 
tration of the MPIR concept, showing how the forward motion of the air- 
craft is used to convert the radiometric data from linear arrays into a 
'pushbroom' image of the object space below. Table 1 shows some im- 
age and resolution parameters for both the standard nadir pointing mount 

SSP Observed and Simulated Spectral Fluxes, 26 Oct 95 
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Figure 8. Reflected spectral fluxes measured above a cirrus cloud during the Octo- 
ber 1995 ARESE experiment. The solid curves indicated theoretical prediction. 
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Linear detector arrays 
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Spectral bandpass 

lmaaina oDtics 

0 Figure 9. Basic elements of the Multi-spectral Pushbroom Imaging Radiometer. 

and a special 1 1 O port offset mount which increases angular coverage for 
certain satellite calibrations. Note that the high resolution 0.62-0.67 pm 
channel has twice the resolution indicated in this table. 

MPlR has nine interchangeable detector modules that cover the nine 
spectral channels. These channels, and their intended usage, are speci- 
fied in Table 2. Each has its own co-aligned optics, linear detector arrays, 
signal electronics, and digital signal processors to produce a serial, digital 
output of the image data. MPlR was designed to operate, for extended 
periods of time from an Unmanned Aerospace Vehicle (UAV) at altitudes 
from sea level to 20 km. Although selection of alternate spectral bands 
would make MPlR adaptable to many remote sensing applications, its 
original nine bands were chosen to provide identification and characteri- 
zation of cloud properties for use in GCM modeling efforts. Additional in- 
formation such as surface reflectance, top-of-the-atmosphere radiative 
fluxes, aerosol concentrations, etc., may also be extracted from the MPlR 
data. 

Table 1. MPlR pixel widths for various conditions. 

Pixel width Standard mount Port skewed mount 

Range Port or Nadir Port Nadir Starboard 
Starboard 

5 km 43m 29 m 63m 28 m 33m 

10 km 85 m 57 m 126 m 55 m 65 m 

15 km 128 rn 86 m 189 m 83 m 98 m 

20 km 170 m 114m 252 m 110m 130 m 



Channel 

1 

2 

3 

4 

5 

6 

7 

8 

9 

Table 2. MPlR chann 

Bandwidth Detector 
(Pm) 

0.62-0.67 Si 

0.86-0.90 Si 

1.36-1.39 InGaAs 

1.58-1.64 InGaAs 

2.1 1-2.22 lnSb 

3.55-3.93 lnSb 

6.54-6.99 HgCdTe 

8.40-8.70 HgCdTe 

10.3-1 1.3 HgCdTe 

I ssignments. 

Usage 

C 

Usage key: A = cloud identification and amount 
B= cloud thickness, particle size, phase 
C= upper tropospheric water vapor 
D = cirrus detection 
E =surface and cloud temperatures 
F = surface properties 
G = vegetation 
H = aerosol detection 
I = satellite calibration 

To improve radiometric accuracy, an on-board calibration shutter oscil- 
lates at 4 Hz in a horizontal plane below the detector modules alternately 
opening and closing the entrance aperture. A ‘main’ digital signal proces- 
sor board controls the shutter movements and synchronizes data taking at 
a 2- or 4-Hz rate such that each module takes data when the shutter is 
both open and closed. During the ‘closed’ data collection the Lambertian 
black coating on the shutter blades provides a ‘dark’ reference for the visi- 
ble channels as well as a blackbody temperature reference for the longer 
wavelength detectors. The temperature of each shutter blade (measured 
by a sensor imbedded in each blade) is used in the calibration of each 
channel as needed. The ‘open’ data is radiometric data from the scene 
below. The main processor collects the closed and open data from each 
module and combines them into an 80kBkec serial data stream that is 
telemetered to a ground recording station by the UAV. 

Only the modules with lnSb and HgCdTe detectors require active cryo- 
genic cooling to 80°K to reduce detector noise below signal levels, how- 
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ever by design all modules are cooled to stabilize the response of the de- 
tectors and collocated electronics for calibration purposes. A separate 
dedicated microprocessor measures the temperature of each detector fo- 
cal plane and controls the flow of liquid nitrogen to each module to main- 
tain the desired operating temperature for the detector arrays. Since it is 
desired to eventually fly multi-day UAV missions, the cryogenic system 
was designed for minimal cryogen loss and usage rates. The cryogen 
loss from dewar heat leakage is nominally the same as the module usage 
rate. The goal was to operate a 48-hour high-altitude mission from the 
five liter storage dewar pictured in Figure 10. At nominal room tempera- 
tures with no module cryogen usage, this five liter dewar must be refilled 
every 4-5 days. 

The basic exposure cycle of the system is 250 ms corresponding to the 
4Hz oscillation rate of the near-resonant shutter system. This allows for 
roughly 80ms of open shutter, 80ms of closed shutter, and 80ms of the 
shutter being somewhere between open and closed. A conservative ex- 
posure time of 60-65 ms is allowed for the open or closed measurements 
of any module. The analog output from each array element is digitized 
into 12-bit words in the electronics attached to the module. Several array 
readouts may be averaged within a 60 ms exposure period to enhance 
the module signal-to-noise ratio. To approximately match exposure rates 
to aircraft ground speed, the standard 256-element array modules report 
data to the main board at a 2 lines/sec rate, while the high-resolution 512- 

T 
I 

0 Figure 10. Exterior view of the MPlR system in a nadir-viewing configuration with its five 
liter LN2 storage tank. The optical windows in the bottom surface are not visible. 
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element modules produce data at 4 lineskec. All averaged open data is 
reported to the main processor, but to reduce data transmission rates only 
closed data statistics averaged over 108 shutter cycles are transmitted. 
The main processor packs the 12-bit open data, the closed data statistics, 
system and shutter temperatures, as well as system error words into 
4.5kB blocks that are sent in serial fashion to the UAV telemetry system at 
an 80kBkec rate. The data is decoded and reassembled into nine sepa- 
rate channel images on the ground. 

The four distinct types of detector arrays that are used for MPlR modules 
are shown in Table 2 above. The maximum number of array elements for 
each of these are 512 for Si and InGaAs and 256 for lnSb and HgCdTe. 
During the Spring ‘96 test series flown from the BlackwelVTonkawa, OK, 
airport MPlR flew in an Egrett aircraft with the two Si and two InGaAs 
modules installed and operational. During Fall ‘96 five modules were 
aboard for the Altus UAV flights: the 4 from Spring ‘96 plus one of the 
lnSb modules (2.1 1-2.22 pm). The hardware for the other lnSb and three 
HgCdTe modules is nearly complete and should be available for future 
flight series. 

Figure 11 shows typical images from the MPlR instrument recorded si- 

= 
0.62 - 0.67 micron 0.86 - 0.90 micron 

. .  - _ .  . 

0 Figure 11. Four raw-data MPlR images from the Spring ‘96 test series, 5 May 1996. 
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multaneously in the spectral bands indicated. The pushbroom data was 
collected over a 128 second interval centered on 21.4 hours GMT on 5 
May 1996. No spatial or shading corrections have been applied to this 
data which was recorded while the aircraft was in relatively level flight. 
The striations in the lower two images are artifacts of their linear arrays 
and will go away once the radiometric calibrations are applied. All data 
images are displayed here as 256 x 256 element images even though the 
0.65 ym channel was recorded at a 512-element resolution. All channels 
show the same general cloud distribution except for the 1.38 pm which is 
a water absorption band. This water absorption channel is configured for 
top of the atmosphere fluxes and at this altitude sees a signal that is only 
100-200 counts compared to several thousand for the other bands. 

Water Vapor 
Two instruments by Brookhaven National Laboratory for measurement of 
water vapor concentration have been developed for deployment on UAVs 
under SERDP funding . These development activities were motivated by 
the constraints of weight, size and power consumption on instruments im- 
posed by the UAV platform, and by the desire of the scientific community 
to have more accurate and higher resolution water vapor measurements 
over a range of conditions. Of particular interest to the scientific commu- 
nity was accurate (10%) water vapor measurements at high altitudes 
(-20 km) where concentrations can be as low as few parts per million. 

At the outset of this program, no single instrument was available either 
commercially or in the research community suitable for measurements of 
water vapor over the range of conditions envisioned for UAV operations. 
Available instruments were either too large, weighed too much, or drew 
too much power for UAV applications. Instruments based upon three dif- 
ferent measurement principles were examined. These included: (1) dew 
point / frost point hygrometers; (2) UV photofragmentation instruments in 
which water is photofragmented by UV radiation to generate OH radicals, 
and the water vapor concentration is related to the fluorescence intensity, 
and; (3) Infrared absorption techniques. It was decided to develop UAV 
instruments based on two of these measurement principals, dew point 
frost point hygrometry and infrared absorption. Dew point frost point hy- 
grometry was chosen because it was decided that an instrument based 
upon this principle was the quickest route to having a useful, although 
somewhat slow, instrument for high altitude water vapor measurements. 
The infrared absorption technique were chosen because we feel that in- 
struments based on this technology will be the instruments of choice for 
high altitude water vapor measurements in the future. These instruments 
are described below. 
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Frost Point Hygrometer 

This instrument is a modification of a commercial instrument available 
from Buck Research, Boulder CO. The original instrument comprises a 
box of electronics of about 17~12x7 inches, a sensing head which is ap- 
proximately a cube of side 8 inches and a Dewar flask containing 5 liters 
of liquid nitrogen which give the instrument an operating time of about 15- 
20 hours. The major problem with this instrument was the size and weight 
of the liquid nitrogen supply which made it impossible to use on the UAV. 
In discussions with the manufacturer it was decided that this supply could 
be replaced by a commercially available Stirling cycle cooler, a cylinder of 
diameter 1.75 and length 8 inches, which would greatly reduce the vol- 
ume and weight of the instrument, and allow operation for as long as de- 
sired without the need for replacing the liquid nitrogen supply. 

A c,ontract was made with Buck Research to modify their standard instru- 
ment to operate with a Stirling cycle cooler, and to repackage the instru- 
ment to eliminate extraneous weight and volume. The instrument, as de- 
livered weighs less than IO kg, occupies a volume of only 0.01 5 m3, and 
uses between 90 and 110 W of power, well within the requirements for 
UAV deployment. Figure 12 shows installation of this instrument in the 
Altus UAV during the Fall 1996 field campaign. 

0 Figure 12. Frost Point hygrometer as installed in the Altus. Cylindrical component in the 
center of the picture contains the sensor. Box to which sensor is attached contains the 
electrons and the Stirling cycle cooler. 
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The instrument was delivered in the Fall of 1995, and after rigorous test- 
ing and calibration in the laboratory (including altitude chamber tests), was 
deployed during the Spring 1996 UAV experiment. The principal problem 
encountered during the initial deployment was providing sufficient cooling 
to the sink side of the Stirling cooler to allow for extended operation of the 
instrument at high altitudes. For the initial deployment this was accom- 
plished by adding a cooling fan to the instrument. For subsequent de- 
ployments we have connected the waste heat side of the cooler to a heat 
pipe which conducts the heat to the outside airstream. We feel that such 
an arrangement will allow use of the instrument to altitudes of about 15 
km. This mode of operation was successfully demonstrated during the 
Altus UAV flights in September 1996. 

The instrument operated well during both deployments in 1996. Dew 
points as low as -80” C were measured at altitudes up to 13 km. These 
dew point measurements compared favorably with measurements made 
by .radiosondes released during the flights and to a conventional ther- 
moelectrically cooled hygrometer during intercomparison flights. 

Tunable Diode Laser Hygrometer 

An instrument has also been developed based upon infrared absorption 
using a tunable diode laser (TDL)’as a source. Although infrared absorp- 
tion instruments utilizing TDL sources have been under development for 
some time, construction of a lightweight compact instrument suitable for 
UAV deployment has only recently been made possible by the develop- 
ment of a InGaAsP diode laser. This TDL operating at 1393 nm where 
water vapor strongly absorbs is lightweight, uses little power, and does not 
require large cooling systems to maintain its stability. Previous to the last 
few years, TDL instruments were based upon on lead salt diode lasers, 
operating in the chemical infrared. These have several disadvantages 
which include the need to cool both the lasers and detectors to cryogenic 
temperatures and difficulty in reproducibly matching frequency with a par- 
ticular absorption line. The near infrared lasers are far easier to use and 
require less ancillary equipment, which in tum reduces the power draw 
and the weight, and makes an instrument for UAVs possible. 

TDL sources have the immense advantage over other infrared sources in 
that they can be quickly (10 kHz-1 MHz) scanned across the narrow 
(3 GHz) absorption, thereby removing drift and most of the other noise. 
Presumably, the most significant source of inaccuracy would be drift and 
non-linearity in the amplifiers and other electronic components. Since a 
good deal is known about stabilizing electronics this should not be a major 
problem. Theoretically, slow changes in the laser power, the reflectivity of 
the retroreflector, transmission of the windows, etc. should have no effect 
on the calibration. 
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To take advantage 
of this emerging 
technology, a con- 
tract for develop- 
ment of a UAV 
compatible instru- 
ment was let to 
Southwest Sciences 
Inc., Santa Fe, NM 
in the Fall of 1995. 
A prototype instru- 
ment has just been 
completed, began 
testing in the fall of 
1996, and will be 
ready for the next 
UAV deployment in 
the Fall of 1997. 
The instrument is 
configured in a way 
that allows the 
measurement of 
water vapor external 

0 Table 3. List of TDL instrument specifications. 

Specification Value 

Weight QO kg 

Power 75 W, 28 VDC 

Volume 0.03 m3 

Absolute [H20] accuracy 10% 

Minimum Frost Point -88" C 

Response Time 1 sec 

Maximum altitude 20 km 

Interior Temperature 0-30" C 

Interior Pressure s a m e  as exterior 

Period of unattended operation 60 hrs 

to the aircraft. A sensor head containing the source and detector will pro- 
trude from the aircraft; a retroreflector will be mounted approximately 2 m 
away on the aircraft fuselage or wing to form the measurement path. In 
comparison to an internal cell, this configuration minimizes payload vol- 
ume, and minimizes time response problems associated with adsorption 
of water vapor on instrument surfaces. The instrument meets the specifi- 
cations listed in the Table 3. Actual characteristics await further tests in 
the laboratory and accumulation of some flight experience. 

, 

Radiative Instruments 
The accurate measurement of radiances and radiative fluxes in the at- 
mosphere is key to improved understanding of atmospheric physics, in- 
cluding effects of greenhouse gases and clouds on the Earth's radiation 
budget. For example, General Circulation Models (GCMs) indicate that a 
doubling of atmospheric CO2 will change the net flux at the top of the at- 
mosphere by 3-4 WmQ, with concomitant changes in surface tempera- 
tures of 1.5"-4.5"C.' The prediction of this kind of temperature rise of 
course requires the accurate modeling of many diverse physical phenom- 
ena, among them the interaction of solar radiation and clouds. However, 
Pilewskie, Valero," and many others have been recently reviewing ex- 
perimental evidence that suggests that cloudy atmospheres absorb sev- 
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era1 tens of watts per square meter more than portrayed in GCMs. If this 
additional absorption is verified, then the GCMs need to be corrected to 
improve the accuracy of their greenhouse warming predictions. s 

To further the state of the art in making radiation cloud measurements, 
the ARM-UAV program has undertaken the development of two radiative 
instruments for highly accurate measurement of shortwave and longwave 
radiation in the atmosphere from UAVs. 

v 

The Hemispheric Optimized NEt Radiometer (HONER) measures short- 
wave and longwave hemispherical broadband fluxes using differential ra- 
diometry, chopping the signal from upwelling and downwelling fluxes onto 
a single AC detector system. This permits true optical differencing for un- 
precedented accuracy in measuring net fluxes 

The AERI-UAV makes high spectral resolution (0.3-0.5 cm") observations 
of atmospheric emission from 3-25 pm, providing important meteorologi- 
cal information related to atmospheric state parameters (temperature, 
water vapor, and other greenhouse gases), cloud and surface spectral 
properties, and processes influencing radiative budgets and regional cli- 
mate. 

Hemispherical Optimized Net-flux Radiometer (HONER) 

Introduction 

Making highly accurate flux, and especially net flux, measurements is dif- I 

ficult. Net flux is usually derived by differencing up welling and down 
welling hemispherical fluxes. Commonly, pyranometers and pyrgeome- 
ters are used to measure these hemispherical fluxes on ground based 
platforms. These instruments have typical calibration spreads of &7% ac- 
cording to results at National Renewable Energy Laboratory (NREL)3, with 
best results at *3.5%, and a drift of order one percent per day. To obtain a 
net flux, one generally takes the mathematical difference between the 
measured upwelling and downwelling fluxes, leading to large errors 
(typically tens of Wm"> in the net flux. In the area of airborne instrumen- 
tation, some very good results have been obtained using other types of 
radiometers for individual upwelling and downwelling fluxes?5 Net fluxes 
have also been derived from radiance measurements, which are con- 
verted to fluxes using models, and from measurements made in spectral 
bands, which must also be converted to fluxes using models. Temporal 
and spatial sampling strategies add further errors, which may be unavoid- 
able in realistic experimental scenarios. 

The net radiation in a volume is deterministic for the local heating or cool- 
ing of the atmosphere and is obtained by some combination of airborne 
and ground based measurements. Since some individual processes can 

'i 

34 



have quite large local ef- 
fects, progress can, and 
has, been made with meas- 
urements of the available 
accuracy? The present 
state of measurements, 
however, requires improve- 
ment to achieve the next 
steps in understanding ra- 
diative transport. 

The Hemispheric Optimized 
NEt Radiometer (HONER) 
has been developed by Los 
Alamos National Laboratoty 
(LANL) to improve meas- 
urement accuracy in several 
ways. (1) HONER uses dif- . 
ferential radiometry, chop- 
ping the signal from upwel- 
ling and downwelling fluxes 
onto a single AC detector 
system, allowing true optical 
differencing for unprece- 
dented accuracy. (2) 
HONER also measures the 
individual fluxes, with the ability to reconfigure from differential to direct 
mode in flight. (3) HONER calibrations are performed using NlST stan- 
dards, and the calibration is maintained continuously during operation us- 
ing on-board reference sources. (4) Wavelength coverage is from UV to 
1.2 pm, 1.2 - 4.5 pm, and 4.5 to S O  pm. (5) Information is provided 
separately in shortwave and long wave bands to facilitate comparisons to 
models. Additional information can be added in selected wavelength in- 
tervals as appropriate to elucidate further physics. 

Figure 13. Schematic of One HONER Integrat- 
ing Sphere. 

Configuration 

HONER comprises two integrating spheres, one of which is shown sche- 
matically in Figure 13. Each sphere has two input apertures; one looking 
downward and the other upward. Radiation entering the input apertures is 
propagated into the sphere by means of an inverted compound parabolic 
concentrator (CPC)! The geometry of the input apertures is such that the 
instrument has a 170" field-of-view; the remainder of a 180" field-of-view 
being obscured by structure surrounding the aperture. The radiation 
through each aperture is chopped at the.same frequency, 19.2 Hz, but out 
of phase. The phase relationship determines the operating mode and will 
be discussed later. 
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Wavelength Response  

One sphere is lined with Spectralon, Labsphere 1nc.k trade name for a 
diffuse reflecting material, and the other is coated with a Lambertian gold, 
also proprietary to Labsphere. The Spectralon provides sensibly flat re- 
flectance from the UV to nearly 2 pm and the gold provides flat reflec- 
tance at all wavelengths longer than the visible region. 

b 

Each sphere also contains two channels of pyroelectric detectors and 
each channel uses distinct filters. To aid in achieving insensitivity to the 
direction of arrival of the incident radiation, each channel comprises four 
detectors distributed at  90" intervals about the sphere's equator. In the 
interests of spectral uniformity, reproducibility, stability, and low cost, the 
filters consist of uncoated silicon and water free fused silica. Thus, the 
filters define spectral bands of each channel, designated SWI,  SW2, 
LWI, and LW2 as summarized in Table 4. The spectral responses of 
these channels are shown in Figure 14 and Figure 15. 

Channel SW1 provides uniform response to radiation in the wavelength 
from the UV to the silicon band gap at  1.2 pm. There is also a response 
to radiation from 1.2 pm to the silica cut-off at  approximately 4 pm but, 
due to the spectrally non-uniform response generated by the Spectralon 
reflectivity, this is not directly usable in measuring the flux in this spectral 
region. Channel SW2 responds only to the 1.2 to 4 pm band in a manner 
which, within a constant factor, is identical to the response of SWI.  
Therefore, by subtracting the properly scaled output of SW2 from the out- 
put of SWI,  we have a good measure of the total irradiance at wave- 
lengths shorter than 1.2 pm. 

Channel LW1 provides a good measure of the total irradiance at  all 
wavelengths longer than 1.2 pm and channel LW2 provides a good 
measure of the irradiance between 1.2 and 4 pm. Adding the information 
gained from LW2 as a relatively small correction to that obtained from the 
short wave sphere provides a measure of the irradiance in the solar 
dominated portion of the spectrum, from the UV to 4 pm. Subtracting 

Table 4. HONER Channel Responses. 

Channel Sphere Filers Band 

UV to 4.5 V r n  sw1 Short Wave Si02 

sw2 Short Wave SiO2+Si 1.2 to 4.5 prn 

LW1 Long Wave Si 1.2 to >50 pm 



LW2 from LW1 provides a measure of the irradiance in the thermal IR, 4 
pm and longer. 

Reference Sources 
(I 

The HONER integrating spheres seke as comparators between the un- 
known fluxes incident on the CPC apertures and reference fluxes gener- 
ated by calibrated sources and delivered to the sphere by optical conduits 
and modulated by a third mechanical chopper. HONER uses both a short 
wave reference (h e 1.2 pm) and a long wave one (h > 1.2 pm). 

The short wave reference source is a 2.5 watt, quartz halogen lamp rated 
at 36 lumens output. To accommodate the short mean lifetime of these 
lamps four, one operating and three spares, are mounted in a 5 cm di- 
ameter integrating sphere; that arrangement also negates the geometric 
effects of lamp position. The 
output of this lamp is modu- 
lated by a third chopper 
blade at 28.8 Hz (exactly 1.5 
times the main chopper fre- 
quency) and delivered to the 
main integrating sphere of 
each sensor system. The 
output of the lamp is moni- 
tored with two differently fil- 
tered silicon photodiodes in 
the main integrating sphere. 
Using the outputs of these 
photodiodes, the filament 
power and thus output of the 
lamp is controlled to a con- 
stant color temperature; 
subsequently the output of 
either of the photodiodes is 
used as an indicator of the 
total flux delivered by the 
color temperature stabilized 
reference source. This 
source provides us with a 
known radiance by which we 
determine the slope of the 
responsivity curve, since the 
intercept is known to be zero 
because the admitted flux is 
zero when the aperture is 
closed. 

Wavelength (pm) 

Figure 14. HONER Longwave Response. 

Wavelength (pm) 

Figure 15. HONER Shortwave Response. 



The long wave reference is a small, dark body (uniformly high emissivity 
but not necessarily black) emitter. As with the short wave reference, this 
source's emitted radiation is modulated at 28.8 Hz. The chopper blade is 
also a dark body emitter, operating at a temperature similar to that of the 
integrating sphere and is monitored to within 0.1K. The temperature of 
the reference source is held at either 330K or 30K above the blade tem- 
perature, whichever is less. Thus, the long wave reference radiation is 
modulated between two known levels, permitting determination of the 
slope and intercept of the signal vs. flux function. 

When HONER is operating in the absolute mode, the intercept of the long 
wave responsivity curve is the self-emission of the integrating sphere 
which is reflected back into the sphere when the entrance aperture is 
closed by the main chopper. In the differential mode, this quantity cancels 
from the analysis and the intercept is zero. It does, however, form the ba- 
sis of the requirement that the temperature of the long wave integrating 
sphere be known with high accuracy. We constructed the sphere with a 
quarter inch thick aluminum wall to reduce thermal gradients and measure 
the temperature using several thermistors. By this means, we expect to 
know the radiation temperature within 0.1 K. 

Air Flow Control 

The ideal situation relative to radiation transfer is for HONER to be flown 
with open apertures. However, this leaves the instrument at risk to ther- 
-mal perturbations caused by net air flows through the spheres. A window 
at the internal aperture, the junction of the CPC and the integrating 
sphere, represents a compromise between the risk of air flows and sev- 
eral adverse optical effects. For example, the maximum angle of inci- 
dence on a window at the internal aperture is 17.5", thus reducing the 
sensitivity to angle of incidence and polarization. The short wave sphere 
requires a silica filter (window) for both channels at the internal aperture, 
and also in the path of the radiation from the short wave reference source. 
Similarly, as the long wave sphere requires a silicon filter (window) for 
both channels at the'internal aperture and in the paths of the radiation 
from the long wave reference source. Thus, the integrating spheres and 
detectors are well isolated from air flow effects, assisting in the tempera- 
ture control effort. 

The silicon windows produced for use at the internal aperture required 
some attention and innovation. We require them to be relatively thin to 
minimize the effect of the 9 and 17 pm absorption bands but they must 
withstand the vibrations associated with aircraft deployment despite hav- 
ing a diameter greater than 80 mm. Rockwell International in Albuquer- 
que ultrasonically machined a silicon cruciform in a ring of the window di- 
ameter and bonded it to a 0.5 mm thick window using a glass frit. This 
assembly is quite capable of withstanding the mechanical environment 
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0 Figure 16. HONER Silicon Window Assembly. 

while providing the transmittance of a thin silicon window with only a mod- 
est loss due to the cruciform. This window is shown if Figure 16. 

A fairing around each aperture was designed to minimize air entrainment 
through the aperture. To verify the design, a half-size model was con- 
structed and tested in a wind tunnel at New Mexico State University in Las 
Cruces. The results of this test indicate that in all but the most extreme 
maneuvers, air entrainment through the apertures is minimal. In addition, 
a small amount of air, entering a duct at the nose of the fairing, is heated 
with waste engine heat and introduced to the base of each CPC near the 
internal aperture window. The small pressure and flow thus generated 
was to assist in keeping unconditioned air out of the instrument, stabilize 
instrument temperature, and prevent internal moisture condensation. Me- 
chanically actuated "eyelids" at each aperture were designed to seal 
HONER from contamination such as dust generated during take-off and 
landing or rain. 

Signal Multiplexing 

The main aperture choppers, with two apertures on each blade, operate 
at 19.2 Hz but either 90 or 180" out of phase. When these choppers are 
90" out of phase, HONER is operating in the absolute mode making inde- 
pendent measurements of the upwelling and downwelling irradiances. 
When these choppers are 180"out of phase, HONER is operating in the 
differential mode measuring the difference between these irradiances. 
The third chopper, modulating the reference flux, operates at a frequency 
precisely 1.5 times that of the main choppers. This is achieved by oper- 
ating the reference blade, having three apertures, in mechanical synchro- 
nization with the other two. 

When the choppers at the two input apertures are 180" out of phase, the 
flux on the detectors is a square wave whose amplitude is proportional to 
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the difference between the irradiances on the upward-looking and down- 
ward-looking apertures. When these choppers are 90" out of phase, the 
detector output, in response to the upwelling and downwelling irradiances, 
is the superposition of two periodic functions whose fundamentals are 
proportional to the sine and cosine, respectively, of 19.2 Hz. The detector 
response to the reference flux on either sphere is a periodic function 
whose fundamental is at  28.8 Hz. 

The relative mechanical phase of the choppers is controlled to one part in 
1024 of a revolution. The stability of the phase lock is more than one or- 
der of magnitude better. Recalling that there are two cycles of the optical 
phase per revolution of the main choppers, we have that the relative 
phase of the optical signals is stable to better than 0.1 O. 

Deployment 

An obvious necessity for any aircraft bome instrument having two near- 
hemispherical fields-of-view is that the aperture separation must be suff i- 
cient to exclude the aircraft from the fields-of-view. HONER was designed 
to be carried by a Perseus B, unmanned aircraft which is produced by 
Aurora Flight Sciences Corp. One sensor head will be carried in the nose 
of each under-wing fuel pod. With an aperture separation of 61 centime- 
ters, the aircraft obscures only 1.7% of both, 170" fields-of-view. 

Data Acquisition 

Data from the signal channels on each sphere are strobed onto 12 bit AID 
converters synchronously with the clock used to control the chopper 
phase. Thus, the phase angle for each datum will be known precisely and 
the phase interval will be uniform. The two spheres operate asynchro- 
nously. We  acquire 256 data from each channel over 16 revolutions of 
the 19.2 Hz chopper, approximately 1.6 second. The housekeeping data, 
which include the temperatures, reference source status, and chopper 
phase information, are acquired asynchronously. 

Calibration 

The results obtained from a precision radiometer are necessarily limited 
by the accuracy of the calibrations. HONER is calibrated at  Los Alamos. 
LANL possesses and uses calibrated sources and reference detectors 
which cover the spectral region from the ultraviolet through the thermal in- 
frared. Each of the devices which we use as the basis for the HONER 
calibration has a 30 accuracy of 1% or better, traceable to NlST stan- 
dards. The issues which are addressed in the calibration procedures are 
absolute response to collimated and diffuse irradiances, sensitivity to 
vanations in direction of arrival, equivalence of the two entrance apertures, 
sensitivity to variations in wavelength, and sensitivity to polarization. 

40 



L 

C L  
i? 

7 

.. - 

0 Figure 17. HONER Assemblage Without Thermal Protection. 

Summary 

HONER is complete and in the laboratory awaiting final calibration. The 
long wave sphere, prior to the application of the thermal insulation, is 
shown in Figure 17. This view shows all essential components of the 
sensor. By implementing the concept of differential optical radiometry 
while maintaining the capability for absolute radiometry in HONER, we 
have designed an instrument capable of providing improved measure- 
ments of atmospheric heating due to radiative flux. 

UAV,Atmospheric Emitted Radiance Interferometer (UAV-AERI) 

Background and Scientific Rationale 

The Atmospheric Emitted Radiance Interferometer for an Unmanned 
Aerospace Vehicle (AERI-UAV) was developed by the University of Wis- 
consin to make high spectral resolution (0.3-0.5 cm-') observations of at- 
mospheric emission over the spectral range of 3-25 pm, thus providing 
key meteorological information related to atmospheric state parameters 
(temperature, water vapor, and other greenhouse gases), cloud and sur- 
face spectral properties, and processes influencing radiative budgets and 
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regional climate. The AERI-UAV uses state-of-the-art Fourier Transform 
Spectroscopy (ITS), or Michelson interferometry, which has proven to be 
an exceptionally effective approach for making these IR spectral obsetva- 
tions with the high radiometric accuracy necessary for weather and cli- 
mate applications. Two major advantages of a FTS design that have 
been recognized for several important applications are (1) the small in- 
strument size, and (2) the high spectral integrity inherent in the FTS laser 
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Figure 18. Simulation of partial AERI-UAV spectra from 7 to 20 microns. 

reference approach. 

Some of the important new capabilities of the AERI-UAV stem from its 
capability to observe both upwelling and downwelling radiance. The gen- 
eral nature of these observations is illustrated in Figure 18 by calculated 
upwelling and downwelling spectra at the 500 mb level in the US Standard 
Atmosphere for the 7-20 pm region (full coverage includes 3.3-25 pm). 
The higher radiance upwelling spectrum is bounded by the Planck radi- 
ances for the surface temperature and the 500 mb temperature and the 
downwelling spectrum by the Planck radiance for the 500 mb temperature 
and zero. The variable opacity of the greenhouse gases is apparent from 
the structure of the individual absorption lines, with the radiance of the 
more opaque regions being determined by the local atmospheric tem- 
peratures. With this temperature information, the difference of spectra 
observed from two nearby altitudes gives accurate measures of the ab- 
sorption (or transmission) of the intervening layer. 

A summary of some key science applications of the AERI-UAV is given in 
Table 5, along with a list of the specific products which can be derived 
from the fundamental calibrated radiance product. In addition to providing 
a wide range of spectral radiance and remote sensing information,. the 
AERI-UAV will give spectral cooling rates and effectively in situ cloud and 
state parameter information from upwelling and downwelling radiances 
acquired by flying constant-altitude steps. 

. 
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Table 5. AERI-UAV Science Applications and Data Products. 

0 Science Applications 0 Products 
1. More Sensitive Testing of Atmospheric 1. State Parameters from Remote Sensing 

2. More Accurate Water Vapor and Stability' Spectroscopy 

2. Improve Parameterizations of Cloud 3. Radiative Cooling Rates* 
Microphysics and Radiative Transfer 4. Cloud Extinction and Optical Depth Spectra. 

3. Observe Greenhouse Contibution from 5. Profiles Of Cloud Microphysical Properties' 
the Radiatively Active Trace Gases 6. Absorption Coefficent Profiles* 

7. Trace Gas Mixing Ratio Profiles* 4. Study the Spectral Radiative Forcing 
of Dynamical Processes 8. Surface Spectral Emissivity 

*Accuracy Enhanced from in situ measuremenp of vertical divergence 

AERl-UAV Instrument Design 

The AERI-UAV is a third generation instrument, building on successes 
with a much larger airborne High Performance Interferometric Sounder 
(HIS) and ground based AERI. Its fundamental design was driven by the 
need to minimize size, weight and power because of the limited payload 
capacities of unmanned aircraft. In addition to substantially reducing the 
size compared to HIS and AERI, the requirements for the AERI-UAV in- 
clude maintaining high radiometric and spectral calibration accuracy, while 
providing a instrument that is easy to operate and maintain. These latter 
factors led to a design that includes the fundamental FTS approach with 
accurate laser controlled sampling and includes a mechanical detector 
cooler to eliminate the need for liquid cryogen. The novel aspect of the 
design, a "4-color" shared focal plane detector configuration described in 
more detail below, followed from the size and power constraints; this con- 
figuration eliminates the need for dichroic beamsplitting and multiple cool- 
ers. 

The general characteristics of the AERI-UAV are provided in Table 6 and 
the layout of the instrument is shown in Figure 19. The 45" scene mirror 
rotates to select views of the atmosphere or of calibration reference 
sources (one near ambient temperature and one at  a stabilized tempera- 
ture up to 60" C). A typical operational plan when flying a t  fixed altitudes 
in the troposphere is to alternate nadir and zenith viewing, with calibration 
cycles interspersed periodically. 

The data is compressed onboard to reduce the data volume requirements 
for the real-time down link from the UAV. Four forward and four reverse 
scans are co-added and each are compressed separately. An efficient 
complex numerical filtering technique is applied using a TMS320C40 
Digital Signal Processor (DSP). This information preserving convolution 
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0 Figure 19. AERI-UAV top view assembly diagram, illustrating IR beam optical design with laser pick- 
off mirrors. 

filter is followed by bit trimming for delays not close to the zero path differ- 
.ence. A second DSP is used for instrument control. 

Radiometric Perfomance 

The radiometric noise and calibration performance of the AERI-UAV is 
driven to a high standard both by requirements for temperature and water 
vapor remote sensing and for spectroscopic applications. The RMS noise 
level in terms of brightness temperature achieved for HIS and AERI is 
generally less than about 0.2 K, except near the edges of spectral bands 
and in some localized spectral regions. The performance of the AERI- 
UAV is expected to be comparable for its 4 second dwell time, except for 
the extra longwave (ELW) band where longer averaging times will be 
needed. 

The AERI-UAV will make use of the calibration techniques developed for 
the HIS and also demonstrated by the AERI. The calibration require- 
ments are often stated as: <I K absolute uncertainty at a brightness tem- 
perature of 260 K and reproducibilities (excluding noise) of c0.2 K. The 
calibration blackbodies used by the AERI-UAV are scaled down versions 
(62% smaller due to smaller beam diameter at blackbody aperture) of 
those used by the AERI. These blackbodies are very well characterized 
and have proven to be very stable over time. Calibration techniques have 4 
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been developed that use primary temperature and electrical resistance 
standards traceable to the National Institute for Standards and Technol- 
ogy (NIST), and a reflectance transfer standard traceable to the National 
Physical Laboratory. Blackbodies calibrated using these techniques have 
absolute temperature errors of less than 0.04 K peak-to-peak and an ab- 
solute emissivity error of less than 0.001, which translates to a tempera- 
ture error of 0.1 0 K peak-to-peak in the longwave band. 

0 Table 6. AERI-UAV instrument specifications. 

Spatial Resolution 

Spectral Resolution 

Interferometer Type 

Optical Path Drive/ 

OPD Sampling Reference 

Fringe Counting 

Interferometer Beam diameter 

Interferometer Angular FOV (full) 

Spectral Bands 

Detectors 

Cooler / Temperature 

Dwell Time / # Interferograms 

Onboard Processing 

Raw Data Rate 

Mass /Size 

Power 

100 mrad Nadir, Zenith, & intermediate angles 

0.5 cm-’ 

Voice Coil Dynamically Aligned Plane Mirror 
(Custom Bomem DA-5) 

Flex Pivot Porch Swing; k1.037 cm; 4 c d s  

HeNe Laser with; white light at startup 

1/4-wave quadrature, continuous backlforth 

4.5 cm 

40 mrad 

Extra LW: 19-25 pm 
LW: 10-19 pm 
MW: 5.5-10 pm 
SW: 3.3-5.5pm 

lnSb over 3-Segment MCT, Array 

0.6 W Stirling Cooler (Litton); 68 K 

4 sec; 4 fore14 back 

DSP Numerical Filters 

80 Kbps 

45 Kg; 0.05 m3 

160W. 

45 



Calibration Facilities 
Introduction 

The original ARM Program Plan lists the required observations, with accu- 
racies, precisions, temporal resolution, temporal reporting interval, spatial 
resolution, spatial distribution, spectral resolution and spectral range. The 
ARM emphasis on needed accuracies continues to the present: the Sci- 
ence Plan of 1996 states: ‘ARM should strive to have its radiation flux 
data be at least ten times as accurate as any other field program, and 
should not be satisfied with past low standards of performance.” 

The experiment design issue for the evolving ARM UAV SERDP program 
was addressed in Spring 1992, and reflected this ARM emphasis on 
measurement accuracy. As a specific example, linear sensitivities were 
provided for broad band radiative fluxes as a function of temperature, hu- 
midity, cloud fraction, cloud height, atmospheric constituents and aero- 
sols: this pointed to necessary accuracies in the measurements. At about 
the same time, the JASON review of the CHAMMP Program noted that 
the atmospheric problem is likely to be nonlinear with near-cancellation of 
large effects in, for example, cloud physics, Potential measurement re- 
quirements were identified, with challenging accuracy goals. 

. 

The SERDP / ARM-UAV Program management decided that all calibra- 
tions should be referenced to the same NIST-traceable standards, and 
.targeted challenging accuracies for the radiometric calibrations. Appropri- 
ate equipment and infrastructure were established at Los Alamos for this 
task, and are described in the following paragraphs. 

D 

Radiometric Calibration Laboratory 

The Los Alamos radiometric calibration laboratory is a 4000 sq. fi. facility 
equipped with state-of-the-art NET-traceable optical and infrared radia- 
tion sources and radiometers, along with IR-Visible-UV spectrometers, 
and HeNe, GreenNe and C02 lasers. It can provide for the complete 
calibrations of instruments in the spectral range 0.5 through 12 pm in both 
the radiometric and spectral domains; broad-band calibrations extend well 
beyond this range. 

Calibration sources for the thermal IR, for use under ambient conditions, 
include: (1) a NIST-designed and calibrated fluid bath conical cavity 
blackbody with a 4 inch diameter aperture, with operating temperature 
between 280 to 353 K -- the mate to an identical transfer standard black- 
body source at NISI. The fluid bath maintains temperature uniformity 
and stability of 1 mK., and cavity interior temperature uniformity of better 
than 20 mK.; (2) A gold freezing point (1337 K) primary standard black- 
body; (3) A high temperature spherical cavity blackbody (temperature to 
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3000 K); (4) a commercial (Mikron) spherical cavity blackbody 
(temperature to 500 K); (5) a commercial (Graseby) conical cavity black- 
body (temperature to 1300 K); (6).a CI flat plate black body (temperature 
to 373 K). Broad band sources for the near IR-visible-UV include: (1) Two 
commercial Labsphere integrating sphere extended sources with spectral 
radiance calibrations at the 2% (30) level over the 0.3-2.4 pm range, (2) 
NlST ribbon filament radiance standard lamps, (3) NlST FEL irradiance 
standard lamps. A low-temperature fluid bath blackbody capable of tem- 
peratures down to 200 K is also being fabricated. LANL sources are 
summarized in Figure 20. 

Calibrated detectors include (1) a Cambridge Research cryogenic cavity 
electrical substitution radiometer with absolute accuracy of 0.02% - 0.05% 
(1 0) and spectrally flat response from 0.25 to 40 pm. (2) Two Eppley AHF 
absolute cavity electrical substitution radiometers, designed to measure 
direct normal-incidence solar radiation at the 0.1 % (1 o) accuracy level. 
These two instruments were recently tied to the World Radiometric Refer- 
ence through their participation in an ARM-sponsored intercomparison 

Calibrated Standard Sources 
at the Los Alamos Radiometric Calibratbn Facility 
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with 17 other absolute cavity radiometers. (3) A NET-designed and cali- 
brated Si composite bolometer, with spectral calibration from 2 to 15 pm 
at an accuracy of 1.4%. (4) Silicon trap photodiodes with NlST spectral 
radiometric response calibration better than 1% (30) over the 0.35 to 
1.1 pm range and 0.33% (30) in the 0.4-0.9 pm range. (5) Commercial 
(Laserprecision) pyroelectric radiometers. In addition, several other high 
quality IR detectors are in the calibration laboratory's inventory. Also 
available are calibrated lnSb and HgCdTe infrared cameras. LANL de- 
tectors are summarized in Figure 21. 

Tasks performed for SERDP: 

Cavity Radiometer Pntercompariison 

Eighteen electrical substitution absolute cavity radiometers simultaneously 
measured the direct-beam solar irradiance from the same location, over a 
period of several days in October, 1994. This work tied the calibration of 
each of the participating radiometers to both the ARM program CART site 

Calibrated Standard Detectors 
at the LQs A l a o s  Radiometric Calibration Facaty 
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reference set, and (through the participation of the NREUNOAA reference 
radiometers, recently returned from the World Radiometric Intercompari- 
son in Davos, Switzerland) to the World Radiometric Reference. Absolute 
calibration of the radiometers is now known to within 0.1 %, with respect to 
the World Radiometric Reference. 

Pyrgeometer Round-Robin 

Six Eppley pyrgeometers were calibrated by a variety of methods at 
twelve standards laboratories around the world, including LANL, NREL, 
NOAA, the Eppley Laboratory, the World Radiation Center in Switzerland, 
and national meteorological and standards laboratories in Canada, Aus- 
tralia, the UK, Germany, and Japan. The aim was to establish the validity 
and degree of equivalence of the various calibration strategies used for 
these ubiquitous instruments. Calibration at Los Alamos utilized our NlST 
fluid-bath blackbody operating at a variety of temperatures from 5" up to 
70" C. A method of radiatively heating and cooling the filter dome of these 
instruments was developed, allowing calibration of the dome emission 
contribution to the pyrgeometer output. Using this method, it was found 
that dome emission effects can contribute very substantially to the pyr- 
geometer output -- as much as 20 Wm K of temperature difference 
between the filter dome and reference junction - thus underlining the 
need for thorough calibration of dome effects for all such instruments. 
Current plans include retum of the pyrgeometers to Los Alamos for spec- 
tral characterization of the filter domes. ' 

-2 1 

SSP 

Multiple calibrations of SSP were performed at Los Alamos over the 
course of the ARM-UAV program, beginning in the spring of 1995, again 
during fall and winter 1995-96 following the ARESE campaign, and most 
recently in the summer of 1996 following the Spring 1996 campaign at the 
CART site. Calibration tasks performed included: (1) characterizing, at 
multiple wavelengths, the quality of polarization and the polarization or- 
thogonality of the two linear polarization channels; (2) complete mapping 
at 1 nm resolution of the relative spectral responsivity at each of the 107 
encoded positions along SSP's circularly variable filter for each of SSP's 
four channels (two linearly polarized narrow field of view channels, unpo- 
larized narrow field of view channel, unpolarized quasi-hemispherical flux 
channel); (3) absolute spectral response calibration at each wavelength 
for each of the four channels; (4) angular response calibration of the 
quasi-hemispherical flux channel at each wavelength; (5) calibration of the 
temperature dependence of the absolute spectral response. This involved 
construction of a custom variable-temperature environmental chamber for 
SSP, capable of temperatures as low as -80" C. 
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The next three fig- 
ures pertain to the 
SSP calibrations: 
The photographs in 
Figure 22 and Figure 
23 show the SSP, 
mounted on an an- 
gular translation 
stage in the process 
of absolute radiomet- 
ric calibrations using 
a standard lamp and 
an integrating sphere. 
Figure 24 shows the 
absolute spectral re- 
sponse of SSP chan- 
nel 3: note the over- 
lapping and vignetting 
effects at the edges of the circular variable filters (CVFs). 

Figure 22. Integration sphere calibration of the SSP. 

HONER 

The Perseus B schedule delays precluded deployment of the HONER in- 
strument. Thus completion of the ,HONER calibration was given lower 
priority than calibration of the other ihstruments. However, detailed cali- 
bration procedures have been developed and calibration will proceed 
when appropriate. Absolute calibration of the HONER shortwave sphere 
will involve intercomparison with electrical substitution radiometers, using 
both laboratory sources and the sun. The long-wave sphere will be cali- 
brated using fluid- 
bath blackbody 
sources. Plans in- 
clude characteriza- 
tion of the relative 
spectral responsivity 
over the entire spec- 

, tral range of both 
spheres, including a 
coarse mapping of 
the difficult region be- 
yond 20pm using 
long-pass filters. In 
addition, nonlinearity, 
angular response, 
and equivalence of 
the up- and down- 

-.- -- -.. . 

. 

Figure 23. Standard lamp calibration of the SSP. 
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Figure 24. Absolute spectral response of the SSP unpolarized channel, as determined 
using the integrating sphere calibration source. 

looking apertures of both units will be quantified. 

MPlR 

First Los Alamos calibration activity with MPlR was ground support during 
the Spring 1996 campaign. Upon delivery to Los Alamos, characteriza- 
tion of the four operational MPlR cameras revealed a latency / readout- 
rate mismatch in the near-IR arrays, leading to context-dependent nonlin- 
ear behavior, and a temperature-related responsivity drift in the Si cam- 
eras. Nevertheless, spectral characterization of all four channels was 
performed, within the nonlinear and drift limitations, and an absolute cali- 
bration and spatial flat-fielding of the Si cameras was performed. Once a 
fully functional MPlR is available, LANL is prepared to perform as full a 
calibration as schedule and funding allow. This would include spectral 
characterization of each channel, absolute responsivity calibration, and 
temperature-dependent responsivity characterization, especially of the 
LWlR channels. For this latter task, a custom environment chamber, ca- 
pable of simulating both the temperatures and temperature gradients ex- 
perienced on the aircraft, was specially constructed at Los Alamos. 
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AERI Fourier Transform Infrared spectrometer 

The AERI-UAV FTlR instrument, being built by the University of Wiscon- 
sin, is only now being completed, and is therefore not available for cali- 
bration. Los Alamos has engaged in calibrations of two FTlR instruments 
for other programs, so the AERI-UAV activity will have a relatively short 
learning curve. 

Summary 

Los Alamos has established and improved their calibration capabilities, 
both by acquisition and development of hardware, and by working directly 
with NIST, NOAA, NREL and others to tie the calibrations to national and 
international standards. Hardware has been developed, built and tested 
and procedures established for calibrations of the ARWUAV instruments. 
The actual calibration of the instrumentation was, of course, affected by 
instrument availability. 
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Chapter 

Measurement Technique Development and 
Initial Data 
Clear Sky Profiling with UAVs - Fall 1993 and Spring 1994 
Overview 

The initial ARM-UAV flight series was known as the UAV Demonstration 
Flight (UDF). The objectives of UDF were to demonstrate the suitability of 
UAVs as a platform for scientific measurement and to obtain clear-sky flux 
profiles for comparison with atmospheric radiation transport models. The 
desired profiles are for both upwelling and downwelling fluxes for both 
solar radiation (0.4 to 4 pm, also called shortwave) and thermal infrared (4 
to 30 pm or longer, also called longwave). In clear skies, fluxes change 
slowly with altitude, due to both reflection and absorption by atmospheric 
constituents; and both of these are strong functions of water vapor con- 
centration and aerosol loading. In fact, the flux rate of change is slow 
enough that with the best instrumentation available, meaningful meas- 
urements can only be made for altitude differences of many hundreds of 
meters to a few kilometers in the lower atmosphere. 

Aircraft and lnstrumentation 

UDF flights were conducted using the Gnat-750 UAV built by General 
Atomics Aeronautical Systems, Inc., shown in Figure 25. This UAV was 
chosen for the first flight series because it was a proven design with pay- 
load and flight characteristics suitable for the mission objectives. Its sew- 
ice ceiling allowed for measurements to 7 km. 

Seven scientific instruments were mounted in the Gnat. The first five in- 
struments were provided by Francisco Valero and his team at NASA 
Ames Research Center. A pair of matched shortwave broadband hemi- 
spherical radiometers were mounted such that one was pointing to the 
zenith and one nadir, measuring downwelling and upwelling solar radia- 
tion, respectively. Similarly a pair of matched longwave broadband hemi- 
spherical radiometers were mounted to measure downwelling and upwel- 
ling thermal radiation. The fifth instrument was a total direct diffuse radi- 
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ometer (TDDR) that measured downwelling radiation in seven solar bands 
from 0.38 to 1.6 pm. The TDDR has two external moving rings that peri- 
odically shade the radiation input port from direct solar radiation, allowing 
for the division of downwelling radiation into direct and diffuse fields. This 
division is important for the correction of downwelling shortwave broad- 
band data for aircraft roll and pitch and for the determination of atmos- 
pheric aerosol loading. The sixth instrument was a Scanning Spectral 
Polarimeter, which measured upwelling solar radiation and its polarization 
in both 2.n and 7 mrad cones from 0.4 to 2.4 ym with moderate spectral 
resolution (-90 bands). The last instrument was actually a suite of de- 
vices that measured in situ temperature and dew point. In addition to 
these scientific instruments, a GPS/INS system provided 10 Hz position 
and attitude data for use in the interpretation of the data from the other in- 

0 Figure 25. General Atomics Gnat 750 over the CART Site in Oklahoma. 

struments. 

All data was telemetered from the Gnat to a ground station, where it was 
recorded for later decommutation. A small subset of data, called quick 
look data, was decommutated in real time and fed to instrument mentor 
stations in a collocated science trailer for their analysis of instrument per- 
formance. This field telemetry and data system is described in more de- 
tail in a later section. The mission scientist also performed a cursory 
analysis of the quick look data, and from this analysis was able to guide 
the conduct of the mission within general flight parameters to maximize 
the gathering of useful scientific data. 
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Flight Series 

The first of the two phase flight series conducted in restricted air space at 
Edwards Air Force Base, California, in November, 1993. Although this 
was intended to be  only an engineering flight to confirm that the payload 
and aircraft systems were functioning properly, such high quality data was 
collected for rare low aerosol and dry atmospheric conditions that it was 
subjected to scientific analysis. 

The second phase was conducted in April, 1994, at the DOE Cloud and 
Radiation Testbed (CART) site in north central Oklahoma. The UAV 
flights were conducted from the small Blackwell Tonkawa general aviation 
airport 1 0  nm from the CART site. Since this was the first use of a UAV in 
non-restricted air space for scientific research, the FAA demanded that 
the Gnat be  accompanied by a chase aircraft at  all times. This restriction 
was later changed in subsequent series. An DHC-6 Twin Otter was used 
for chase. Vertical flux profiling was accomplished by flying the UAV at 
several altitudes up to 7 km over ground based radiometric instruments 
located at the CART site. The operation was supported by an  intense ob- 
servation period (IOP) at the CART site, including frequent balloon bome 
sonde launches for temperature and water vapor profiling. 

Altogether approximately 22 hours of flight time was accumulated in nine 
flights that covered a variety of clear sky water vapor and aerosol condi- 
tions. 

Data and Results 

According to Dr. Francisco Valero (NASA Ames / Scripps), “radiation data 
of unprecedented quality were acquired demonstrating that UAVs are a 
very important platform for atmospheric radiation research. Successfully 
measuring accurate and unambiguous radiative flux divergence profiles in 
the clear atmosphere broke new ground from the scientific point of view. 
Flux divergence measurements are essential to test and validate atmos- 
pheric radiative transfer models and, thereby, general circulation models 
(GCMs). To achieve such results has  been the dream of radiation scien- 
tists for decades.” 

Representative data from these flights are shown in Figure 26 and Figure 
27. These figures compare measured (solid points) and calculated fluxes 
(solid lines) for both the solar and infrared portions of the spectrum. The 
solar calculations were performed by Dr. Koonan Liou (University of Utah) 
and contain no adjustable parameters; they use known albedos for spring 
wheat and aerosol optical depths as measured from the UAV. The long- 
wave calculations were performed by Dr. Robert Ellingson (University of 
Maryland) using atmospheric state and surface measurements from the 
CART site. Except for the downwelling infrared, disagreements of a few 

il 
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tens of Wm-* are 
seen between the 
calculations and the 
measurements at 
selected altitudes. 

Cloudy Sky Measure- 
ments with Coordinated 
Aircraft - Fall 1995 
Qwerview 

Measurements taken 
from several loca- 
tions around the 
globe suggest that 
clouds may absorb 
significantly more en- 
ergy than previously 
thought and repre- 
sented in current cli- 
mate models. The 

0 200 400 600 800 1000 1200 
Solar Flux (Wm-2) from 0.3 to 2.8 pm 

Figure 26. Solar calculations and UDF measurements. 

magnitude of this enhanced solar absorption appears to be on the order 
of 25-40 Wm-2. If true, this enhanced absorption would profoundly 
change how we un- 
derstand the parti- 
tioning of solar en- 
ergy between the 
atmosphere and the 
surface. Therefore, 
the ARM-UAV and 
ARM programs un- 
dertook the ARM 
Enhanced Short- 
wave Experiment 
(ARESE) in October 
and November, 
1995. 

ARESE was a six 
week long campaign 
to test our under- 
standing of the inter- 
action of solar en- 
ergy with clear and 
cloudy skies which 

Infrared Flux (Wm-2) from 4 to 30 pm 

Figure 27. Infrared calculations and UDF measurements. 
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focused on two scientific objectives: (1) the direct measurement of the ab- 
sorption of solar radiation by clear and cloudy atmospheres and the 
placement of bounds on these measurements, and (2) the investigation of 
the possible causes of absorption in excess of the model predictions. 

Platforms and Instrumentation 

To accomplish these objectives, ARESE used a combination of satellite, 
aircraft, and ground observations to make highly accurate solar flux 
measurements at different altitudes throughout the atmospheric column. 

Because a UAV with the required characteristics was not available in time 
for ARESE, the Egrett, a piloted aircraft built in Germany by Burkhart Grob 
and shown in Figure 28, was used as the medium altitude (up to 
45,000 ft) aircraft. The same instruments were incorporated into the 
Egrett payload as had been flown on the Gnat 750 (see page 53) with 
three exceptions. First, two fractional solar broadband hemispherical ra- 
diometers were flown in lieu of the two infrared broadband instruments. 
These were mounted in the same nadir and zenith manner as the ones 
they replaced, and covered the spectral band 0.7 to 3.0 pm. Secondly, a 
second TDDR, but without shadow rings, was mounted in a nadir viewing 
direction. Finally, the CDL made its debut at this time, mounted in a blister 
on the side of the Egrett where it could be rotated to view either in the ze- 

Figure 28. Grob Egrett with ARM-UAV payload preparing for takeoff. 
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Figure 29. Instrumented Twin Otter used for UAV chase and as a science platform. 
Instrument turrets can be seen above and below the midsection. 

nith of nadir direction. 

A chase plane is usually required to escort the UAV in selected operating 
conditions. For this task, the ARM-UAV program normally uses a de Hav- 
illand Twin-Otter (DHC-6), which can match the UAV's air speed enve- 
lope. ARM-UAV has taken advantage of this chase plane by mounting 
instruments on it so that it can serve as the second aircraft in experiments 
requiring simultaneous measurements above and below cloud layers 
when not needed for chase operations. For this campaign, the Twin Otter 
carried a radiometric set matched to the solar broadband, fractional solar 
broadband, and TDDR instruments on the Egrett, as well as an in situ 
meteorological package that measures temperature and dew point. A 
picture of the instrumented Twin Otter is shown in Figure 29. The band 
passes of the seven channels on the TDDRs on both the Twin Otter and 
the Egrett were adjusted to optimally support cloud studies. 

The other critical elements in this experiment, but elements not directly 
funded by SERDP and ARM-UAV, were the GOES-8, NOAA-12, and 
NOAA-14 satellites, an ER-2, and the CART site. A radiometric set 
matched in performance to those carried by the Egrett and Twin Otter was 
carried by the ER-2 and three similar sets mounted on the ground in the 
extended CART site area. Many of the ground instruments that form the 
normal complement at the CART site, as well as some ground based 
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cloud radars specially deployed for this experiment, were used to com- 
plete the needed scientific data set. 

Flight Series and Stacked Aircraft 

The baseline ARESE flight were conducted at the CART site from Sep- 
tember 25 through November 1. During that time twelve scientific data 
flights were flown that accumulated approximately 60 hours of in flight 
data under a variety of atmospheric conditions ranging from clear to solid 
overcast. One of two ground tracks, shown in Figure 30, was selected by 
the science team prior to each flight based on projected cloud conditions; 
these tracks were sufficiently long (>IO0 nm) to ensure good coverage of 
the normal variability of conditions in a cloud layer, and to ensure good 
statistics in the flux averages over these conditions. Table 7 shows a 
summary of the flights made in the campaign. 

, 

The key to ARESE was a carefully “stacked Twin Otter and Egrett “cloud 
sandwich”. The vertical stacking of the aircraft was accomplished by a 
system developed by ARM-UAV based on global positioning systems lo- 
cated in each aircraft that communicated and displayed the position of 
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Figure 30. ARESE northwest and southwest flight tracks. 
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Date in 
1995 

Sept 25 

Sept 29 

Oct 3 

Oct 11 

Oct 13  

Oct 17 

Oct 19 

Oct 24 

Oct 26 

Oct 28 

Oct 30 

Nov 1 

both aircraft relative to each other and to the desired flight track. Using 
this system, the pilots were able to control the horizontal position of their 
aircraft to within 100 meters or so while separated by approximately 12 

Table 7. Campaign Summary for Fall 1995 

Aircraft 

Egrett, Twin Otter, 
ER-2 

Egrett, Twin Otter, 
ER-2 

Twin Otter, ER-2 

Egrett, Twin Otter, 
ER-2 

Egrett, Twin Otter 

Egrett, Twin Otter, 
ER-2 

Egrett, Twin Otter, 
ER-2 

Egrett, Twin Otter 

Egrett, Twin Otter 

Twin Otter 

Egrett, Twin Otter 

Egrett, Twin Otter 

Condfiions 

Solid to broken cloud field along NW track 

Scattered to broken clouds, lots of turbulence 

Clear sky profiling at 4,7,10, 13, 16, 19 Mt; albedos at central facility 

Clear sky albedo, column absorption, and inter-comparison 

Cloudy sky absorption on NW track (alto stratus and cirrus) 

Clear sky mission, data inter-comparison on SW and NW legs 

Clear sky albedo, column absorption NW leg 

Thin cirrus cloud field 

Sold cirrus deck to broken clouds to clear sky 

Clear sky, Otter only experiment at 500 ft  above Charlie Whitlock’s 
radiometers to explore aerosol heating - also excellent albedo data 

Thick uniform low to mid-level deck 

Solid to broken cloud field 

km in altitude. 

During ARESE measurement flights, the Otter was generally flown at 0.5 
km above ground level and the Egrett at 13 km. This pair of stacked air- 
craft was over flown by an ER-2 flying at 20 km, which because of its 
much higher speed did not stay in constant alignment with the Twin Otter 
and Egrett stack but did provide periodic coincidences with these other 
aircraft. 



Radiance measurements from the GOES satellites were used to retrieve 
top of the atmosphere fluxes. These flux measurements were supple- 
mented by a variety of cloud property measurements from the ground, the 
Egrett, and the ER-2, including radar, LIDAR, and multispectral meas- 
urements. 

Data and Results 

Atmospheric conditions remained abnormally clear for most of the cam- 
paign, but there were enough cloudy days, especially in the first part of 
November, to allow flights and data gathering under a variety of atmos- 
pheric conditions ranging from clear to solid overcast.. These flights in- 
cluded: cloud forcing experiments under scattered, broken , and solid 
overcast conditions including low, mid' and high level cloud decks; clear 
sky column absorption and surface albedo measurements: clear sky flux 
profiling measurements; and in flight coaltitude intercomparisons of flux 
measurements made from the two aircraft. The data have just been re- 
leased to the broad scientific community in June, 1996, and are of excel- 
lent quality, especially considering that all three aircraft carried identical up 
and down looking radiometers and flew over identical up looking radi- 
ometers at  the CART central and extended facilities. The data comprise a 
unique set  for testing our understanding of the absorption of solar radia- 
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Figure 31. Cloudy atmosphere calculated versus measured absorptance. 
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tion in both clear and cloudy atmospheres, and analysis is ongoing. Early 
results indicate that cloudy skies do indeed absorb more shortwave radia- 
tion than predicted by current models. An example of an analysis by Va- 
lero and Cess is shown in Figure 31 

Experiments with the New UAV Instruments - Spring 1996 e 

Early in calendar year 1996, the development of some of the new UAV in- 
struments was nearing completion. These instruments made possible a 
variety of new experiments as proposed by the ARM-UAV Science Team. 
These experiments were developed and described in the ARM-UAV &L- 
-- ence and Experiment Plan:: 1996 Flight Series’. The titles for the fourteen 
experiments con- 
tained in that docu- 
ment are shown in 
Table 8. 

Unfortunately, during 
the winter of 1996 
the UAV provider 
flight schedules for 
both the Perseus B 
and Altus (then 
known as the “High 
Altitude Test Bed) 
had slipped beyond 
supporting a spring 
flight series. There- 
fore, an April, 1996, 
campaign was un- 
dertaken using the 
same two aircraft 
used in ARESE (the 
Egrett and the Twin 
Otter), but now with 
the Egrett flying the 
newly developed 
frost point hygrome- 
ter and MPlR 
(although the MPlR 
only had mounted 
the 0.62-0.67 pm, 
0.86-0.90 vm, 1.36- 

Table 8. ARM-UAV Planned 1996 Experiments 

Number 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

Title 

Satellite narrowband calibration 

Satellite narrowband radiances to TOA fluxes 

Effect of scale on retrieving cloud properties 

Three dimensional cloud effects 

Cloud observation distance 

ARESE reprise 

Cloud microphysics from various sensors 

Cloud Water Phase distribution 

Cirrus cloud optical properties 

Bi-directional reflectance functions 

Diumal radiation budget quantities 

Contrail impact on the local radiation field 

Water vapor absorption 

Clear sky profiling with aerosol sampling 

-a 

1.39 pm, and 1.58-1.64 pm modules) as well as the standard radiometric, 
SSP, and in situ payload. Also the CDL, which had made its maiden flight 
on the Egrett during ARESE, was flown again. The Twin Otter payload 
was now augmented with a Microwave Radiometer, an instrument useful 

d 
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Date in 
1996 

Apr 18 

Apr 20 

Apr 27 

May 3 

May4 

May 5 

May 6 

in determining the liquid water content in clouds above the aircraft. This 
combination of aircraft and instruments allowed all the experiments in the 
Science and Experiment Plan to be conducted, except Experiment 11, 
which required UAV long endurance capability, and Experiment 13, which 
required the UAV-AERI. 

Seven science flights were made over a period of three weeks in April and 
May, 1996, as shown in Table 9. Four of these involved stacked flight, as 
discussed previously on page 53. Of the twelve possible experiments, 
eight were flown. Many of these experiments require a wide range of 
meteorological conditions, and will have to be repeated on future cam- 
paigns as additional conditions present themselves to broaden the ac- 
quired data set. 

The flights on May 3 and May 4 were flown in conjunction with the Sub- 

Table 9. Campaign Summary for Spring 1996 

Aircraft 

Egrett 

Egrett, Twin Otter, 
DC-8, ER-2 

Egrett, Twin Otter 

Egrett, B757, T-39, 
DC-8, ER-2 

Egrett, Twin Otter, 
B757, T-39, DC-8, 
ER-2 

Egrett, Twin Otter 

Egrett 

Experiment and Conditions 

Clear sky GOES-8 calibration 
Clear sky ~ 0 w - 1 4  calibration 
Clear sky BDRF measurement 

Cirrus optical properties; SUCCESS in situ sampling 
Cirrus microphysics 
Cirrus SSP BDRF measurement 
Profiling through cirrus deck 

Cirrus microphysics 
Light cirrus NOM-14 calibration 
Cirrus BDRF measurement 

Clear sky NOM-1 4 calibration 
Clear sky contrails 
Clear sky BDRF measurement 

Stratus GOES-8 calibration 
Stratus NOM-I 4 calibration 
Stratus BDRF measurement 
Stratus geometry; two aircraft over clouds 
Stratus geometry; aircraft over and under clouds 
Broken sky contrails 

Broken cumulus GOES-8 calibration 
Broken cumulus geometry; aircraft over and under 

Calibration of C-MIGITS and RAMS against the s u n  
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Experiment 
Plan Numbers 

1,2,10 

7,9,10 

1,7,10 

1,2,  IO, 12 

1 , 2 , 4  

N/A 



sonic Aircraft: Contrail and Cloud Effects Special Study (SUCCESS), a 
major NASA experiment studying the impact of aircraft on local climatol- 
ogy. The SUCCESS experiment fielded four aircraft equipped with a wide 
range of in situ aerosol and remote sensing instruments: an ER-2, a B- 
757, a DC-8, and a T-39. Positioning these aircraft with the ARM-UAV 
aircraft for the conduct of Experiment 12 "Contrail Impact on the Local 
Radiation Field" proved to be very difficult using voice relayed GPS coor- 
dinates and checkpoints. 

Data from this campaign will form a rich data set; it will be released in 
January, 1997, after being reviewed and calibrated by the various instru- 
ment PIS. 

Geostationary Satellite at the Tropopause with the Atus - Fall 1996 
In September, a preliminary version of the General Atomics Altus UAV 
finished development testing and became available for deployment on a 
scientific campaign; Figure 32 shows Altus deployed to the Oklahoma 
campaign site. In this campaign, the scientific objectives laid out in the 
Science and Experiment Plan which guided the Spring 1996 campaign 
were pursued further to expand the range of meteorological conditions 

r 
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Figure 32. Altus UAV on the ramp at Blackwell Tonkawa Airport. The black hoses at the front provide 
chilled air to the payload prior to flight. 
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0 Table 10. Campaign Summary for Fall 1996. 

Experiment and Conditions Date in 
7996 

Aircraft Experiment Plan 
Numbers 

Sept 17 Twin Otter 

Twin Otter 

Twin Otter 

Twin Otter 

Altus, Twin Otter 

Over and under stratus deck with clear above 4 

Sept 20 Water vapor IOP support NIA 

Sept 24 Water vapor IOP support NIA 

Sept 27 Water vapor IOP support, night flight NIA 
!I 

Sept 29 Clear sky GOES-8 calibration 
Clear sky BDRF 
Clear sky MWR calibration turns 
RAMS Intercornparison 
Clear sky profiling (moddied Experiment 14) 

1,2,  IO, 14 

Sept 30 Altus, Twin Otter Clear sky MWR calibration turns 
RAMS Intercomparison 

NIA 

Oct 3 Altus, Twin Otter 1,2,  10, 14 Clear sky GOES-8 calibration 
Clear sky BDRF 
Clear sky MWR calibration turns 
RAMS Intercornparison 
Clear sky profiling (modified Experiment 14) 

Oct 4-5 Altus, Twin Otter 1,10,11,14 Diurnal flight - 24 hrs, 46 min on station 
Clear sky GOES-8 calibration 
Clear sky NOM-1 2 calibration 
Clear sky BDRF 
RAMS Intercornparison 
Clear sky profiling (modified Experiment 14) 

under which data was taken. 

The payload developed for the Altus included all the instruments carried 
by the Egrett, although payload bay configuration limited the CDL to only 
nadir viewing. Infrared broadband radiometers were substituted for the 
fractional solar radiometers to permit important analyses of longwave 
fluxes. Total weight restrictions allowed only two of the three instruments 
in the set of CDL, MPlR and frost point hygrometer to be flown at one 
time. However, a reasonably quick reconfiguration capability in the field 
for the payload ameliorated this limitation and allowed the payload suite to 
be matched to the selected experiments prior to any flight. 

As configured, the Altus had a service ceiling in excess of 11 km, well 
above the FAA Class A (instrumented aircraft only) airspace lower limit. 
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This made possible the first ever use of a unescorted UAV in civilian air- 
space for scientific research. -After discussions with the FAA regional rep- 
resentatives, a radio relay system was added to the Altus, and approval 
was granted for unescorted flight above 18,000 ft. All UAV flights in this 
campaign thus involved chase plane escort to this altitude, UAV IFR 
(instrument flight rules) flight above, and then chase plane escort back to 
the Blackwell Tonkawa airport. 

Eight science flights were made in this campaign between September 17 
and October 5, 1996. A summary of the flights and their objectives is 
shown in Table 10: Four of these involved stacked flight, as discussed 
previously on page 53. Of the fourteen experiments listed in the Science 
and Experiment Plan, it was possible to fly twelve with the aircraft and 
payload configurations available. Experiment 12 and the full Experiment 
14 involved cooperation with the SUCCESS aircraft and could only be 
flown concurrently with that experiment in Spring, 1996, and Experiment 
13 required the UAV-AERI. A modified Experiment 14 was flown, how- 
ever, that incorporated clear sky profiling without aerosol sampling. Of the 
twelve possible experiments, six were flown, adding diversity to the data 
set from the Spring 1996 campaign. 

Of particular interest is the fact that the availability of the Altus, with its 
long endurance capability made Experiment 11 possible, Diumal Radia- 
tion Budget Quantities. On the last flight, the Altus was flown for 26 hours, 
11 minutes from wheels up to wheels down, with 24 hours and 46 minutes 
of on station time. Actual fuel loading would have permitted an additional 
6 hours of flight. 

Data from this fall campaign will be released along with data from the 
spring campaign in January, 1997, after being corrected by the various in- 
strument PIS. 

' Robert Ellingson and Tim Tooman, eds., ARM-UAV Science and Emeriment Plan: 1996 Fliaht Series, Revision 
4, March 2,1996 
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Data Management and Release 
Telemetry System 

The application of telemetry allows the instrument mentor to obtain real 
time science data during flight with the advantage that the science mission 
and flight parameters may be modified while the UAV is airborne should 
atmospheric conditions change. Telemetry also allows the instrument 
mentors to monitor the status of their instruments and to power them 
down if necessary. For a single instrument, this prevents possible sensor 
damage in off normal operating circumstances and allows the flight to 
continue with the rest of the payload operational. 

Airborne Component 

A flexible telemetry system was developed for the ARM-UAV program and 
it's applications whether on a UAV or manned aircraft. This system is de- 
signed to support both the current science instrumentation suite and ca- 
pable of expansion for new ( yet to be defined ) science instruments. It is 
capable of operation on an unpressurized aircraft at an altitude of 20 Km 
with flight duration of 72 hours. 

The flexible telemetry is a 1 Mb/sec. (3.0 MHz bandwidth) PCM/FM 
modulated, NRZ formatted system. Information is transmitted to a ground 
receiving station (no data is presently stored on-board) and via an up-link, 
operational commands may be passed on to the science payload. In an 
effort to make this telemetry system adaptable, extensive use of commer- 
cial hardware was employed and only a few selected circuit boards were 
custom designed. 

The telemeter system consist of 5 major sub system chassis: ITP, PCS, 
PDS, DC/DC Power Supplies and Transmitter. Power for the telemeter 
system is supplied by the aircraft's +28 V DC generator 

Sub Systems 

Integrated Telemetry Processor (ITP) - The ITP collects the majority of 
the instrument data and formats all telemetry information for down link 
transmission. The format information is contained in EPROM memory and 
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is preprogrammed to comply with the instrumentation suite for each par- 
ticular deployment. Collected data includes all science and diagnostic 
signals. This data may be either digital (both serial and parallel) or analog; 
no processing of the sampled data is done by the ITP. 

PC-Controlled Subsystem (PCS) - The PCS controls all instruments and 
Power Distribution Systems. It is commanded by it’s own internal 80486 
microprocessor. Aircraft attitude data is generated by an on-board 
INS/GPS system that communicates with the telemetry system via a RS- 
232 serial link. However, this information is not in a form acceptable for 
telemetry; it must de-packetized, converted from floating point numbers, 
and processed. This is accomplished within the PCS system and then the 
INS/GPS data are imbedded into the down linked data stream. The bal- 
ance of data is collected within the ITP sub system. Commands to the 
PCS are received via a second RS-232 serial stream generated by the 
UAV’s on-board computer. This information must also be de-packetized 
and processed prior to command issuance. 

Power Distribution System (PDS) - The Power Distribution System 
(actually comprised of two identical units) distributes, filters and fuses the 
-1-28 VDC aircraft supplied power for the instrumentation suite and sub- 
systems in the payload. Each PDS has six filtered and switchable output 
ports and six unfiltered and switchable output ports. There are also two 
filtered outputs that are not switchable. Filtered outputs are capable of 6 
A each, the unfiltered can supply 10 A each. Commands generated by the 
PCS powers on and off the science instruments, heaters, fans, etc. by 
utilizing the switching capability of the PDS. 

DC/DC Power Supply - The flex telemetry has voltage requirements 
other than +28 VDC as supplied by the aircraft. The DC/DC power supply 
is a module containing three 30 W regulated voltage converters to supply 
the necessary power. These voltages differ as to the subsystem and are 
in the form of +12 V, +15 V and +5 V. 

Transmitter - Data is down-linked via a 4 W E-band transmitter operating 
at a frequency of either 2205.5 or 2235.5 MHz depending upon the 
transmitter selected. Bandwidth is filtered via a six pole Bessel Hybrid lo- 
cated in the ITP to minimize harmonics and maintain 3 MHz bandwidth at 
the -3dB point. 

Data 

The UAV telemetry is capable of collecting multiple digital and analog 
streams from each instrument. This data may be synchronous or asyn- 
chronous in nature. The instrumentation suite deployed on the Altus UAV 
in the Fall of 1996 had the science and diagnostic inputs and sample 8 
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rates shown in Table 11. While not all diagnostic measurements were 
conducted, the appropriate channels were available if required. 

Digital - Digital data interfaces may be either serial RS-232, RS-422, 
EIA-530, or parallel. While 8-bit parallel data is preferred, up to 24 bits 
has been accommodated. Maximum digital data sample rate is depend- 
ent upon the total complement of science instruments. In the present 
configuration, one instrument is generating information at 79.3 kB rate 
from a synchronous serial stream. 

Analog - Analog data can be digitized to 8 bits at a rate of up to 10 kHz; 
the maximum rate for 12 bit conversion is 2 kHz. 

Uplink Command Structure 

The UAV telemetry has the capability to provide commands to the instru- 
mentation suite while airborne Uplink commands to the PCS sub system 

Table 1 1. Flexible Telemetry Input for Altus at the Fall 1996 Campaign 

Data Type 

Science instrument 

Science instrument 

Science instrument 

Science instrument 

Science instrument 

Science instrument 

Science instrument 

Science instrument 

Science instrument 

Diagnostic + voltage 

Diagnostic - voltage 

Diagnostic temperature 

New instrument 

New instrument 

Number of 
Channels 

2 

4 

30 

6 

1 

1 

1 

1 

1 

1 02 

30 

48 

1 

1 

16 bit parallel digital 

24 bit parallel digital 

Analog to 12 bit 

Analog to 8 bit 

RS-232 serial 

RS-232 serial 

EIA-530 synchronous serial 

RS-422 serial 

9 bit FIFO memory 

Analog to 8 bit 

Analog to 8 bit 

Analog to 8 bit 

RS-232 serial 

RS-232 serial 

Data Rate 

10 Hz 

10 Hz 

10 Hz 

10 Hz 

9.6 kbps 

19.2 kbps 

79.3 kbps 

19.2 kbps 

5.2 kHz 

10 Hz 

10 Hz 

10 Hz 

9.6 kbps 

150.0 kbps 
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are originated on a laptop computer and via a RS-422 serial stream 
routed to the UAV's control facility. Here the commands are imbedded 
into the UAV's flight control data command link. The UAV's on-board 
computer channels this information by RS-232 serial link to the flex te- 
lemetry. When operated onboard a manned aircraft a RF modem system 
is substituted for the UAV command uplink to allow for payload uplink 
commands. 

* 

There are three major implementations of uplink capabilities: First, eight 
different discrete control signals can be routed to each instrument to turn it 
on or off, change its sensor 
gain, etc.. These signals 
are translated in the PCS 
sub system and converted 
to TTL logic. Next, the te- 
lemetry has the capability to 
independently switch on or 
off the +28 V DC to each in- 
strument at the PDS. Fi- 
nally, there also is a capabil- 
ity to issue serial RS-232 
commands to each instru- 
ment. 

Payload Ground Station 

Overview 

Figure 33. View inside the Payload Ground 
Station Trailer. 

The primary objectives of 
the Payload Ground Station 
(PGS) are: (1) to receive the 
RF transmissions from one 
or two airborne platforms, 
(2) record the resultant raw 
data streams, and (3) pre- 
process the raw data 
streams into a suitable form 
for scientific manipulation. Important secondary capabilities include (1 ) 
the display of real time payload state-of-health including selected diag- 
nostic measurements and (2) the dissemination of quick assessment sci- 
ence data to instrument mentors, as discussed on page 73. 

+ 
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The PGS is configured as a recording and data processing facility receiv- 
ing input from up to two automatic RF tracking antennae. The recording 
station is a mobile 40 ft self contained, air-conditioned trailer. All equip- 
ment including antennae controls are maintained inside this facility. A 
view inside the trailer is shown in Figure 33. 

Subsystems 

RF Receivers - Four wide band receivers are available to acquire raw 
data from the tracking antennae. Two receivers are normally used for 
each aircraft, thus the ability to acquire data from two aircraft is possible 
when two tracking systems are deployed. Another pair of receivers are 
employed by the tracking antennae themselves as control to follow the 
aircraft in flight. 

Recorders - Four 8mm digital tape recorders are incorporated within the 
PGS. Recording time is dependent upon the telemetry data rate with 
nominal 6 hours per tape for a 1 Mb / Sec. telemetry. During flight, two 
recorders are used to collect the raw data with one as primary and the 
second as backup. If two aircraft are airborne at the same time, one re- 
corder is dedicated to each aircraft and a third used to record both aircraft 
down linked data streams. On extended flight missions, the fourth re- 
corder is set up to start recording'prior to the primary recorder reaching 
end-of-tape. This allows over lap of data so that no information is ever 
lost due to change of tapes. The infomation recorded includes raw te- 
lemetered data, IRlG time code, and all voice communication between the 
mission scientist, mission controller, flight crews, telemetry crew, and 
ground crew. 

Time Code - A time code receiver acquires GPS signals and generates 
IRlG " B  data that is used to correlate data on the tape to the GPS time 
imbedded in the down linked data stream. 

Decommutation System - Reproducing data from the telemetered PCM 
format is handled within the Quad-7 system. This hardware reformats the 
down linked data into the manner it was introduced to the telemetry sys- 
tem. Individual data words are tagged and via ethemet made available for 
mentor's quick assessment of their instrument. Working in conjunction 
with a work station, netCDF files for each instrument are generated to 
8mm tape. The generation of data files is conducted real time while the 
aircraft is airborne. The file tapes after a flight are forwarded to Pacific 
Northwest National Laboratory (PNNL) for quality checks. 

Work Stations - Work stations are part of the facility. They allow teleme- 
try personnel to view all payload diagnostic data during a flight. 
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Tracking Antennae - The tracking antennae are dual axis systems that 
are normally operated automatically or may be manually controlled. Two 
wide band receivers control an antenna. The radio frequency (RF) signal 
is passed through a combiner which selects the best signal ( either vertical 
or horizontal polarized ) and routes the RF to the data receivers. A video 
camera with a long range zooming telescopic lens is mounted on each 
antenna to visually track the aircraft. This information is recorded with a 
VCR recorder. One of the antennae is shown in Figure 34. 

Transceivers - A complement of hand held and rack mounted VHF radio 
transceivers, scanners etc. are part of the facility and are used to commu- 
nicate with other campaign personnel. 

On-Site Data Management System 
The on-site data management system consists of several computers 
linked to each other, the Payload Ground Station, and the Internet. This 
system cooperates to collect, re-distribute, and display data in support of 
the UAV mission. Key elements of the system are displays for the mis- 
sion controller, mission scientist, instrument mentors, collaborating scien- 

Figure 34. Malibu Tracking antenna on site in Oklahoma in front of the PGS trailer. 
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tists, and technical support. The primary purposes of the system are to 
aid in mission and science planning and analysis as well as to monitor the 
status of the airborne instruments and payload. Figure 35 is a schematic 
of the network architecture; Figure 36 shows the Helios and Mercury 
computer stations inside the science trailer. 

Zebra: UAV/ Chas 
Zebra: MAP 
Zebra: W / E C  
m o d e l s  

MS Log 
Zebra: UAVI Chase 
Zebra: MAP 
model s  

UAV data  Runway Met 

Mission Aircraft Quick Look 

3 

The UAV quick look data is forwarded from all mission aircraft by the 
payload ground station in real time via network to the primay quick look 
computer in the science facility. In some cases, the quick look data is 
subsampled to reduce the real time computing load in the payload ground 
station. The primary quick look computer prepares the data for display 
and distributes the data to the instrument mentor computers. It also pro- 
vides displays for the mission scientist, mission controller, and technical 
support to aid in analysis of the scientific data, in aircraft flight coordination 

Chase data*network 

Helios CPU 

~s list 
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Figure 35. During a flight data is transmitted via ethernet among several computers for use by the Mis- 
sion Scientist and instrument mentors. 
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Figure 36. View inside one half of the science building at the Blackwell Tonkawa Airport 
showing some of the mission computers and stations, 

and control, and monitoring of the payload and instrument status. 

The aircraft quick look data is shared via network with the instrument 
mentors. The quick look data allows the scientists to monitor instrument 
status as well as to preview the data with approximate calibration factors 
to assess the data quality. This capability coupled with the uplink equip- 
ment described below allows the instrument mentor to alter the state of an 
instrument to either improve performance or safeguard the instrument. 
This capability has improved overall capability to identify and possibly cor- 
rect payload system or instrument problems on the spot. 

Science and Operations Tools 

I The mission scientist and controller are provided tools to aid in science 
and operations planning, record keeping, communications, and payload 
adjustment. The tools have access to data from a number of sites at the 
nearby Southern Great Plains (SGP) Cloud and Radiation Testbed 
(CART) as well as other data sources. 

Meteorological data is collected frequently and around the clock from 
various sites and agencies including the National Weather Service, se- 
lected SGP CART sites, and the UAV airport. This data is displayed in 
near real time to assist in scientific as well as flight controller decisions in- 
fluenced by current weather conditions. Satellite images are collected 

I 

- 

74 



and displayed for additional weather tracking. lntemet connection to na- 
tional expert meteorological systems is also available. 

Scientific data is collected and displayed in near real time from selected 
nearby CART sites. This data assists in mission planning and allows the 
scientists to correlate data from ground instruments, airborne sondes, and 
satellite images with measurements and observations from the UAV air- 
craft. : 

The logging capability promotes the capture of time tagged events which 
document the mission and facilitate controller process improvement, and 
mission or data problem identification and correction. The logging system 
is also connected to the aircraft position and attitude data so that these 
can be entered directly in real time into the log. 

Numerous radios allow the mission controller to maintain constant and re- 
liable contact with pilots, ground crews, payload ground station, safety 
personnel, and others. In addition, the mission controller has an uplink 
capability to send commands to individual payload instruments. This 
uplink allows the instrument mentors to reset, shutdown, restart, etc. their 
instruments through the mission controller based on payload and instru- 
ment status information displayed in real time. 

Post-Flight Data Management 
. Post-flight data management takes the full data set (not subsampled) 
collected from the onboard aircraft instruments to a complete, well docu- 
mented data set of known and reasonable quality in a relatively short time 
frame. A great deal of effort is taken to ensure the quality and usability of 
this data. Since the equipment, goals, and conditions shift from mission to 
mission, full, accessible, and careful documentation of each mission, 
flight, and instrument is essential. 

Data Reduction and Value Added 

Raw signal data is collected via telemetry in real-time or via tape (post- 
flight) and stored in preliminary netCDF files by aircraft and data set. 
These files are written to tapes mailed to the off-site, primary data proc- 
essing facility along with the mission logs and instrument lists. 

The processing system merges information from the three sources (tapes, 
logs, and lists) to produce the lowest level (a0) releasable data. During 
this processing, necessary documentation is added, check sums and 
sync points are checked. Some data is byte swapped; other data is un- 
packed and repackaged in a more user-friendly format. The value added 
processing is performed at this stage rather than during the time critical 
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on-site processing. Figure 37 is a schematic showing the flow of data for 
each campaign. 

The level a0 data is distributed to the instrument mentors for additional 
value added processing. The instrument mentors provide validation files 
and derived, higher level (a1,bl) data which is collected by the primary 
processing facility. The netCDF data files are self-documenting and have 
considerable information about the data and limited information about the 
source instrument in the file header. The validation files contain more de- 
tailed information about the data, the source instrument, the processing 
algorithm, calibration factors, and quality check procedures. 

Data Release 

The scientific data and validation files are gathered at the primary proc- 
essing facility and stored in a logical directory structure to facilitate access. 
In addition to the scientific data and validation files, the complete UAV 
mission data set includes a number of files that document the flights both 
operationally and scientifically. Such documentation may include the mis- 
sion experiment plan, a summary of each flight in a mission including the 
weather conditions and items of scientific note by the Mission Scientist, 
the full set of Mission Scientist and Mission Controller logs, flight cards, 
and README files with important notes specific to a mission, flight, air- 

I UAV Data Management System (DMS) 

Hellos 0 

Mlsslon Controlle 

ARM Data System 

Figure 37. Schematic of the Data Management System. 
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. 
craft or instrument. A document explaining the directory structure and 
naming conventions is also provided. In the case where there is collateral 
data not normally archived by the ARM data system, this is collected, 
documented and stored with the UAV program data. 

Data release meetings are typically held midway and at the end of the 
data processing period. The first, or "preliminary", meeting is held after 
the instrument mentors have received all their level a0 data and have 
completed the validation and level a1 processing for one or two flights. 
This meeting is a peer review of the data. Topics for discussion include 
the quality/completeness of the data documentation, the value of the 
measurements (is anything missing?), and preliminary analysis. This 
meeting generally results in a fair number of action items for the data 
processors which are to be resolved before the second and final data re- 
lease meeting. 

During the final data release meeting which is held after all the data has 
been processed, the issues of the first meeting are revisited and the data 
further inspected. Questions about correlation are considered. Plans are 
made for World Wide Web pages to provide a data sampler for potential 
users. 

When the data set is complete, it is transferred to the ARM Archive for ac- 
cess by the general scientific community. The ARM Archive has ade- 
quate space and equipment to keep the data accessible for an extended 
period (-20 years). The ARM Archive has developed a system that al- 
lows users to create data requests or "orders" on line via the Internet. 
These orders are subsequently filled and the user notified to retrieve the 
data by Internet ftp. 

' 
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Transition of Project to the DOE 
From it's inception, the intent of this program has been to develop instru- 
mentation and measurement techniques that could be transferred to other 
agencies - most notably the Department of Energy - for use in their 
programs targeted at reducing the uncertainty in radiation cloud interac- 
tions and hence in greenhouse warming predictions. The Department's 
Atmospheric Radiation Measurements (ARM) Program contains several 
highly instrumented ground based sites aimed at improving the under- 
standing of radiation cloud interactions. The data sets collected at these 
sites will benefit greatly from the addition of data from the UAV borne 
measurement capabilities we have demonstrated in this program, includ- 
ing the ability to create in effect a "geostationary satellite" at the tro- 
popause centered over these Cloud and Radiation Testbeds (CARTS). 

Given the success of the ARSAP program in developing the needed UAV 
measurement techniques and in contributing to the understanding of ra- 
diation cloud interactions, the Department of Energy has agreed to the 

.transition of this program to its own funding structure and to fund it effec- 
tive FY97. The first campaign following transition is scheduled for the 
Oklahoma CART site in Fall of 1997. The resulting data will be processed 
and distributed as part of the ARM data stream. This capability will be 
factored into all future ARM scientific planning and science team activities. 
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Summary 

Chapter l-7 
The Atmospheric Remote Sensing and Assessment Program (ARSAP) 
was jointly conducted by Sandia National Laboratories for the DOE and 
the Naval Research Laboratory for DOD. Its goal was to develop im- 
proved measurements and understanding of the Earth’s atmosphere and 
its response to global change based upon unique DOD and DOE tech- 
nologies. The DOE role focused on the uncertainties associated with cur- 
rent knowledge of cloud-radiation interactions and how these uncertainties 
influence our ability to understand the effects of increasing concentrations 
of greenhouse gases in the atmosphere. 

The DOE side of this effort has developed techniques for the measure- 
ment of atmospheric heating in a well defined layer and then relating this 
measurement to the cloud properties and water vapor contained in the 
layer. This allows the testing and refining of the models that predict at- 
mospheric heating based on such parameters. Succinctly stated, the 
DOE objective was (1) to develop high accuracy measurements tech- 
niques, (2) to use them to make sustained measurements up to the tro- 
popause, and (3) to use these measurements to calibrate existing satel- 
lites and their data products to the accuracy required for climate meas- 
urements, thereby leveraging this national resource. 

It was quickly determined that combined altitude (14 km in the mid lati- 
tudes and 20 km in the tropics) and endurance requirements ( > 24 hrs on 
station) are beyond the capability of manned aircraft and are best met 
using the UAVs that under development by industry. Given this, and 
drawing on DOE and DOD related defense technology, seven new UAV 
compatible (compact, lightweight, and capable of fully autonomous opera- 
tion) instruments were developed to make the kind of atmospheric flux, 
radiance, and cloud measurement measurements needed and at the ac- 
curacy required. The six are (1) the Cloud Detection Lidar, (2) the UAV 
Atmospheric Emitted Radiance Interferometer, (3) the Hemispheric Opti- 
mized Net Radiometer, (4) the Multispectral Pushbroom Imaging Radi- 
ometer, (5) the frost point and laser diode hygrometers, and (6) Scanning 
Spectral Polarimeter. Each is discussed in detail in the main body of this 
report. 

In cooperation with the DOE Atmospheric Radiation Measurement (ARM) 
program, four major field campaigns were undertaken at the Cloud and 
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Atmospheric Radiation Testbed (CART) Site in north central Oklahoma to 
make critically needed atmospheric measurements. During the course of 
these campaigns techniques for using UAVs in conjunction with manned 
aircraft were developed while utilizing many of the new instruments. The 
three to six week campaigns were flown in April 1994, October 1995, April 
1996, and September 1996. During each flight of each campaign, data 
taken by the aircraft were telemetered to the ground for real time analysis 
by the, mission scientist and instrument Principle Investigators (PIS); this 
analysis often resulted in minor modifications to the planned mission 
based on atmospheric conditions and instrument performance. 

Key scientific results from the field campaigns include the profiling of clear 
sky fluxes from near surface to 14 km in altitude with unprecedented ac- 
curacy and the strong indication of cloudy atmosphere absorption of solar 
radiation as much as 50% greater than that predicted by the best extant 
models. These early results were then integrated with related Atmospheric 
Radiation Measurement (ARM) measurements and Computer Hardware, 
Applied Mathematics, and Model Physics (CHAMMP) modeling efforts for 
the development of improved climate models. 

Key technical accomplishments include the first ever use of UAVs for at- 
mospheric research, the flight of UAVs in civilian airspace without chase, 

. precision stacked flight with manned aircraft and a UAV maintaining lat- 
eral separation of a few hundred meters with vertical separations of 
10 km, and a diurnal UAV mission with greater than 24 continuous hours 
on station without refueling. 

82 



Science Team Projects 
1. Cloud and Satellite Instrument Calibration from UAVs; Catherine 

Gautier; University of California, Santa Barbara. 

2. Satellite Calibration and Verification of Remotely Sensed Cloud and 
Radiation Properties Using ARM UAV Data; Patrick Minnis, Thomas 
P. Charlock, and Charles H. Whitlock; NASA Langley Research 
Center. 

3. Surface Characterization and Radiation Modeling for Analyzing Up- 
welling Radiation Measured by Unmanned Aerospace Vehicles and 
Satellites across the CART Site; Weigang Gao, Richard L. Coulter, 
and Barry M. Lesht; Argonne National Laboratory. 

4. Interpretation of Radiation Measurements from Unmanned Aerospace 
Vehicles (UAVs); K. N. Liou; University of Utah. 

5. Sampling Studies for ARM-UAV Missions; Robert F. Cahalan; NASA 
Goddard Space Flight Center. 

6. Studies of Cloud Radiation Fields; Peter H. Daum; Brookhaven Na- 
tional Laboratory. 

7. Direct Measurement of Shortwave Radiative Forcing by Clouds; Ste- 
phen E. Schwartz; Brookhaven National Laboratory. 

8. Research with Unmanned Aerospace Vehicles, UAV Radiation Meas- 
uring System (UAV RAMS); Francisco Valero; Scripps Institution of 
Oceanography. 

9. UAV Applications for Studying the Radiation and Optical Properties of 
Upper Tropospheric Clouds; Graeme L. Stephens and Stephen K. 
Cox; Colorado State University. 

10. High Spectral Resolution Atmospheric Emitted Radiance Studies with 
the ARM UAV; Henry E. Revercomb, William L. Smith, and Robert 0. 
Knuteson; University of Wisconsin, Madison. 

1 1. Remote Sensing of Total Water Vapor and Liquid Water and Profiles 
of Cloud Water Using Microwave Radiometer and Radar Measure- 
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ments; James A. Weinman, Paul E. Racette, and Warren J. Wis- 
combe; NASA Goddard Space Flight Center. 

12. Development of a UAV Mounted 95 GHz Radar System to Conduct 
Scientific Studies of Clouds; Robert E. McIntosh; University of Mas- 
sachusetts. 

V 
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