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1.0. INSTRUMENT PURPOSE AND OVERVIEW:

This instrument will be used to measure optical properties of atmospheric aerosols and clouds and the amounts of H2O, O3 and NO2 by observing both the direct solar beam and angularly resolved scattered radiation from the sky.  It will build on previous multi-channel direct beam sun tracking design, and will incorporate sky scanning capability in the almucantar and principal plane directions, referenced to earth-fixed coordinates.  Collected radiation will be separated into many component wavelengths.  A very high level of radiometric precision is required in all measurements.  The instrument will be deployed on an aircraft.  A fast tracking system will permit the instrument to remain locked on the direct solar beam for extended periods, correcting for motions of the aircraft and sun.  The sky-scanning mode will require additional navigation data to link the aircraft coordinate system to earth coordinates.  

This instrument will be designed to operate on a variety of aircraft, some of which will be remotely piloted or autonomous.  It will be able to locate and track the sun without input from an operator and will have a self-contained data storage system.  In addition, it must interface to an aircraft-provided telemetry system, so as to receive and execute commands from an operator station, and transmit science and instrument-status data to that station.  The operator station is an integral part of the 4STAR instrument and is covered by this requirements document.

The 4STAR instrument is intended to operate in a large variety of geographic locations, a wide range of temperatures, and a wide range of altitudes (from tropical sea level environments to very cold airborne environments), and must accommodate relatively rapid changes in operating environment. The instrument is intended to be lightweight, rugged and stable, and to need little maintenance or service over periods of several months. In particular, it must maintain its radiometric calibration (including window and filter transmittance, as well as detector responsivity and electronic gain) to within 1 % in each spectral channel for periods of several months.

To clarify the following requirements statements, the aircraft coordinate system is defined in figure.1.1


[image: image1.wmf] 

Z

 

X

 

Y=AIRCRAFT 

 

    HEADING

 

THETA

 

PHI

 

ENTRANCE PORT

 

POINTING VECTOR

 

PHI = AZIMUTH ANGLE 

 

EPSILON = ELEVATION ANGLE 

 

THETA = ZENITH ANGLE

 

EPSILON

 


Figure 1.1.  Aircraft coordinate system.   = 0.0 and 0.0 occur when the Entrance Port Pointing Vector (EPPV) coincides with the aircraft heading.  increases clockwise.   increases upward from the XY plane. 

The format of the functional requirements listing will begin with an objective statement of the required functionality, generally avoiding specific direction on a particular design or approach.  Following in italics will be comments that support or clarify the objective requirement statement. 

This document focuses on the functional requirements for an airborne prototype 4STAR, here called 4STAR-AirV1. The intent is that 4STAR-AirV1 will be the first airborne 4STAR, able to be built for reasonable cost while still being capable of performing field missions that demonstrate the scientific value of a spectrometer-based instrument that can measure both direct solar-beam transmission and skylight radiance from an aircraft over altitude ranges and geographic locations that are scientifically important with the primary purpose of investigating aerosol properties and trace gas concentrations. A secondary purpose could be the measurement of cloud properties – the feasibility of such measurements is to be determined based on observations with 4STAR-AirV1. It is anticipated that, after 4STAR-AirV1 has flown several scientific field campaigns, instruments (4STAR-AirV2, etc.) with extended capabilities (e.g., wavelength range or resolution, functional altitude range, weatherproofing, …) will be conceptualized based on that experience. Where appropriate, this document occasionally mentions how later versions might extend the capabilities of 4STAR-AirV1. However, the main focus is on 4STAR-AirV1.
Also relevant is the existing ground prototype, 4STAR-Ground. 4STAR-Ground was developed, and is currently being used and modified, to test the feasibility of various technological methods to be used in 4STAR-Air (e.g., entrance ports, fiber optics, couplings, spectrometers, motors, computer hardware and software). The current document is a working document that is strongly influenced by test results from 4STAR-Ground. Such test results indicate what technological approaches are affordable and likely to produce scientifically useful results from 4STAR-Air. Examples of 4STAR-Ground tests that have influenced, and may in the future influence, this document include measurements of 4STAR-Ground calibration stability, skylight measurements near the sun, spectrometer characteristics, and fiber optic couplings. The general philosophy regarding 4STAR-Ground and 4STAR-Air is that if any technological approach can be tested on the ground, it should be so tested before being incorporated in a 4STAR-Air design.
2.0
OPTICAL MEASUREMENT REQUIREMENTS 

2.1
The instrument will measure spectral and radiometric qualities of the direct solar beam.  As an evolutionary enhancement of multi channel direct beam measurements, finer spectral resolution will permit gas retrievals and will improve aerosol measurements via better aerosol-gas separation.  Vertical profiling requirements will ultimately require that we fly to DC8 altitudes, 45000 ft.

2.1.1
Spectral span and resolution:

2.1.1.1
An ultra violet/visible/near infrared (UVVNIR) sensor will measure the range from 350 nm to 1015 nm with a resolution of 2-3 nm.  Very little light penetrates the atmosphere at wavelengths shorter than 330 nm.  AATS 14 has a channel at 354 nm.  Sensitivity at 350 is a firm requirement for many comparisons such as Raman Lidars and others.
2.1.1.2
A short wave infrared (SWIR) sensor will measure the range from 900 to 2200 nm with 5-10 nm resolution, scaling with wavelength.  This broad range adds accuracy to aerosol retrievals, and permits comparison with retrievals from other (space) instruments.  This comparison will be enhanced by matching of spectral channels.  Use of discrete bands at specific matched wavelengths , (equivalent to AATS) would be a less capable but still useful configuration.  A longwave limit of 1700 nm is a fallback if we can’t implement 2200 nm.  
2.1.2
Spatial span and resolution

2.1.2.1
The instrument must be able to continuously track the sun in the azimuthal  direction, as the aircraft flies in arbitrary heading patterns.  The instrument must be able to access elevation angles from: degrees to +110 degrees.  The instrument must accommodate spiraling flight patterns and elevation scans from the horizon to zenith, plus bank angle.

2.1.3
The instrument must resolve signal amplitudes across 3-4 orders of magnitude, from minimum detectable difference to saturation.  Linear response is most desirable.  The biggest expected signal is at max altitude, with the sun at zenith on Jan 3.  The smallest signal is flying low with the sun above horizon and an AOD of ~2.  (We can’t really work with data if color effects begin to show) 

2.1.4
The instrument sampling interval, coupled with the aircraft ground speed must combine to provide averaged data at a spatial sampling interval of 100 meters in earth coordinates.  Each interval should consist of at least 5 individual samples with statistical data.  This will resolve spatial variability in aerosols, and permit cloud screening.

2.1.5
The instrument will be capable of continuous operation for up to 11 hours duration.  This is driven by missions above the arctic circle.
2.2
The instrument will measure spectral and radiometric properties of scattered light from the atmosphere (sky). 

2.2.1
Spectral span and resolution

2.2.1.1.
A visible/near infrared (UVVNIR) sensor will measure the range from 350 nm to 1015 nm with a resolution of 5nm.  Aeronet is the standard.  We will use similar data analysis algorithms.
2.2.1.2
A short wave infrared (SWIR) sensor will measure the range from 900 to 2200 nm (or 1700 nm) with 5-10 nm resolution.  These measurements will be useful for cloud analysis.
2.2.2
Spatial (angular) span and resolution (in earth reference frame)

2.2.2.1
The instrument will perform scans in the almucantar direction over 360 degrees of range referenced to the sun and aircraft coordinate system, with angular position known to 0.2 deg accuracy.    The justification for the Aeronet sky scan geometry is identified in Holben’s paper “AERONET characterization of S. Asian aerosols: the view from version 2”, presented at SPIE Asia-Pacific Remote Sensing Conference, 3–17 November 2006, Goa Marriott Resort, Panaji, Goa, India.  Extensive discussions with Aeronet team  indicate the need to sample to within 2-3 degrees scattering angle.  
2.2.2.2
The instrument will perform principal plane scan over an elevation range from degreesto +180 degrees referenced to the sun and aircraft coordinate  system, with angular position known to 0.2 degree accuracy.  No additional margin is included here for parking the sensor (see environmental requirements) or aircraft bank angles (see aircraft motion requirements)

2.2.3
The sky radiance measurements must resolve signal amplitudes across 4 orders of magnitude, from minimum detectable difference to saturation.  Linear response is most desirable.    In clear skies, the maximum signal is just off the sun in heavy aerosol atmosphere.  The smallest signal is at 90 degree side scatter in a very clean atmosphere.
.2.2.4
The instrument will complete a pair of almucantar and principal plane scans within 10000 meters of aircraft motion.  This will resolve spatial variability in aerosols, and permit cloud screening.  The MODIS 10km pixel is a point of reference for this requirement.  Jens Redemann proposes this criterion to contain data collection within an atmospheric volume where OD does not change by more than 0.02 over the sampling volume,  This volume is subtended by the angular range of the view angle passing through the ~3km sheet of lower atmosphere.  A test criterion for this condition will be the symmetry of right and left almucantar scans. In addition, intermittent direct beam measurements between almucantar and principal plane scans will be performed to assess variability.

3.
TRACKING SYSTEM 

3.1
The instrument will be fitted with a (2-axis or more) pointing system capable of keeping the instrument pointing on the central plateau of the FOV scan.  The slope of the plateau can be up to 2% per deg.  This enables radiometrically accurate direct beam measurements. 

3.2
The instrument will interface to a subsystem to provide reference data to transform the pointing vector of almucantar and principal plane scan data from aircraft to earth referenced coordinates, to within 0.2 degree accuracy.  This subsystem (e.g. inertial navigation unit) may run its own clock and record the transformation data stream at appropriate update rates to achieve the angular error specification, with an occasional time stamp passed to the tracking system to permit coordinate transformation in post processing.  This approach will not produce true almucantar and principal plane scans owing to aircraft motion, but scattering angles can be accurately computed in post processing.  A related requirement for data synchronization is described in section 4.2.2.  

4.
DATA ACQUISITION SYSTEM (DAS)

4.1
The Instrument will be fitted with onboard instrument controller software to enable the operations listed below.  Instrument control will be initiated and monitored by an instrument operator during all airborne missions.  
4.1.1
Initiate and terminate acquisition of direct beam sun tracking data.

4.1.2
Execute principal plane sky scan.

4.1.3
Execute almucantar plane sky scan.

4.1.4
Park instrument.

4.1.5
Field of view scan, principal and almucantar.

4.1.6
Manual position to arbitrary angle.

4.1.7
Abort and park.  Emergency stop.

4.1.8
Tune initialization parameters (gains, scan parameters etc.)  All gains, limits, data processing parameters, etc. will be initialized in software through initialization files which will be edited in pre-flight or in-flight to modify system performance.
4.1.9
Monitor status and health (including temperatures) of key instrument subsystems.

4.1.10
Execute pre-programmed flight plan.  This is low priority for the initial instrument checkout but will need to be an expansion path for future missions.

4.2
The instrument will be fitted with a separate onboard data storage partition adequate to capture continuous raw and processed data for mission duration as specified in section 2.1.5.  A separate data partition is recommended to avoid cross-contamination of the boot partition in the event of in-flight crashes. 
4.2.1
All raw data will be saved.

4.2.2
The data acquisition system will import a timing synchronization stamp with better than 1 msec accuracy to permit post processed position and attitude correction.  The instrument will not include an inertial navigation unit (INU) but will rely on an aircraft system (e.g. Applanix Pos-AV) to provide accurate position and attitude data.  An interface process running on the DAS will manage this time registration.  A time code stamp (e.g.Net 106: IRIG-B over UDP) may be useful in this context.  

4.3
The instrument will perform onboard data processing.  Automatic “quick look” processing will be performed to display data to the operator for evaluation of target acquisition and data integrity and to interface with the mission manager in a timely way to maximize mission productivity.
4.3.1
Operator initiated software will automatically calculate retrievals of AOD, water vapor, and potentially O3.  AATS experience is the precedent for this.
4.3.2
A background process will read and process systems health data, and will send an alarm to the operator console when systems health parameters are out of range.

5.
ENVIRONMENT

5.1
The instrument will operate at altitudes from 0 to 45000 ft. MSL at all latitudes.  The instrument must operate reliably in the pressure, temperature, and relative humidity levels corresponding to the maximum expected variability from the standard atmosphere over these altitude and latitude ranges.  45000 ft is ceiling of DC-8.  
5.2
The instrument will operate reliability within the vibratory environments measured on the following aircraft (see aircraft user guides for accelerometer plots).  Aircraft vibration spectra identify particular resonances that  need to be avoided in the instrument structure.  Shake table testing at the resonances shown in the figures below will identify potential vibration problems, which can be mitigated with isolation and damping elements.
5.2.1
NASA DC-8 aircraft

5.2.2
NASA Wallops P-3 aircraft

5.2.3
PNNL G-1 aircraft

5.2.4
C-130 aircraft

5.2.5
Twin Otter aircraft (CIRPAS)

5.3
The instrument and all components will be capable of sustaining an 8-G rear-ward and a 3-G upward acceleration without breaking free.  These are crash-worthiness requirements for NASA manned laboratory aircraft.

5.4
The pointing system must maintain the pointing accuracy specific in section 3.1 subject to aircraft platform motion consistent with cruise and maneuvering flight.  The following attitude limits and rates are consistent with previously successful designs.  This environmental specification is a function of aircraft wing loading, airframe inertia, flight control parameters, pilot inputs, and atmospheric forcing.
5.4.1
Roll: 25 degree bank angle; 6 degrees/sec rate. Roll is the least stable for most aircraft owing to high control surface forces and low fuselage inertia about this axis.  AATS 14 is 4-6 deg/sec.  Turbulence will be problematic.  Will want to track the sun through a spiral but probably not low on the horizon.
5.4.2
Pitch: 25 degree climb/descent; 3 deg/sec rate.  Pitch rates are lower owing to higher fuselage inertia.
5.4.3
Yaw: continuously variable heading; 6 degrees/sec rate.  Yaw rate is derived from turning radius.  
5.4
Instrument components and materials will be selected to be compatible with operation in a pressurized aircraft (i.e. human-occupied confined space).  This is a safety requirement and will impact motor type, wiring insulation, and other materials that might out-gas.  Beware of brushed motors
6.
INTERFACES

6.1
The instrument head will be mounted into a port in the top surface of the aircraft.  An accompanying half-height 19 inch instrument rack will interface to the head via a wire/fiber optic cable. 

6.1.1
The instrument head weight will not exceed 50 lbs.  The accompanying instrument rack will not exceed 100 lbs. If instrument is built as a can design (such as AATS-14 then the total weight shall not exceed 140 lbs. The target weight is much lighter
6.1.2
The instrument head volume will not exceed that of a sphere 8 inches in radius, plus a supporting pedestal
6.1.3
The instrument head mounting interface will conform to the bolt circle used by AATS-14.

6.1.4
The instrument rack will not exceed the envelope of a standard DC-8 rack.  Target is half rack.
6.2
The instrument will draw electrical power from the host aircraft.

6.2.1
The operating voltage will be nominally 28 VDC, with limits of 22-30 VDC.

6.2.2
The instrument current draw will not exceed TBD amps in startup and TBD amps steady state.

6.2.2
The instrument will operate with electrical power noise levels of up to TBD volts of ripple at frequencies between 60 and 440 Hz and spiking up to TBD volts from nominal.

6.3
An Instrument Operator interface will be implemented over a network connection to the DAS.  When manned aircraft are used the operator will be aboard the aircraft.  For UAS missions, control must be accomplished over a telemetry link using a network process.  For simplicity of implementation and consistent operation, direct console connections for keyboard, mouse, and monitor are not recommended.  This will require a separate laptop for flight operator mode.
7.
OPERATIONS

7.1
Aircraft flight track requirements:  Primary data acquisition mode for sky scanning will be during constant altitude, wings-level flight legs.

7.2
Special operations:

7.2.1
Repetitive patterns (circles, squares, or racetracks) permit spatially localized measurements.
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