CanEX-SM10 June 2010 – Saskatchewan, Canada

Aircraft Data Documentation

Brief Overview of Data Delivered on February 18th, 2011:

The Microsoft Word document entitled, ‘Flight Narrative CanEx-SM10.doc’ is a summary of events recorded during each flight for the entire campaign. This summary document is based on the more detailed flight notes recorded in-flight. The more detailed notes can be found in the accompanying Microsoft Excel files (e.g. flight_notes_100601f1.xls). 

The science ready Twin Otter aircraft data files are comma-delimited, with a *.wri extension. These files can be opened in any software that reads comma-delimited format.  The naming convention of the data files reflects the date and flight number of the day (e.g. 100601f1.wri is the file name for flight #1 recorded on June 1st, 2010). The data are provided from time of take-off to time of touch-down. 

The Microsoft Excel document ‘Aircraft Data Files – Output Variables Metadata.xls’ contains a table that lists the header name for each output variable in the science ready *.wri files. These header names are linked to the full name of the output variable, along with a comment describing the variable, and an indication on whether this variable is based on calibrated/corrected data. 

A much more detailed description of all Twin Otter aircraft instrumentation, recorded data, and derived parameters can be found in the Microsoft Word document entitled: ‘CanEX-SM10 Twin Otter Airborne Data Documentation.doc’ which will be posted in the next week.
Peter Toose
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[image: image1.png]Header Name Output Variable Comments CorrectediCalibrated?
HH 00004 GMT Hour M300 time in hours - synchronized with the WWWVB Atomic Clock time signal Yes
M 00005 GMT Minte M300 time in minutes - synchronized with the WWVE Atomic Clock time signal Yes
ss 00006 GMT Second M300 time in seconds - synchronized with the WWVB Atomic Clock time signal Yes
NovateLat 05129 Novatel GPS Latitude (decimal degrees) |Aircratt position - lattiude (decimal degrees) -
NovateLong 05130 NovAtel GPS Longitue (decimal degrees) |Aircratt position - longitude (decimal degrees) -
GPS_Ht 06062 GPS Orthometric Height (m) GPS height above the elipsoid (m) -
GPSAGL 068070 GPS AGL Height (m) Computed above ground attitude (m) - subtract terrain height from GPS orthometric height Yes
RAItV 05282 Honeywell RadAlt Altue Version 3 (m AGL) |Adjusted Above ground altitude (m) - Offset applied (-4.8m) to all values of all fights Yes
HDG_H 05323 AR Honeywell Heading (Deg T) |Aircratt heating (direction in degrees from True North, 0=North) -
PitAng 05015 INS PITCH ANGLE (Deg) |Aircratt atttude in degrees - Interial Reference System -
Rolang 05016 INS ROLL ANGLE (Deg) |Aircratt atttude in degrees - Inertial Reference System -
Nov_GS 05199 NovAtel Ground Speed (mis) |Aircratt Ground Speed (mis) -
NWDIr 05136 Novatel Horizontal Wind Direction (Deg T) Horizontal wind (direction in degrees from True North, 0=North) -
NwSpd 05137 Novatel Horizontal Wind Speed (m/s) Horizontal Wind (mis) -
Nverws 05140 NovAtel Vertical Wind (ms up is positive) Vertical Wind (mfs) Up is positive -
STemp 05107 STARBOARD STATIC TEMP (Deg C) Outside Air Temperature - 102DJ1CG heated temperature probes (°C) -
DEWPT 05108 EG-G DEWPOINT TEMP (Deg C) Outside Air Dewpoint Temperature - EG & G Madel 137 Cambridge dew paint sensor (°C) -
NPres 05039 Nose Corrected Pressure (mh) Outside corrected air pressure (mb) Yes
KT19 05252 Nadir KT-18 Surface Temperature (Deg C) INRC nadir viewing Heitronics KT-12 infrared pyrometer with a 2.7 deg field of view (°C) Yes
SIRDn 10022 SOLAR RADIATION UP (Wim2) Kipp and Zonen CM-11 pyranometer - 305-2800 nm (Wim2) Yes
SIRUp 10023 SOLAR RADIATION DOWN (Wim2) Kipp and Zonen CM-11 pyranometer - 305-2800 nm (Wim2) Yes
NetRad 05216 NET RADIATION (Wim2) (Kc‘pn;aa:ydraznngrennetifarészeét?na:;:renz\e{ce(;gv:%ze)nmeters 5000-50000 nm ) te
Sats-A 05207 SATSIM-A (Wim2) LanSat simulator - Channel A 47-521 nm (W/m2) Yes
Sat5-B 05208 SATSIN-B (Wim2) LanSat simulator - Channel B: 523-585 nm (Wim2) Yes
Sats-C 05209 SATSIM-C (Wim2) LanSat simulator - Channel C: 630-887 nm (Wim2) Yes
Sats-D 05210 SATSIM-D (Wim2) LanSat simulator - Channel D: 762-887 nm (Wim2) Yes
Grnind 05211 GREENESS INDEX Skye Industries measures ratio of near-infrared (730 nm) to red (660 nm) radiation No
1p4GHzFLat  |05288 1p4 GHz Latituce of Footprint (deg) Computed latitude for the 1.4 GHz radiometer footprint (decimal degrees) -
1p4GHzFLon  |05289 1p4 GHz Longitude of Footprint (deg) Computed longitude for the 1.4 GHz radiometer footprint (decimal degrees) -
193780FLat  |05283 Bpd_18-37-89 GHz Latitude of Footprint (deg) Computed latitude for the 19, 37 & 89 (and 6.9) GHz radiometers footprint (decimal degrees) -
193780FLon  |05284 Bpg-18-37-89 GHz Longitule of Footprint (deg) Computed longitude for the 19, 37 & 89 (and B.9) GHz radiometers footprint (decimal degrees) -
SKT18 05270 Side KT-18 Surface Temperature (Deg C) EC side looking (53° angle) Heitronics KT-19 infrared pyrometer with a 2.7 deg field of view (°C) | No - But compared well with to Nadi KT12
14FVSky 10329 1 4GHz Vertical Brightness Temperature (Deg K) Computed calibrated 14V GHz brightness temperatures (K) Yes
1.4PHSky 10330 1 4GHz Horizontal Brightness Temperature (Deg K) Computed calibrated 1 4H GHz brightness temperatures (K) Yes
6.2HBT 10380 6.9GHz Horizontal Brightness Temperature (Deg K) Computed calibrated .9H GHz brightness temperatures (K) - Vertical channel failed Yes
19GHZV3V  |10431 196Hz Vertical Brightness Temperature (Deg K) Computed calibrated 19V GHz brightness temperatures (K) Yes
19GHZVIH  |10432 196Hz Horizontal Brightness Temperature (Deg K) Computed calbrated 19H GHz brightness temperatures (K) Yes
37GHzVaY  [1043337GHz Vertical Brightness Temperature (Deg K) Computed calibrated 37V GHz brightness temperatures (K) Yes
37GHzVAH 10434 37GHz Horizontal Brightness Temperature (Deg K) Computed calibrated 37H GHz brightness temperatures (K) Yes
89GHzVav  |10435 83GHz Vertical Brightness Temperature (Deg K) Computed calibrated 88V GHz brightness temperatures (K) Yes
83GHzV3H  |10435 BIGHz Horizontal Brighiness Temperature (Deg K) Computed calibrated 88H GHz brightness temperatures (K) Yes






CanEX-SM10 Twin Otter Airborne Data Documentation

This report documents the Twin Otter flight operations in this project, and includes descriptions of the aircraft instrumentation, real-time airborne software, and the recorded data parameters. The Environment Canada (EC) Data Acquisition System (DAS) recorded data from the EC radiometers separately from the National Research Council (NRC) DAS. Figure 1 shows the NRC Twin Otter atmospheric research aircraft.
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1.0 Instrumentation and Derived Parameters

Figure 2. is a schematic diagram of the Twin Otter showing the mounting locations of the typical aircraft instrumentation as well as some of the specific instruments flown in this project. The five EC radiometers as well as other instrumentation are labeled for easy identification. Table 2. lists the sensors, type of output signal, and the label of the associated variables in the aircraft airborne software system.

[image: image3.png]Global positioning
system antenna

Console, keyboard & navigation NRC DAS

system controls
EC crew station
Data display
19,37,89 GHz

Dew point sensor radiometers

Nose Li-COR

CO2/H20 analyzer Laser altimeter

Side-looking video camera

Rosemount 858 —— ¥

(a,p, airspeed, altitude )

Video Camera “_/
Altitude gyro
Radio Altimeter

KT-19 surface temperature
sensor

1.4 GHz radiometer

FRL Integrated

HG1700 INSIGPS 6.9 GHz radiometer

Rosemount temperature
Probes (2 port, 1 starboard) Wingtip solar radiometer

LandSatT™M
Simulator




1.1 NRC Position and EC Altitude

The Twin Otter is equipped with a Trimble Model TNL-8100 GPS navigation system, which was used to provide flight track guidance to the pilots and for recording aircraft position and velocity data. To fly the desired flight tracks for the radiometer acquisitions, GPS navigation was used, with heading and cross-track deviation fed to the pilot’s flight director and HIS in the instrument panel. A second display, featuring track-angle error in addition to the cross-track deviation, was mounted atop the glare-shield of the instrument panel, well within the pilot’s heads-up scan. This display was driven by the airborne microprocessor and had a full-range deviation of +/- 0.5 nautical miles.

Aircraft position data was also available from the Litton LTN90-100 Inertial Reference System (LTN90 IRS). This system is subject to the Schuler Oscillation, due to which the indicated position can drift in error up to approximately 2 nautical miles over an hour. Finally, a third set of position data was provided by the NovAtel RT-20 GPS. Data recorded from the Novatel included heigh above sea level to an accuracy of about 5-10 m, as the GPS was not operated in the differential mode with an accompanying ground station. 
The aircraft’s latitude and longitude coordinates are taken from the NovAtel GPS, and these values were used to compute the offset of the microwave radiometer footprint location. The GPS uses/produces latitude and longitude coordinates using the WGS84 datum
Absolute height above the terrain was measured by a newly installed Honeywell HG9550 radar altimeter. System accuracy of this radar altimeter is enhanced by a self-calibrating, digital signal processing design. Altitude accuracy is approximately 100ft (30m) when flying between 5,001 to 10,000 ft which is within the range of flying height for the majority of the CanEx-SM10 research campaign. However, this radar altimeter information was not available to the pilot during flight, but instead was monitored by the EC personnel running the EC DAS. The pilot maintained a consistent altitude by monitoring a pressure height above sea level, that was computed from the measurement of static pressure corrected for altimeter setting. If any deviations from the preferred flying height of 2340m was noted by the EC personnel using the more accurate radar altimeter, the pilot was notified and the flying height was corrected.
The newly installed radar altimeter caused the DAS to crash for the first three project flights (June 1st and June 2nd), and therefore no radar altimeter data was collected during this time period. As a substitute, the aircraft’s height above ground was estimated using the NovAtel GPS height above sea level in the aircraft’s navigation system and the 1:250,000 Canadian Digital Elevation Data terrain information downloaded from (http://www.geobase.ca/geobase/en/data/cded/index.html accessed May 2010). The aircraft’s position was plotted out during flight and the terrain height directly below the aircraft was extracted. The terrain height was then subtracted from the GPS height to get an estimate on the aircraft’s true height above ground. A comparison of the GPS altitude and the radar altitude was done for each flight along the lake flight tracks (consistent elevation). The GPS altitude corrected for terrain height was typically within 4-12m of the radar altitude making the GPS altitude a suitable substitute for aircraft height above ground information.
1.2 Air Data and GPS Winds

The Twin Otter is instrumented to measure the three orthogonal components of atmospheric motion over a frequency range from 0 to 10 Hz. The true wind velocity is derived from the vector difference between the air velocity relative to the aircraft and aircraft ‘inertial’ velocity relative to the ground (strictly speaking, the rotating Earth is not an inertial frame of reference, but for ease of expression the term ‘inertial’ in this report will mean ‘relative to the Earth’). Air motion relative to the aircraft is measured by a nose-mounted gust boom incorporating a Rosemount 858AJ28 5-hole probe. This device and the associated pressure transducers measure statis pressure (altitude), dynamic pressure (air speed) and the angles of attack and sideslip. The primary system on the aircraft for the measurement of the inertial velocity vector is the LTN90 IRS. 

The NovAtel RT-20 GPS system measures aircraft position and velocities to a greater accuracy and at a higher data-rate than the Trimble GPS. The NovAtel velocities are normally used in the aircraft software and in the ground-based playback system to compute a set of 3-axis wind velocities. In order to compute the vertical wind velocity, the aircraft software employs a complimentary filtering routine in which the low frequency contribution to the inertial velocity is provided by the rate of change of pressure altitude, and the high frequency components are derived from the MP-1 Motion-Pak containing three-axis accelerometers and rate gyros. The horizontal wind components are derived using the north and east components of the Trimble GPS-measured groundspeed.  
1.3 NRC Air Temperature and Dew point

Two 102DJ1CG heated temperature probes were carried on the Twin Otter during this project, one on either side of the nose. In the Twin Otter cockpit, function switch # 5 on the computer console is used to select which temperature probe is used to in the NRC DAS to derive true airspeed and static temperature. Dew point temperature was measured using an E,G & G Model 137 Cambridge dew point sensor mounted on the starboard side of the Twin Otter nose. 
1.4 NRC & EC Surface Temperature

Radiometric surface temperature was measured on the Twin Otter by two Heitronics KT-19 infrared pyrometer with a 2.7 deg field of view. The NRC KT-19 is mounted underneath the aircraft and is nadir viewing. The EC KT-19 is side-looking mounted in the special baggage door that contains the EC high frequency microwave radiometers, and is mounted at the same 53 degree incident angle as the radiometers. Both KT-19s provide a digital output through an RS-232 interface board and features a stable calibration, a wide operational temperature range, and programmable settings for frequency response and signal/noise ratio. The KT-19 unit was programmed for a 30ms response time. NRC calibrated their nadir viewing KT-19, and applied this calibration to recorded data during post-campaign processing. The EC KT-19 was not calibrated, but a comparison of the average KT-19 temperatures for each science flight between the calibrated nadir viewing and the side-looking sensors showed good agreement, and therefore no post-campaign calibration was conducted.
1.5 NRC Radiometers

The incident solar radiation and reflected solar radiation were measured with Kipp and Zonen CM-11 pyranometers with a 305-2800 nm spectral range. The upward-facing radiometer was mounted on the aft fuselage of the aircraft, which was tapered. It was mounted such that its sensing axis was canted forward 3 degrees relative to the IRS vertical axis to compensate for the mean pitch angle of the aircraft in flight. In the data analysis routine, software has been developed to continuously correct the upward radiometer reading for its mounting alignment and for variation in the heading, pitch and roll attitudes of the aircraft. The accuracy of these radiometers is dependent on the temperature within the radiometer housing, which is recorded during flight and used in the real-time airborne software program to apply a temperature correction.

A Kipp and Zonen CNR-1 Net Radiometer was also installed in a specially modified port wing-tip. For this installation, the case of the NCR-1 also had to be modified to increase its thickness to match that of the wingtip, i.e., to ensure each radiometer had a 180 deg field of view. The CNR-1 consists of the CM3 pyranometers (18 s time constant, 305-2800nm spectral range), and CG3 pyrgeometers (18 s time constant, 5000-50000nm spectral range). It can be configured to measure the four separate outputs from the radiometers, or to measure the net radiation only. The latter mode was chosen for the Twin otter, since the incident and reflected solar radiation are already measured by the CM-11 pyranometers mounted atop and beneath the fuselage. The net radiation sensor was calibrated prior to the campaign in-house at Environment Canada. 
The following notes on the radiometers used for measuring solar radiation are based on previous aircraft campaigns and do not necessarily reflect the measurements recorded during the CanEx-SM10 campaign: A heading-related bias has been observed in the wingtip net radiation values to be as much as +/- 30 Wm2, depending on whether the aircraft was flying away from or towards the sun. This observed bias was likely caused by the mount angle of the radiometers not being large enough to account for the average pitch angle of the aircraft during flight. Also, flight averaged net radiation values from the wingtip radiometer have been observed to be larger than the calculated net radiation from the fuselage mounted radiometers by approximately 50 Wm2. During previous campaigns, the higher net radiation from the wingtip radiometers better matched local tower measurements, indicating more reliable net radiation measurements.
The Twin Otter carried both an upward- and downward-looking Skye Industries Vegetation Greenness Indicator, which measures a ratio of near-infrared (730 nm) to red (660 nm) radiation. The downward reading can be correlated with the density of green vegetation beneath the aircraft. The upward-facing unit was installed to allow a possible normalization of the downward reading to remove small changes seen in past projects associated with the variations in total solar radiation, such as those encountered in the shadows of clouds. Although the greenness index is a good indicator of relative changes in vegetative cover, caution should be exercised in comparing the absolute value of the greenness index with data collected in previous projects
A downward-looking Exotech 100BX satellite simulator is mounted within the port wing of the Twin Otter. This simultaneously measures reflected radiation over four wavelength bands, and can be configured to simulate two modes of Landsat operation (MSS and TM), as well as the SPOT (three channels only). It has a faster response than the other radiometers discussed above, and considerable flexibility in terms of viewing angles and output signal voltage ranges. It was configured in the LandSat TM mode with a 15 deg field of view for this project, with the following wavelength bands:




Channel A: 457-521 nm 




Channel B: 523-595 nm




Channel C: 630-687 nm




Channel D: 762-897 nm

The Exotch 100BX satellite simulator was calibrated before the aircraft campaign by measuring the spectral responsivity of the four channel Si photodiode of the radiometer. The measured QMS uncertainty of the spectral responsivity calibrations using the VIS-IT grating & tungsten source was ~0.5% for the wavelength range of the Exotech instrument.

In previous campaigns, a greenness index computed from the ratio of the Exotech Channel D to Channel C signals showed more structure and had a faster response than that of the Skye Industries device. 
1.6 NRC Video

The Twin Otter carries a VHS video recording system with two cameras, one mounted under the nose with a view angle along the flight path, and the other mounted in the special baggage door with the high frequency radiometers (Figure 4), on the aft, portside of the aircraft. This camera looks down at an angle of 53 degrees to correspond with the high frequency radiometers. A toggle switch on the cockpit console is used to select which camera is being recorded. For this entire program, the aft, portside camera view was selected to document the radiometer footprint during each science flight. A data block is superimposed on the video image listing the GMT, aircraft altitude, heading and geographical position. The audio channel on the VHS tape records all crew conversation on the aircraft intercom, as well as all radio transmissions.

1.7 NRC Data Acquisition

The computer system on the Twin Otter is the industry-standard VME backplane. The real time operating system is Microware’s. A user interacts with the computer in three ways. These include a keyboard, function switches and a VGA LCD monitor.
The airborne software program is not a single executable program, but is comprised of a number of separate executable programs that communicate via shared memory and event. The main process of the data acquisition program runs at 32Hz and reads all of the synchronous data. The asynchronous data are collected by separate processes and pass to the main program via shared memory. The core of the system is driven by the A/D converters. The analog signals are conditioned with a two-phase filtering process. First the signals pass through hardware signal conditioning where each signal is low-pass filtered at 100Hz, amplified and biased. The signal is then digitally sampled at a rate of 256Hz. A digital 47-point 10Hz low-pass finite input response (FIR) filter is applied and the data is decimated down to 32 Hz. The 10Hz low-pass filter implies that, when the aircraft flies at a typical true airspeed of 60m/s, the minimum resolvable wavelength of the Twin otter measurements is about 6m.

The data from the VME computer is broadcast on a network connection to a laptop computer mounted at the forward crew station, where the data is recorded on a flash memory card. Post flight, the data from the flash memory card is then used to create the CD-ROM that is used in the subsequent post-processing/analysis and archiving. The format of the data is specified in a header block that is written to the data file when the program first starts up. This allows for a variable size data block that can easily be changed as needed for a project. The parameters are stored in engineering units for maximum precision. 

1.7.1 EC Data Acquisition System

EC’s DAS was installed on a rack in the cabin of the aircraft. The data transfer between the NRC DAS and the EC DAS was done via a DRV11W hardware interface configured to use direct memory access (DMA) transfers. 
The EC DAS was run by an operator seated in front of the system, who monitored the data being collected via an LCD screen showing a real-time uncalibrated data display. The operator could change the format of the real-time data display using a keyboard and track-ball mouse. After the initial start of the DAS, the EC operator would synchronize the DAS time stamp with a wrist watch that uses the WWVB Atomic Clock time signal transmitted from Colorado via radio communication. Flight notes were recorded by the operator during flight, making note of any unusual radiometer response, change in weather, aircraft heading, or observed Radio Frequency Inference (RFI). These notes were recorded on a laptop using Microsoft Excel, with each note entry being time stamped for cross-reference with the EC DAS time stamp. A single excel file containing notes was created for each flight of the campaign with a naming convention that provided the date of the flight ‘yymmdd’ and the flight number of the day ‘f#’ (e.g. ‘flight_notes_100606f1.xls’). In-addition, a single Microsoft Word document was created at the end of the campaign that summarized the major events/highlights/problems for each flight, for the entire campaign. This document is referred to as the ‘Flight Narrative CanEx-SM10.doc’. Both the detailed and summary notes are provided along with final aircraft data files. 
1.8 Playback and Archive Software

Immediately after the flight, the data file is read from the flash memory card into a portable PC and the data are reformatted and written to a CD-ROM. Two types of files are stored on this CD:
1. A direct copy of the entire flight data file with all parameters in the FRL data format, at 32Hz

2. A file written in the FRL’s ‘Playback’ format, for all parameters at 1 Hz. This file is used primarily for ‘quick-look’ purposes to ensure data quality, and for input to the FRL Playback program to produce flight track plots and analog plots of selected parameters.

After the field campaign the aircraft data undergoes processing both by NRC and EC personnel. During post-processing, corrections and calibration coefficients are applied to recorded data. In-addition, new parameters are computed based on recorded data. Some of the corrected and calibrated data and derived parameters for this project include radiometer footprint locations, radiometer brightness temperatures, KT-19 surface temperatures, atmospheric pressure, and radar altimeter and GPS above-ground-level heights. 
Once the recorded aircraft data has been updated and corrected, variables recorded by the EC DAS must be re-integrated with re-computed NRC DAS data. The archiving and playback software can be used to do this. Much of the recorded NRC and EC aircraft data is recorded at very fast sampling intervals (32 Hz), however the radiometers have a sampling interval of approximately 1 Hz, making it necessary to average the 32 Hz down to 1 Hz for integration with the radiometer data. The integrated data is then added to the archive. When the archive is finished, ASCII files are created by using a program that searches and extracts from the 1-second archive files. This program is an in-house created database program called ‘TableMkr’, which must be used because the archive binary files are in a non-standard format. The final output files are created in TableMkr by specifying the desired output variables, header names and number formats and then running the extraction tool.
2.0 EC Microwave Radiometers

Airborne brightness temperature data were acquired from dual-polarized 1.4, 6.9, 19, 37, and 89 GHz microwave radiometers mounted on the port-side of the NRC Twin Otter aircraft (Figure 3 and Figure 4). The high frequency radiometers (>1.4 GHz) are mounted on the aircraft at a 53º incidence angle to simulate the earth-viewing characteristics of the satellite–based SSM/I and AMSR-E passive microwave sensors. The 19, 37 and 89 GHz radiometers all have the same 6º half-power beamwidth and are mounted in a special baggage door, just to the rear of the passenger doors. Additionally, a video camera and a KT-19 infrared surface temperature sensor are also mounted in the baggage door with the same orientation as the high frequency radiometers, such that all sensors point to the same spot on the ground. The 6.9 GHz has a 9º half-power beamwidth and is mounted in a specially designed pod just below the passenger/cargo doors, on the aft, portside underbelly of the aircraft. The 1.4 GHz radiometer is mounted with a 40º incidence angle to simulate the Soil Moisture and Ocean Salinity (SMOS) satellite and uses a 30º half-power beamwidth. The 1.4 GHz radiometer antenna array is mounted externally on the cargo door adjacent to the passenger door.
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2.1 Radiometer “Footprint” calculations

The area on the ground where the radiometers “are looking” is referred to as the radiometer footprint or “Field of View” (FOV). The FOV varies for each radiometer, and is dependent on the altitude, position and speed of the aircraft, in-addition to the radiometers view angle and beamwidth. The aircraft is typically flown at 110 nautical mph during science flights, or approximately 60m/sec, and with a radiometer integration time of approximately 1 second, the additional ground viewed by the radiometer as the plane travels forward is typically only 60m. Flying at an altitude of over 2900m makes this 60m contribution to the FOV size largely negligible and will be ignored in this project. 

The first step in calculating the dimensions of the airborne radiometers FOV is to calculate the offset of the radiometer’s footprint from the aircrafts flight track. This was necessary because the radiometers do not point vertically down, but rather obliquely. The amount of offset was dependent on the height above ground, and varied between the high frequency and 1.4 GHz radiometers due to the different mount angles on the aircraft. The latitude and longitude coordinates for the approximate centre of the radiometers footprint are computed taking into account the aircrafts’ GPS position, altitude, pitch, roll and mount angle of each radiometer. The TB’s are tagged with latitude/longitude coordinates at the initial onset of the radiometer integration time, representing the location on the surface of the earth where the radiometers begin acquiring data. They stop acquiring data after approximately 1 second, and then the cycle is repeated. These calculations are computed on the fly as the data is acquired. 
The next step is to use the radiometer’s beamwidth, view angle and height above ground to estimate the dimensions of the FOV around the footprint lat/lon. Table 2 presents the varying footprint sizes for each radiometer at different flying heights based on the unique beamwidth and view angle of each radiometer. The goal of the science flights was to “paint” the entire study area with overlapping 1.4 GHz radiometer measurements. Due to the large size of the study area, a large footprint size was needed. In-addition, the Twin Otter was not equipped with an oxygen dispensing system, and therefore the aircraft had to remain below a pressure altitude of 3,000m. Due to the Twin Otter navigation computer (Trimble TNL-8100) only being able to fly at lateral offsets in multiples of a tenth of a nautical mile, only specific flying heights could be flown accurately (see Table 2). The study area around Saskatoon is generally 600m above sea level, and therefore a flying height of 2341m was identified as the preferred choice. which meant that the Twin Otter aircraft flew an offset of 1.2 nautical miles from the swath centerline. The corresponding footprint sizes at this flying altitude for each radiometer are highlighted in Table 2.
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A graphical representation of the approximate size, shape and orientation of the radiometer FOV is provided in Figure 5. Each grid in the Figure 5 graph represents a distance of 250m. The three different FOVs are colour coded based on their frequency. This colour code matches the colour coded highlights in Table 1. The basic shape of the 1.4 GHz radiometer FOV is much larger in the far range compared to the near range. Also, it is important to note that the high frequency radiometer swath centrelines do not match those of the 1.4 GHz radiometer. The diagonal lines extending from the aircraft in the Y-axis of Figure 5 represents the extent of the beam of the radiometers. The solid colour ellipses in the top right hand side of the Figure 5 graph represent the radiometer Instantaneous Field of View (IFOV) on the ground (assuming a flat surface).
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Within the distributed data files, each science flight has three sets of latitude/longitude coordinates (WGS84 datum) associated with each recorded measurement. These include the aircraft’s lat/lon position (NovateLat, NovateLong), the 1.4 GHz footprint lat/lon position (1p4GHzFLat, 1p4GHzFLon), and the 19, 37, 89 and 6.9 GHz footprint lat/lon position (193789Flat, 193789Flon). Although the beamwidth varies slightly between the 19, 37, 89 GHz and 6.9 GHz radiometers, the actual footprint lat/lons are so close, that it wasn’t deemed necessary to add a forth set of latitude longitude coordinates to the final output files.

Figure 6 illustrates the Twin Otter’s flight tracks by plotting up the latitude/longitude coordinates for the aircraft’s position during flights 1 & 2 on June 6th over the Kenaston study area. This a typical example of a day’s worth of science flights over the Kenaston area. You will note that the aircraft approached the study area from the north (coming from Saskatoon) and proceeded to fly the northern half of the study grid (green points/lines). The aircraft then continued past the grid to the southwest to fly over Lake Diefenbaker, using the surface of the lake as a calibration source. After flying over the lake, the Twin Otter proceeded to the Hanley Airfield for refueling and sky calibrations of the 1.4 GHz. The second flight took off from Hanley (purple points/lines), and repeated a flight line flown during the first flight of the day, and then flew over the southern portion of the study grid. The flight then finished with another overpass of Lake Diefenbaker and returned to Hanley. Note that the lines are relatively straight and continuous, as the aircraft maintained a consistent heading along each flight track. 
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Figure 7 & 8 illustrates radiometer swath centerlines by plotting up the latitude/longitude coordinates for the position of the 1.4 GHz radiometer footprint and the 19, 37, 89 and 6.9 GHz radiometer footprints respectively during flights 1 & 2 on June 6th over the Kenaston study area. You will note that the swath centrelines are not as straight as those of the aircraft’s flight track. This can be explained by the aircraft’s changing pitch and roll, and changes in altitude, due both to in-flight turbulence and changes in the ground elevation below the aircraft. The heading remains consistent, but the plane itself has very many small movements, that affect the positioning of the radiometer footprints. Also, you will note that at the very eastern edge of the study grid, the radiometer footprint latitude/longitude coordinates appear spread out in very large sweeping turns. This is because the aircraft has gone into a steep bank turn to starboard to line up for 
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the next flight track, and the radiometers are now looking out towards the horizon, and therefore the calculated footprint location is actually very far from the aircraft itself. If the radiometer looks above the horizon, in theory, the footprint location is off the earth. If this occurs, the current software program assigns the footprint lat/lons the same value as the aircraft lat/lons. At the far western half of the grid, the aircraft utilizes a steep bank turn to port, pointing the radiometers towards the ground, and therefore, the footprint lat/lons are concentrated at the end of each flight track. There are slight differences between the positioning of the swath centerlines shown in Figures 7 & 8 of the high frequency lat/lons and the 1.4 GHz lat/ons, due to the different mount angles on the aircraft, resulting in different swath patterns and slightly overlapping FOVs that were illustrated in Figure 5.
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Figures 7 & 8 illustrate the need to properly filter the data before using it for analysis because many of the radiometer measurements recorded during flight are radiometrically useless for soil moisture analysis because they are looking out towards the horizon, or have been recorded at extreme incident angles. One method of filtering might be to filter out all airborne measurements recorded during extreme roll events (i.e. during steep bank turns). Or the method I have used most commonly in the past is to import the data into a GIS software program (ArcGIS), and filter out all the airborne measurements that occur past the end of the planned swathlines, including the part right before the end, as the pilots often begin the turn into the next flight track before the last track officially ends. Figure 9 provides an example what the filtered 1.4 GHz radiometer footprint June 6th science flight over the Kenaston grid should look like. Note that the all of the radiometer footprint lat/lons recorded during turns have been removed, in-addition to all the transit flights to and from the grid.
2.2 Microwave Radiometer Calibrations

Before and after each Twin Otter flight, the microwave radiometers were calibrated by measuring the brightness temperatures from targets with known radiometric properties. A standard two-point, warm and cold target calibration technique was performed, using a microwave absorbing material with blackbody properties (ECCOSORB) as the “warm” reference, and liquid nitrogen (LN2) as the “cold” reference for the high frequency radiometers (>1.4 GHz). The physical temperature of the warm point targets were recorded automatically to the data system with RTD temperature probes and/or mercury thermometers. The boiling point of the LN2 target was calculated during each calibration taking into account the insertion losses of the target and the atmospheric pressure which affects LN2 boiling point. The first several days of calibrations for this project were conducted outside the hangar at the Saskatoon airport, but difficulty in keeping the eccosorb targets at a consistent temperature, dealing with changing weather, and the introduction of RFI encouraged us to conduct the majority of the calibrations inside the hangar for the remainder of the campaign, with the exceptions of the cold sky-shots. Figure 10 indicates whether a particular calibration was conducted inside or outside the hangar, not including sky measurements. 

2.2.1 Warm Point Calibration Targets

Depending on the radiometer, various warm point targets were utilized during this project. Each radiometer had a specific target designed for that frequency. The 19, 37 & 89 GHz radiometers and the 6.9 GHz radiometer utilized custom designed target boxes filled with eccosorb material. These boxes were custom designed to be form fitting to the radiometer housing (baggage door) and or the radiometer antenna (6.9 GHz). The boxes were constructed of low-loss polystyrene material and lined with aluminum tape. These design features ensured good coupling between the targets and the radiometer antenna, capturing and reflecting side lobes into the absorber and blocking outside contributions. The eccosorb inside these custom built polystyrene boxes either had built in temperature sensors, or had a small hole for the insertion of a RTD temperature probe that was recorded by the DAS. 
The 1.4 GHz radiometer had a specially designed warm point calibration target built into an airline qualified shipping container. The container opens into roughly equal halves, with one half containing a heated target and another half containing an ambient target. The design of the targets include metal hinged sidelobe fences that are used to better couple the antenna to the target, capturing and reflecting side lobes into the absorber. 

A 2 inch thick dielectric window covers the opening to the blackbody foam inside each half of the target. This foam cover insulates and protects the absorber and ensures a minimum of temperature gradients across the target. The half with the heater is set to a temperature of 75C, but due to heat losses through the 2 inch thermal insulation in the walls of the target box, the blackbody target temperature is typically around 70C (343K). Each target half has a control box located on one side. 28 volt power is applied to a connector on the control boxes to power the temperature sensors and air circulation fans, and in the case of the heated half, the resistive heaters. Five analog devices AD592CN temperature sensors spread across the foam and located inside the blackbody foam pyramids monitor the physical temperature of the targets. The temperature sensors can be read individually with a voltmeter or all together as an average. 

The 6.9 and 1.4 GHz radiometers also utilized 12 inch deep eccosorb laid out on the ground in the FOV of the radiometers. An area on the ground that was approximately 3m x 3m was covered in eccosorb. This area completely covered the FOV of the radiometers while mounted on the plane. These measurements were unshielded and the physical temperature was recorded with mercury thermometers.

2.2.2 Cold Point Calibration Targets

Liquid Nitrogen (LN2) was used as the cold reference point for the high frequency radiometers (>1.4). However, due to the large size of the 1.4 GHz radiometer antenna array, the use of a LN2 target was possible only with the higher frequency radiometers. No usable LN2 measurements with the 1.4 GHz radiometer were conducted. 

The use of liquid nitrogen involves filling a polystyrene cooler up with LN2. Inside the cooler is the blackbody material eccosorb. The sides and top of the cooler are covered by a thin aluminum housing, complete with removable lid, but with an open bottom. The eccosorb is completely immersed in liquid nitrogen during calibrations (approximately 20L). The complete immersion of the target in LN2 eliminates condensation forming on the surface of the absorber. The cooler is placed on top of the high frequency radiometers (>1.4), such that the antenna is looking up through the open bottom of the aluminum housing, through the polystyrene container, directly at the immersed eccosorb, removing any airspace and associated water and ice haze between the target and the radiometer. The boiling point of LN2 is a weak function of ambient pressure and is accurately known. Corrections to the LN2 target emission are small, and uncertainties in their values are minimal. The largest contribution to the target emission is the reflection of ambient radiation from the lower surface of the cryogen. These contributions have been determined, and therefore the blackbody temperature inside the cooler is accurately known and can be used for calibration. 
An alternate cold reference point is to measure the background radiation of space. The brightness temperature of space is generally agreed to be 2.7K. The difficult part is to measure the contribution of the atmosphere. This contribution is frequency dependent and ideally involve a uniform sky, with no clouds. Before and after each flight, sky measurements were recorded on a flat level surface (tarmac in-front of hangar in Saskatoon), pointing the radiometers directly to zenith.  
Another alternate cold reference point was recorded over a lake surface at the end of each science flight for both the Kenaston and BOREAS study areas. The KT-19 temperature sensors were used to estimate the physical temperature of the water.
2.2.3 EC Radiometer Calibration Procedure

To view the calibration targets with the high frequency radiometers, the baggage door containing the 19, 37, & 89 GHz was simply opened. The baggage door is hinged at the top, allowing for the door to swing upwards. When the door was opened far enough to provide a level surface (90 degrees to the side of the aircraft), the supports were locked into place. A ladder was then used to place either the eccosorb target or LN2 target over the radiometer antenna openings in the baggage door. If a clear-sky measurement was desired, the baggage door could be opened further (past 90 degrees) so that the radiometers were looking straight up into the sky, accounting for the oblique mount angle of the radiometers in the door. Cold target sky measurements were also conducted at the end (pre-flight) and beginning of each calibration (post-flight). 

The 6.9 GHz radiometer housing was not hinged like the baggage door, and thus a custom designed warm point calibration box was held over the radiometer while it was mounted on the aircraft. A second unshielded “warm point” target method was also utilized by laying out 12 inch deep eccosorb on the ground in the FOV of both the 6.9 and 1.4 GHz radiometer. To measure the cold point targets, the 6.9 GHz radiometer was physically removed from the pod on the aircraft, and the radiometer was moved away from the plane and wings of the aircraft (while still plugged in). The radiometer was placed on a rubber mat on the ground looking up towards the sky. The LN2 target was then placed on top of the radiometer during calibration. 
The 1.4 GHz radiometer had never been used on a science project before, and therefore different methods of calibration were conducted to try and identify the best technique. The first method of measuring a warm point was similar to the ground eccosorb target used by the 6.9 GHz radiometer. 12 inch eccosorb was laid out on the ground in the FOV of the radiometer and an unshielded measurement was recorded with the radiometer mounted on the side of the cargo door in its usual operational mode. The second method of measuring a warm point involved using the custom designed heated (~70C) and ambient target boxes. Each half of the target boxes were measured separately. The target box was position immediately next to the aircraft, and the metal fence shields were setup. The 1.4 GHz radiometer antenna was then removed from the aircraft (while still plugged in) and turned facing downwards. The antenna housing sat on top of the metal fence shields looking at the blackbody target in the box. The cold reference points included both sky and lake surface measurements. The sky measurements were conducted at Saskatoon airport, but concerns of RFI also meant that we conducted sky measurements at Hanley Airfield, closer to the study area and in an area less likely to have RFI. To measure the sky, the 1.4 GHz radiometer antenna was detached from the aircraft from its lower 2 mounting brackets. The top mounting brackets remained attached to the aircraft, allowing the instrument to swing upwards and point at the sky. The radiometer was the supported from below with a step ladder. 
Another alternate cold reference point was recorded over a lake surface at the end of each science flight for all radiometers. During the Kenaston flights, Lake Diefenbaker was used as the cold target. During the BOREAS flights, Candle lake was used as the cold target. The aircraft would fly over these lakes at the end of each science flight in both a ~40 deg and ~60 deg wing-down turn (nadir viewing for both the 1.4 and high frequency radiometers) and while flying straight and level (normal radiometer incident angles). 

2.2.4 EC Radiometer Calibration Analysis and Results
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Figure � SEQ Figure \* ARABIC �1�. NRC Twin Otter aircraft at Hanley Airfield, SK, June 2010
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Figure � SEQ Figure \* ARABIC �2�. NRC Twin Otter aircraft configured for radiometric measurements
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Figure � SEQ Figure \* ARABIC �3�. NRC Twin Otter aircraft microwave radiometer installation





6.9 GHz





1.4 GHz





19, 37 & 89 GHz





�


Figure � SEQ Figure \* ARABIC �4�. Zoomed view of microwave radiometer mount locations on NRC Twin Otter aircraft
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Figure � SEQ Figure \* ARABIC �5�
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Figure � SEQ Figure \* ARABIC �6�
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Figure � SEQ Figure \* ARABIC �7�
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Figure � SEQ Figure \* ARABIC �8�
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Figure � SEQ Figure \* ARABIC �9�
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Figure � SEQ Figure \* ARABIC �10�
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