Rough Evaporation Duct (RED) Experiment Summary

20 August to 14 September 2001

The RED experiment focused on assessing the effects of the air-sea boundary layer on microwave and electrooptical signal propagation near to the sea surface. Crucial to the success of RED was the Marine Physical Laboratory’s Research Platform Floating Instrument Platform (FLIP), which was moored some six miles off the northeast shore of Oahu, Hawaii. There were ten scientists and engineers aboard FLIP who installed instruments measuring mean and turbulent meteorological quantities, sea wave heights, directions, and kinematics, upward and downward radiance, near surface bubble generation, atmospheric particle size distributions, laser probing of the atmosphere, and sources for both microwave and electrooptic signals. In addition to FLIP, two land sites were instrumented with receivers and meteorological sensors, two buoys were deployed and two aircraft were flying various tracks to sense both sea and atmospheric conditions. In all, more than 25 people from four countries, six universities, and four government agencies are directly involved with the RED experiment.

The start of the RED experiment was delayed three days, as U.S.N.S. SIOUX was unable to moor FLIP on the 21st of August. U.S.S. SALVOR successfully moored FLIP at 21° 41.017’ N 157° 50.142’W at 0800 on the 24th of August. Sensors came online slowly, as considerable preparation was needed. For example, to prevent contamination of atmospheric particle measurements, approximately 100 feet of 10-inch ducting was installed to vent diesel exhaust from the generators to the end of the face boom. The RED experiment terminated on 14 September with a total measurement set of 20 days. FLIP was recovered by U.S.S. SALVOR on the 18th of September and was towed back into Pearl Harbor on the 19th. All of the equipment needed for RED were removed and readied for shipment back to San Diego by the 21st of September.

Nearly every sensor planned for RED was operational and data from these sensors were archived for later analysis. Conditions ranged from winds at more than 20 knots with 6 to 8 foot seas to winds less than 10 knots with 2 to 3 foot seas. The following sections provide a brief description of the major efforts within RED.

RF Signal Propagation (Kenn Anderson, SSC San Diego)

Six microwave transmitters were installed on FLIP and radiated toward a shore-based receiver located at the Marine Corps Base Hawaii over a 26-km path. Data were recorded from 28 August through 14 September. One X-band amplifier partially failed (dropping 15 dB in power output) but, even in this degraded mode, the received signals were well above the receiver noise threshold and the unit was not replaced with the spare. Received signal levels from the 262.85 MHz transmitter never exceeded –90 dBm, which, as expected, indicates that there were no surface-based ducts created by either subsidence or advection. The dominant propagation mechanism was evaporation ducting throughout the entire measurement period. Data recorded during the last few days of August appear to indicate strong evaporation ducting accompanied by high winds and high waves. However, all of the RF data need to be compensated for FLIP’s motion (approximately +/- 10 degrees rotational and +/- 200 m translational) before definitive statements can be made.

EO Signal Propagation (Steve Doss-Hammel, SSC-San Diego, Matt Theisen, UCSD, Dimitris Tsintikidis, STC, and Carl Zeisse, STC)

The EO transmissometer setup for the RED field campaign consisted of an IR broadbeam source onboard FLIP and an IR telescope receiver at Malaekahana State Park, Oahu, approximately 6 nmi from FLIP. In addition, a MET station was mounted on a 30-ft mast near the cabin at Malaekahana. The EO experiment was designed to study the effects of varying degrees of sea roughness on IR signal propagation, and to investigate a maritime propagation path that is nearly open-ocean in character.

The EO group collected transmission and scintillation data in the mid-wave (2430 cm-1 to 2842 cm-1). Transmission data was recorded with 1 minute temporal resolution, and scintillation data was collected every 15 minutes, comprising a 110 second time-series sampled at 300 Hz. Due to FLIP's tidal motion, hourly telescope alignments were necessary to ensure proper signal reception. The continuous data collection process spanned 16 days with two interruptions totaling 5 hours of data due to reference signal problems. The MET station provided meteorological data for 25 days on 1-min temporal resolution with the loss of one day of MET data. No other malfunctions occurred during RED.

The data analysis will integrate the rotational and translational motions of the source on FLIP and the extensive meteorological data, to study the effects of open-ocean conditions and sea roughness on IR signals.

Marine Boundary Layer (MBL) Dynamics (Carl Friehe, and Tihomir Hristov, UCI). 

To obtain information about the structure of the atmospheric refractivity and the scattering properties of the ocean surface, we measured both fast and slow variability of the wind velocity, air and water temperature, water vapor concentration, atmospheric pressure, and sea surface elevation. The instruments were positioned at 6 levels above the ocean surface to obtain dependence on the vertical coordinate. To provide data corrections for the motion of the FLIP platform, inertial navigation devices as well as tilt sensors were deployed. The instruments performance met our expectations. Except for some intermittent behavior of instruments for water vapor measurements, the rest worked reliably for most of the experiment.

Total of 124 analog channels and 15 serial interface instruments were acquired. Continuous data have been collected over 12 days through the National Instruments data acquisition system. The system has been delivering about 2 gigabytes of information per day. 

The variety of data sources, integrated by the system will require reorganization of the data. A proper data interpretation will require instruments post-calibration, data quality check, reorganization, motion and other corrections. The analysis will focus on bringing EM propagation models and measurements closer together. 

CIRPAS (Carl Friehe, UCI, Dean Hegg, UW, Djamal Khelif, UCI, and Jeff Reid, SSC San Diego)

The CIRPAS Twin Otter was a key element of the RED experiment. It was based at MCBH Kaneohe, HI, for 14 flights from August 22 to September 15, 2001. The average duration of a research flight was 5 hours. Practically all portions of a flight gathered research data, since the airfield was only a few miles from the RED area. The purpose of the Twin Otter operations in RED was to characterize the marine boundary layer, surface fluxes, and aerosol properties in the area of the RED propagation paths around the Research Platform FLIP. The main instrumentation was the standard CIRPAS package of meteorological, navigation, particle, aerosol and radiation sensors. In addition, a turbulence package was installed by the University of California, Irvine (UCI), and CIRPAS aerosol instruments were integrated by the University of Washington. Both CIRPAS and UCI recorded data on separate systems. The flight pattern consisted of low level tracks along the radar and optical paths, profiles through the marine inversion to the trade-wind inversion, stacks above FLIP and upwind, and 30-minute aerosol sampling legs. All flights were flown approximately 1100 to 1600 local time. Two scientists flew on each mission: one manning the aerosol equipment (Dean Hegg and later Jeff Reid) and one the turbulence package (Djamal Khelif). 

Overall, flights went smoothly as planned and data quality was high. On a few early flights, the CIRPAS turbulence data system multiplexer failed. Nava Roy was of great assistance in re-programming the data system to record alternate channels. There were occasional problems with some of the CIRPAS aerosol and particle probes and drop outs of the GPS signals. Most of the flight conditions were typical easterly trade-wind winds of 5 to 15 meters per second. There was not a lot of convective cloud activity. The marine inversion height varied from 400 to 800 meters. 

During many low-level runs, "micro fronts," characterized by distinct changes in potential temperature, dew point, and wind direction, were observed embedded in the otherwise homogeneous turbulent flow. Similar micro fronts were observed on FLIP. The CIRPAS Twin Otter made important contributions to RED, and the data set from it will add the larger-scale spatial aspects to the RED propagation and FLIP measurements. 

Upper Ocean Dynamics (Eric Terrill, SIO)

We are sampling the upper ocean (~ 4m) bubble size and distribution both optically and acoustically from an instrumented system cabled from the starboard boom of FLIP. This system also incorporates a pressure sensor and an ADCP (1200 KHz). In order to measure the currents and wave field, we have a 600 KHz ADCP mounted from the bow thruster with supporting video cameras for snapshots of the above water and underwater conditions. A 300 KHz ADCP extends the currents range down to approximately 150 meters from the stern of FLIP. A logarithmically spaced array of temperature sensors is mounted on the hull of FLIP. 

Along with the FLIP instrumentation we operated a small boat, the Wailoa, equipped with a MET package logging current weather conditions. From the boat we were able to deploy a drifter buoy fitted with a Doppler sonar, 2 receiver transducers, and a 600 KHz ADCP. In between buoy deployments, we profiled the water column with a CTD and Cbeta (optical attenuation) as well as logged the irradiance and water upwelling radiance from a HyperTSRB. Additionally, aerial measurements were taken from a local Senneca aircraft outfitted with the MASS (Modular Aerial Sensing System). The MASS system measures geometry, kinematics, and breaking wave statistics. In summary, air-sea interaction measurements were taken from Research Platform FLIP, vessel Wailoa, and Senneca aircraft. 

Aerosol Microphysics and Optics from Land, Ocean and Airborne Platforms (Anthony. Clarke et al., U. of Hawaii)

The University of Hawaii fielded aerosol microphysics and optics measurements aboard FLIP, the Seneca aircraft, the Malekahana ground site and aboard the boat Wailoa (in conjunction with E. Terrill et al.)

On FLIP we ran continuous measurements of visibility (based upon 35deg. Forward scatter at 805nm) and precipitation using an open cavity Vaisala “Present Weather” instrument. This operated at the 6m lower deck during the entire FLIP deployment. Long term visibility varied about a factor of 3 over the period in conjunction with trends in light scattering.

Our Seneca aircraft support of FLIP measurements included 15-minute flight legs from upwind of FLIP along the EO path to the Malekahana site at 50 and 1000 ft. including profiles to 5000ft. We flew an FSSP, our new min-OPC, two nephelometers (total and submicrometer scattering), a CN counter, a mini-lidar (Vaisala Ceilometer), a Microtops (aerosol spectral optical depth), GPS and standard met data package. Flights included cooperative measurements with SIO (Terrill et al.) [see above].

At Malekahana we located our portable research laboratory near the RED cabin but in a coastal field about 300m away and less influenced by local breaking waves. The sample inlet was at about 10m and generally above the influence of waves breaking on the shore about 20m away. The laboratory included a TSI 3-wavelength nephelometer, a particle soot absorption photometer (PSAP), a laser optical particle counter with thermal volatility, a TSI aerodynamic particle sizer, a DMA/TDMA system with volatility, CN counters operated at 40C and 300C along with standard met data. Operations were nearly continuous from about Sept. 2 to Sept. 10.

Towards the end of the experiment we also mounted a heated (dry) and ambient (wet) nephelometer system aboard the Wailoa boat to look at the humidity dependence of near surface aerosol light scattering in conjunction with the other SIO instrumentation.

Surface Observations from a Buoy and Boundary Layer Profiles from a Small Boat (Ken Davidson, Paul Frederickson, NPS, and Denis Dion, DREV)

To obtain information on near-surface refraction and turbulent properties affecting RF and EO propagation, NPS made measurements continuously from an instrumented buoy at the mid-point of the EO path between FLIP and the shore receiver site. The NPS flux buoy operated continuously from its deployment on 21 August until recovered on 18 September. Mean vertical profile measurements of temperature and humidity were obtained on the buoy at four levels (0.5, 1, 2 and 4 m). Mean vector wind (at 4 m), pressure and both IR and bulk sea surface temperature were also measured. Turbulence measurements (10 Hz sampling rate) of three-dimensional wind and virtual temperature were obtained from a sonic anemometer located 5 m above the surface. Three dimensional buoy motion measurements were obtained, which will enable direct momentum and buoyancy fluxes to be determined in post-processing, as well as one- and two-dimensional (directional) wave spectra for wavelengths down to several cm using special wave-wires. Inertial-dissipation flux estimates and turbulent structure functions (
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) will be determined from the sonic anemometer data and compared with bulk estimates computed from the mean buoy measurements and the optical-derived measurements obtained by SSC-SD. The mean temperature and humidity profile measurements will be applied to describe EO refraction. Spectral wave information will be used to examine wave effects on near-surface RF/EO propagation. The directly measured fluxes, mean profile and spectral wave data can also be used to examine flux-profile relations over surface waves.

A DREV instrumented buoy moored at mid-RF propagation path provided full sea wave spectra together with bulk atmospheric parameters near the surface during the whole duration of the experiment. Preliminary analysis of data show that the overall buoy data are likely to be valid, except maybe for the air humidity measurements near the surface.

The Naval Postgraduate School also conducted refractive profile data collections on the small boat Wailoa during the RED Experiment. Standard balloon-borne radiosonde launches and special kite-borne sonde measurements were performed from the Wailoa to determine refractivity conditions along the experiment's two propagation paths. The balloon-sondes characterized boundary layer and upper-air refractivity features, while the kite-sondes characterized near-surface refractivity profiles, i.e. the evaporation duct. These measurements were obtained from the Wailoa on 29 and 31 August and 1, 3, 6, 9 and 13 September. A total of 16 balloon-sonde and 17 kite-sonde profile measurements were obtained during these boat runs, primarily along the radio-frequency propagation path. An additional boat run was performed on 15 September to obtain upper-air initialization data for a special island wake effects COAMPS model study. Near-surface meteorology measurements were also obtained on the Wailoa along the propagation paths from the onboard Scripps/UCSD met sensors during all boat runs. 

Particle Measurements (Barbara Brooks, U. Leeds, Jeff Reid, SSC San Diego, and Michael Smith, U. Leeds)

Instrumentation consisted principally of two PMS particle counters, an FSSP (2 < d < 32μm) and a PCASP (0.1 < d < 3μm). These devices were mounted at the far end of a boom, approximately 20m long, positioned on the starboard side of R/P FLIP about 10m above mean sea level. Although the orientation of these probes with respect to wind direction was fixed, the sampling efficacy of these probes was not compromised, as variations in wind direction throughout the experiment did not exceed (10(. An aspirated and heated 10m intake supplied, to both a TSI Aerodynamic Particle Sizer (3320) and a 3-( Integrating Nephelometer, a dried aerosol particle stream sourced from a location 2m above the tallest point of the platform hull. 

Data from the PCASP and FSSP instruments were coupled to both a sonic anemometer and a rapid response hygrometer, located approximately 40 cm away, for eddy correlation analysis. Typically, these instruments were sampled at 1 Hz for one hour out of every four hours. The PCASP and FSSP were sampled at 10 Hz.

In very general terms, the particle loading seen by all probes was very low for the vast majority of the project, with PCASP concentrations of 90 to 150 /cc before dawn (06:00 local) and after 17:00 local. There appeared to be slight increases in concentrations (PCASP up to 200) during the daylight hours but it is unclear yet as to whether these were photochemical in origin or due to the increased wind speeds seen during the day. Coarse mode salt concentration from the FSSP was typically less than 1.5 particle/cc. Throughout the project, wind speeds varied between 10 and 15 knots, while the direction varied between 90 and 100(. Sea temperature was of the order 26 (C while air temperature ranged from about 30 to 35(C. Relative humidity extended from 75 to 83 % with little diurnal variation.

Monday 10 September through to Wednesday 12 proved to be of greater interest. Although there was no perceptible change in the meteorological conditions (wind speed and direction, temperature, and relative humidity), aerosol concentrations were observed to undergo a two- to three-fold increase. PCASP (06:00 10/09/01) 270 /cc (14:00 10/09/01) 290 /cc, (11/09/01 02:00) 280 /cc (11/09/01 15:00) 158 /cc. Although the reasons for these pronounced increases remain uncertain, it is suspected that they resulted from air mass particle loading changes associated with passage through remnants of hurricanes Gill and Henrietta.

In addition to the observations on R/P FLIP, background measurements of the properties of the smaller aerosol particles (d < 3 μm) were conducted at the Malaekahana beach site. Instrumentation consisted of a PMS ASASP-X (0.1 < d < 3 μm) with a volatility system attached, a TSI Differential Mobility Analyzer (20nm < d < 1 μm), a TSI Condensation Particle Counter Model 3025 (d > 5nm) and a Magee Aethalometer for the measurement of soot carbon loadings. Apart from a period of local contamination and occasional short bursts of higher concentrations from passing ships and aircraft, the carbon loadings were generally 20ng/m3 or less, indicating very low levels of background pollution. The volatility measurements showed a very strong presence of sulphate aerosol, generally ammonium sulphate/bisulphate but with occasional periods of more volatile material (probably sulphuric acid). Despite the obvious presence of substantial surf zone sea salt aerosols, concentrations within the sub-micron size range measured by the volatility system were generally much less significant. The DMA observations were generally similar to those observed on FLIP.

Lidar, Particles, and Bubbles (Leo Cohen and Marcell Moerman, FEL/TNO)

Lidar was used to characterize the atmospheric boundary layer structure and to study both aerosol generation at the sea surface from breaking waves and the subsequent transport from the sea surface to the top of the atmospheric boundary layer. The number of resulting measurements was less than we expected because the Lidar could not be used during the frequent activities of two participating airplanes and a boat. 

Two Optical Particle Counters, mounted in the navigation mast, were used to measure the aerosol particle size distribution between 0.2 and 47 µm. In addition, 28 aerosol profiles have been measured between 0.5 and 8 m above ASL using Rotorods. This system can measure aerosols with a diameter between 13 and 200 µm. A third OPC (0.1 - 10 µm), in combination with a volatility tube, was used. The resulting data gives information on the chemical composition of the aerosol. This information is less accurate than measured with an impactor system, but is much faster. Fifteen minutes compared to a half day for an impactor.

Aerosol Flux was measured by combining a CPC counter and a Sonic Anemometer. By using Eddy Correlation technique the amount of aerosol going up or down can be calculated. This Aerosol Flux system is a cooperation with the Meteorologic Institute of the University of Stockholm (MISU) that also made available the necessary equipment.

An Optical Bubble Measuring System has been used to measure the bubble distribution. This system can measure bubbles with a radius from 15 to 600 µm. The first part of the experiment this BMS was mounted 40 cm under a small float. Later the BMS was hanging at about 1 meter below ASL. Every 3 hours a measurement of 15 minutes was automatically performed, by recording the underwater images to a VCR. This resulted in 11 video tapes, of which most are already processed. Synchronously with the VCR, a fast datalogger was logging the wave height (measured by an ultrasonic wave height sensor) and Optical Forward Scattering (a nephelometer). This gives an opportunity of studying the bubble fluxes.

In general, the bubble concentrations are low, due to a lack of rough weather.

An IR-source and a visible light source were mounted at a height of 8 and 9 m respectively. These sources were measured with mobile cameras at different locations and heights on Oahu. A number of interesting observations were made, including mirage effects.

The following sensors were used to produce a mean (5 minutes averaged) meteorological dataset. Windspeed, Wind direction (relative to FLIP), Air temperature, Relative Humidity, Air Pressure, Solarimeter (UV - 2 µm), Pyrgeometer (NIR - 20 µm), and a Nephelometer

Radiometric Characteristics of the Ocean Surface (Joan Pons and Steve Reising, U. Mass. Amherst)

The main purpose of this experiment is to provide measurements of the sea surface to improve the retrieval of ocean wind speed and direction from passive microwave measurements in space. Polarimetric radiometer observations near the ocean surface, combined with in-situ data on wind speed, sea surface temperature, sea surface wave characteristics and air-sea instability, provide data to validate geophysical models of the microwave emission from the sea surface. These models are used for operational retrieval of environmental parameters, such as sea surface temperature and winds, from passive spaceborne measurements. The first polarimetric microwave radiometer in space, WindSat, is scheduled for launch in 2002.

The instrumentation deployed on a trolley at the end of the face boom consisted of a K-band (18.7 GHz) polarimetric microwave radiometer constructed at U. Mass. and a boresighted video camera. These instruments were scanned over a range of azimuth and elevation angles using a pan/tilt positioner controlled from a computer inside the radiometer. Viewing the radiation from the sea surface at a range of incidence (elevation) and azimuth angles allows comparison with the results of geophysical models of the electromagnetic radiation from the sea surface under a variety of sea surface conditions. Foam coverage is an important factor in ocean wind speed and direction retrievals. The video data from this experiment will be analyzed using a grayscale analysis procedure to find the fractional area foam coverage in the radiometer’s field of view.
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