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Introduction

A new scanning lidar was deployed as an adjunct to the Scanning Raman Lidar during the ARM SGP Water Vapor IOP held September-October 2000. This new lidar is called Holographic Airborne Rotating Lidar Instrument Experiment (HARLIE), but was deployed on the ground in an upward looking mode. HARLIE provides exceptional high temporal and spatial resolution measurements of aerosol and cloud backscatter in three dimensions. We are evaluating the HARLIE technology and scanning techniques with an eye toward their application into other types of lidar systems, including Raman and Doppler lidar systems.
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HARLIE is an experimental technology demonstration that uses a holographic scanning telescope and operates at the 1064 nm wavelength of a Nd:YAG laser (Fig. 1). It scans in a 45-degree (half angle) cone, usually with the scan axis vertical so that the elevation angle is a constant 45 degrees. It rotates continuously in azimuth, at rates as high as 30 rpm. It can also be tipped at 45 degrees and kept pointed in a fixed direction so that conventional vertical pointing measurements can also be used. The scanning data provides a pseudo-3D visualization of aerosol backscatter, and principal data products include aerosol backscatter profiles, cloud bottom and top heights, boundary layer heights and entrainment zone thickness. In addition, we placed particular emphasis during the IOP on developing a new data product: horizontal wind vector profiles based on correlating the motions of clouds and aerosol structures across portions of the scan. These can also be visualized along with shear, waves, and other dynamic behavior by observing animations of the backscatter data on polar or pseudo-3D images played back at high speed.
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For ground-based operation, HARLIE was integrated into an 2.5 x 4.4 m trailer, requiring only a source of 50 amp, 115 volt, single-phase 60 Hz electrical power. (Fig. 2) The laser is eyesafe at a distance of 2 km (ANSI Z136.6 Nominal Ocular Hazard Distance) from the transmitter, and is interlocked to a scanning radar to disable the output anytime an object comes within 10 degrees and 10 km range of the laser scan. The eyesafe range and radar sensitivity can be adjusted to accommodate particular mission or local requirements. The beam exits a window on the roof of the trailer, approximately 3 meters off the ground. A wide-angle sky camera (mounted on the tripod in Fig. 2) is used in conjunction with HARLIE, recording daytime visible images of clouds within HARLIE's scan volume and as an aircraft observation aid. HARLIE was located at the east end of the "Lidar Village" area of the SGP CART facility near Billings, OK during the IOP.

Measurements

HARLIE recorded over 110 hours of data on 16 days between 17 September and 6 October 2000, prior to and during the IOP. Placed in a ground-based trailer for upward looking scanning measurements of clouds and aerosols, HARLIE provided a unique record of time-resolved atmospheric backscatter at 1-micron wavelength. The conical scanning lidar measures atmospheric backscatter on the surface of an inverted 90 degree (full angle) cone up to an altitude of 20 km. 360-degree scans having spatial resolutions of 20 meters in the vertical and 1 degree in azimuth were obtained every 36 seconds during the daily operating period. Various boundary layer and cloud parameters are derived from the lidar data, as well as atmospheric wind vectors where there is sufficiently resolved structure in the backscatter. Table 1 is a summary of the HARLIE operating periods during the IOP with notes regarding the data, atmospheric dynamics, and data products completed to date. The data products have all been placed on our workspace on the ARM r1 server, and are available to all ARM participants at http://r1.sgp.arm.gov/~dmiller/. We are still working on several other data products using data recorded during this IOP and will eventually include calibrated backscatter coefficients, BL and cloud statistics (heights and coverage).

Examples of Data Products

Synoptic Backscatter Profile Time Lines: One of our basic data products is a conventional false color image of lidar backscatter plotted with altitude on the Y-axis and time on the X-axis. These are similar to the familiar images of backscatter generated by the CART and GSFC Raman lidars. For these images we typically will average the data around an entire scan and plot each scan as a vertical profile. In this way, information on any portion of the scan is not missed, however, features tend to get smoothed and some contrast is lost. However, these plots are an excellent tool for quickly locating particular events and areas of interest, such as frontal passages, cloudy and clear periods, etc. Figure 3 is an example of this type of plot, and this example has been overlaid with temperature and moisture profiles recorded by radiosondes during the period of observation in order to compare the visualization of dynamic activity as seen in the backscatter field with these conventional meteorological indicators of atmospheric structure. Note the oscillating waves clearly visible in the boundary layer backscatter near the right side of this display. Such short-term transient features are nearly impossible to detect with the limited sampling ability of in-situ profiling instruments such as the radiosonde system. The scanning lidar cannot only resolve these structures in time, but in multiple spatial dimensions as well.

[image: image4.png]7000

6000

5000

4000

3000

2000

1000

Atlitude vs Wind Direction, 10/05/2000, 00:05 - 00:35 UT

+ HARLIE 10/5/00 0:05 to 0:35 UT = Radiosonde 10/04/00 23:29 UT

50 100 150 200 250 300 380

Wind direction (degrees cw from north)

400




Figure 3. Example of a backscatter profile time-line starting at 2200 October 3. Radiosonde temperature (solid) and moisture profiles (dashed) are overlaid for comparison. Balloon launch times are indicated on the time scale with an ’S’ and the T and RH scales centered on those times.

Scan Images- Rectilinear and Polar displays, single scan, and time-lapse animations: Another standard HARLIE data product is a series of backscatter images similar to the one just described, but where the X- axis represents the scan azimuth angle. A time series of these images can be displayed sequentially on a computer screen as an animated sequence that can be used to help interpret atmospheric dynamic activity. Because such animated files can become quite large and unwieldy, we typically perform large amounts of averaging and data compression on them; using the MPEG file format for most routine general purpose animated visualizations. Greater resolution, both temporal and spatial, can be obtained using GIF file formats for special case studies. Figure 4 is a single frame of one such visualization. Note the curving dark band caused by a layer of (most likely) dry, clean air, possibly a nocturnal jet. The curvature is caused by this method of displaying the ellipse defined by the intersection of a tilted, surface (the “dark” layer) and the cone of the scan. This can be better seen in the isometric view of the same data in Figure 5. From our observations, the tilt is the result of undulation of the layer, a so called “gravity wave.”
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Boundary Layer and Cloud Parameters: Secondary data products include boundary layer height, entrainment zone thickness, and cloud height statistics. The altitudes of these layers are demarcated by a sudden change in backscatter, and a gradient detection algorithm is used to pick them out of the data. Using histograms of the cloud heights obtained in this manner, we can reliably assign cloud bottom and top altitudes over ensemble averages of cloud data. These are assigned using the 5% and 95% probability points on a cumulative probability distribution of cloud edge altitudes.
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Wind Vector Profiles: Perhaps the most exciting data products to come from the scanning lidar data are wind vector profiles. This is a new algorithm and uses a technique developed at Utah State University for detecting and measuring the bulk motion of coherent structures in the backscatter field as they progress across the conical scan surface. The method consists of plotting the backscatter data at a fixed altitude as a function of azimuth angle on the Y-axis and time, or scan number on the X-axis. Linear features that move straight across the scan circle (at that altitude) will appear as cosine structures in this “wave” image diagram. The amplitude (or more correctly the slope on the linear portion of the cosine curves) will be proportional to the wind speed, and the phase of the cosines will indicate the direction. An interactive computer routine has been developed to facilitate the analysis of winds from HARLIE data files in this manner. Figure 6 is a sample of one such wave image with the slope line and cosine curves overlaid as they appear during the interactive analysis program. Figure 8 is a comparison of HARLIE winds generated in this manner and compared with the nearest radiosonde wind data from the recent IOP. Comparison of HARLIE measured winds with radiosonde-measured winds validates the accuracy of this new technique for remotely measuring atmospheric winds.
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SKYCAM videos: Video tapes of a wide-angle color camera pointed toward zenith were made during daylight hours. These videos record the cloud activity over the region of the HARLIE scan and aid in the analysis of cloud dynamics. They can also be used as an independent method of obtaining wind vectors. Of course, the altitude of any clouds must be obtained from a lidar or other ceilometer, and only after the altitude of the clouds are known can the wind speed associated with the movement of those clouds be retrieved. Since we had ample wind measurements based on radiosonde observations during the IOP, we did not attempt any cloud-tracked wind retrievals for these data. Figure 7 is an example image from one of the SKYCAM tapes. 
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Table 1. Summary of HARLIE data during IOP.

*-Where listed, time stamps on raw data are given in CDT, or as noted. If no times are given in CDT column, time stamps are in UT

Start Date (UT)
Start Time (UT)
End Time (UT)
Run Length (hrs)
Operating Modes (only changes are noted)
Notes
Completed Data Products

(in addition to a synoptic time lines of backscatter profiles, which have been generated for each day of operation on 0-21 km and 0-5 km altitude scales)

17 Sept
0215
0336
1.3
Scanning 10(/s, 0.2 s profiles
Trailer pointed with 0( azimuth angle pointing South. Clear skies, 83(F, winds ESE 7 mph, press 30.04”, 28% rh



1722
1735
0.2

Winds SSW, 79(F, 45% rh, 30.06”



2206
2259
0.9




18 Sept
2148
0515
7.4
Scanning 6(/s
Impressive BL structures which die down after sunset. Surface winds still moderately strong. Higher scattering layers with waves move in.


20 Sept
0350
0707
3.3
Scanning 10(/s
Trailer reoriented with 0( azimuth angle pointing North. Striking dry clear layer at ~2.1 km, appears wavy on scan image. Weak front has passed, changing wind to North.
Wind vectors 0400-0700, 1200; upper and mid trop.


0950
1133
1.7

Cold air behind front arrives, cirrus visible at ~22 km (range). Laser power adjusted up at 0505CDT.



1212
1220
0.1





2206
0110
3.1

Scattered mid-level cumulus visibly sitting on top of thermals.
Wind vectors2330-0100, upper and lower trop.

1-hour HARLIE gif video ~2300.

21
2300
0000
1.0

BL homogeneous


22
2315
0107
1.9
0.1 s profiles
Layer develops ~3 km range, clean layer from 5-6 km, with faint scattering layer above.



0117
0233
1.3
Vertical pointing
Laser power adjusted up to start, then back down at 2037 CDT.


23 Sept
0149
0213
0.4
Scanning 10(/s
New data disk. Laser rep-rate suddenly changes to 10 KHz (from 5 KHz). Limits usable range to 15 km. T-storms to north and south.



0316
0743
4.4

Anvils from Kansas storms visible, strong warm Southerly breeze. Multiple scattering layers at 2320 CDT, front passed, wind from North, looks like rain on the way. Overcast around 1420 CDT.


25 Sept
2127
2334
2.1

New data disk. Corrected laser rep rate to 5 KHz at ~1747. Skies very clear. Trailer light turned off ~2013, reducing background noise.


26 Sept
0108
0607
5.0





2211
0053
2.7

Adjust laser power down at ~1710 to clear up detector overload problem. S winds. Adjust laser power down again ~1925. Uniform BL aerosols. 1945: low aerosols puffs appear after traffic. Adjust laser power to observe near field behavior, ~1950. Stop to adjust boresight and check RCVR fiber collimation.


27 Sept
0300


Low elevation, fixed azimuth.
Short recording of low angle staring data during boresight alignment check.



0400
0659
3.0
Scanning 10(/s
2302: Laser power adjusted up. Very clear skies. 2312: Laser power adjusted down to clear up detector overload. 0010: start to see thin clear layer ~2.1 km range. 0055: Laser power adjusted back up.


28 Sept
0050
0448
4.0

Tests of laser power, new RCVR box, background only, bore sighting, etc.



2212
0705
6.9

Background only 1712-1717. 1722: patch in etalon RCVR. Tests up until 1853. Pause at 2125-2138 to check boresight.
1-hour gif video at 0100, 0-5 km alt.

29 Sept
2117
0154
4.6

Switched back to data disk with 23 Sept (UT) data. High altitude cirrus present, interesting lower BL activity.
SKYCAM mpeg.

HARLIE mpeg 1800-0000, 0-15 km alt.

Wind vectors 2330-0145, cirrus and lower trop.

30 Sept
0210
0252
0.7
Vertical pointing
For backscatter calibration against Raman using cirrus clouds. Stop to synchronize clocks, inadvertently to the wrong time.
SKYCAM mpeg.

Backscatter annotated with BL hts.


0304
0500
1.9
Vertical pointing
New data disk required.



1730
2317
6.8
Scanning 10(/s
Lots of clouds, both medium and high altitude. Strong S winds, surface and aloft. Jet stream possibly overhead, says Wayne Feltz.
HARLIE mpeg of entire sequence, 0-15 km.

Assorted gif AZ/ALT stills, 0-5 km, 1837-2350.

Wind vectors 1800-2310, cirrus and BL.

1 Oct
0114
0630
5.3

New JAZ disk. Fixed time stamps to UT. Trailer light left on until 0215. Cirrus disappear after dark.



1825
0420
7.9

BL up to 1.5 km ®, a few thin cirrus present. Warm S wind. By 1900 cirrus have moved to East. 1939: BL very active in E. 2046: BL cookin’ up to 2 km ®. 2122: lots of BL structure, strong puffs in various directions. Not a cloud present. Various tests at 2135-2227. Various detector and laser problems through 2326. Pause until 0035 to let laser cool down.
HARLIE mpeg, 0-5 km, 1825-2141.

2 Oct
2029
0640
10.2
Scanning 20(/s
Clear skies, S wind somewhat weaker today. 2129: ARM site rush hour appears in data. Great BL structures today. Occasional periods with missing profiles, possible data system problem.
HARLIE mpeg of entire sequence, 0-5 km (Z).

Wind vectors 2045, 2130,0415; BL and cirrus.

3 Oct
2134
0700
9.4

Strong, very warm S wind, becoming weaker over time. Longer periods with missing profiles.
HARLIE mpeg, 0-20 km, entire sequence.

4 Oct
2135
0641
9.1

New JAZ disk. Clear, cool light N wind. Small scattered cumulus, bottoms at 3 km®. System dropping many profiles. 2346: high stratus layer arrives, gradually dropping in altitude. Clouds disappear after dark and nocturnal clean layer appears. 0400 Cirrus pop up ~14km®, forming wild patterns by 0421 7-14km®. 0604: T-storms to north and west. 0630: 1km® layer appears and in 10 minutes is obscuring everything.
HARLIE mpeg, 0-20 km, entire sequence.

SKYCAM mpeg. 

Wind vectors 0000-0630, BL to upper trop., including several complete profiles.

5 Oct
2007
2150
1.7

Low clouds, frontal system. Water on window until cleaned at 2050.
SKYCAM mpeg, 1829-2200.

6 Oct
1659
2201
5.0

Cold & strong N wind, stratus cloud deck from the Rockies at 4 km ® (2.8 km Z), containing street-like features. 2004: Start observing small suspicious looking spikes in BL signals. Run out of disk space.
HARLIE mpeg, 1659-0017

SKYCAM mpeg, 1650-0017


2212
0017
2.1

New JAZ disk


Figure � SEQ Figure \* ARABIC �1�. Photograph of the HARLIE instrument, showing its feature new technology, the scanning holographic telescope.





Figure � SEQ Figure \* ARABIC �1�. Photograph of the HARLIE trailer and SKYCAM deployed at the ARM SGP CART site during the recent water vapor IOP.





Figure 6. Example of a HARLIE "wave" image, backscatter at one altitude plotted versus azimuth angle on the Y-axis and time or scan number or the X-axis, used to retrieve wind vectors.





Figure 7. A frame from the wide-angle color video camera used to record cloud activity over the region covered by the HARLIE scan.





Figure 8. Plot of HARLIE wind speed (left) and direction (right) measurements (black dots), compared with radiosonde derived winds. The error bars represent the RMS of several measurements taken close in time from a single wave image.





Figure 4. Display of a single scan of HARLIE data. This is nighttime data showing a dark band of clean air probably associated with a nocturnal jet.





Figure 5. Same data as Figure 4, but viewed on an isometric projection.








