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1.0 INTRODUCTION
This report provides an overview of activities and progress made during the initial year of the project entitled “Deployment of CReSIS Radar Instrumentation and Data Management Activities in Support of Operation Ice Bridge.” The report summarizes instrument maintenance and improvements, field deployments, and data processing and analysis activities.  We also include some specific highlights of results and analysis, in addition to our goals for the next project year.
The Center for Remote Sensing of Ice Sheets (CReSIS), at the University of Kansas, has played a major role in NASA’s Operation Ice Bridge (OIB) activities since the initial field deployment to Greenland and Alaska in the spring of 2008. The OIB project includes a number of sub-orbital missions to survey the ice sheets and sea ice during the gap between ICESat-I and ICESat-II. CReSIS has had significant involvement in OIB field deployments to the Arctic in the spring and summer months; and the Antarctic during the fall and winter months, as part of an initial three-year grant.  This current project is an extension of the original project to continue these surveys and generate corresponding data products.  The primary objectives of this project are to perform routine radar measurements on long-range fixed-wing aircraft over the Greenland and Antarctic ice sheets, and over Antarctic and Arctic sea ice.  Other tasks include data backup, processing, and delivery.
Progress over the last year has included successful deployment of CReSIS instrumentation on two major field campaigns to Antarctica on the NASA DC-8 (Fall 2012) and to Greenland on the NASA P-3 (Spring 2013). Collected data were quickly processed to provide preliminary products within 24 to 48 hours after each survey flight. All data were backed-up and archived.  Final data products were generated and delivered to NSIDC for distribution to the scientific community.  Additionally, the radar systems were improved to collect better quality data than those acquired during earlier deployments.  The following sections give detailed descriptions of the tasks and accomplishments over the current project period.  Specific tasks included:
· Modifications and additions to instruments to improve performance;
·  Instrument installation and deployment on NASA DC-8 and P-3 aircraft;
· Data collection over the Antarctic ice sheet and sea ice during Fall 2012, out of Punta Arenas, Chile;
· Data collection over the Greenland ice sheet and Arctic sea ice during Spring 2013 out of Thule and Kangerlussuaq—Greenland, and Fairbanks—Alaska;
· Quick processing of data—in the field;
· Delivery of final data products to NSIDC;
· Presentation of results at conferences and in publications.

2.0 FIELD DEPLOYMENTS 
We completed two major field campaigns over the current reporting period as part of the OIB program.  In the fall of 2012, the MCoRDS/I, Snow Radar and Ku-band Radar were installed on the NASA DC-8 aircraft to measure Antarctic land and sea ice. In the spring of 2013, we deployed the MCoRDS/I, Snow Radar, Ku-band Radar, and Accumulation Radar to survey land and sea ice over Greenland, Canada and the Arctic sea. 
2.1 Antarctica  
From Oct. 8 to Nov. 10, 2012 the team conducted 16 airborne radar surveys from the NASA DC-8 aircraft over Antarctica while based out of Punta Arenas, Chile.  The team collected 21.15 TiB of data during 16 science flights.  The MCoRDS/I system collected 8.44 TiB of data on 14 flights.  The Ku-band Altimeter and Snow Radar collected 6.35 TiB each on 16 flights.  This field season also included the first deployment of the “Forward Observer” data management system, which centralized data storage and facilitated real-time data processing on-board the aircraft.       
2.2 The Arctic
From March 18 to May 2, 2013 the MCoRDS/I, Snow Radar, Ku-band Radar, and Accumulation Radar were flown on the NASA P-3 for flights based out of Thule and Kangerlussuaq, Greenland, and out of Fairbanks, Alaska, to survey Greenlandic and Canadian land ice and Arctic sea ice.  The MCoRDS/I radar system was limited to use of only the center 7-element antenna array due to insufficient time to install the wing arrays. The MCoRDS/I system flew on 19 flights to collect 12.90 TB of data. The Snow and Ku-band Radars both flew on 26 flights to collect 7.14 TB each.  The Accumulation Radar flew on 26 flights to collect 3.54 TB of data.  The total data collected over the current project period was approximately 30.74 TB.  Figure 1 below shows the flight lines for the 2012 Antarctic OIB mission and the 2013 Greenland OIB mission.
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Figure 1: Science flight trajectories for a) Antarctica 2012 and b) Greenland 2013.

3.0 SYSTEM IMPROVEMENTS

CReSIS students, staff, and faculty continually improve and modify radar system performance as new technology becomes available. We make sure not to alter the systems in any manner that would prohibit comparisons with data products from previous years.  Improvements include increasing transmit power, reducing payload requirements, easing user operation, and increasing data backup and processing efficiency. 

3.1 MCoRDS Radar

In the last annual report we pointed out that future upgrades to MCoRDS/I would include increasing the transmit power amplifiers in all transmit channels from 150 W to 200 W. This upgrade has been completed along with an upgrade of the transmit/receive (T/R) switch. The improved T/R switch allows much faster switching between transmit and receive states, allowing operation at altitudes lower than 1500 ft AGL without blanking the surface return. Figure 2 below shows a photograph of one of the transmit/receive channels along with a sample transit waveform. 
Another improvement to the system was the elimination of the external 5 VDC power supply to power up the RF receivers. This was accomplished by adding a power connector that interfaces with the National Instruments PXI backplane and improving the on-board filtering on each receiver board. This upgrade reduces weight and complexity, while preserving electrical performance. The upgraded system was successfully deployed with 7 channels in the 2013 mission, and it will be deployed with 15 channels in the 2013 Antarctic mission.
[image: ]

Figure 2: Upgraded Transmit/Receive channel. The inset shows a sample test waveform (10 us pulse with 30 MHz of bandwidth). 

Figure 3 below shows a sample result from the DC-8 in Antarctica as the survey line crosses Pine Island Glacier during the Pine Island Glacier (PIG) Flanks 01 mission. The radar echogram  shows various ice bottom interfaces including grounded ice on the flanks of the glacier, the grounding line zone with heavy crevassing, and the ice shelf with a very bright sea water reflection at the base of the ice. Figure 4 shows an echogram from the 2013 Greenland campaign of Store Gletscher. The surface is heavily crevassed here and standard beam forming techniques are very hard to interpret as shown in the left image. We apply a minimum variance distortionless response (Li 2012), using the seven receiver channels of the radar depth sounder. This optimizes the channel combining on a per pixel basis to disambiguate the ice bottom response from the clutter.
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Figure 3: Results from MCoRDS
(Left) Crossing of Pine Island Glacier showing radar responses to various ice bottom interfaces.
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Figure 4: Radar echograms from MCoRDS, on the NASA P-3 aircraft, using two different techniques. Image on the left is processed with standard beam forming and the image on the right is processed with Minimum Variance Distortionless Response beam forming which takes advantage of the multichannel receiver.

We have updated the radar depth sounder coverage maps for Greenland, Canada, and Antarctica. The images are color coded based on the existence of data and the quality of the data. These maps are available as low resolution jpegs, as shown below in Figure 5, full resolution Pdfs, and full resolution Matlab .fig files (ftp://data.cresis.ku.edu/data/rds/coverage_maps/). These maps provide essential coverage information to the OIB science and instrument teams for future flight planning. Coverage maps are overlaid on Landsat-7 150 m imagery to allow easy interpretation of the maps even at high zoom levels.
[image: ][image: ][image: ]
Figure 5: Radar depth sounder coverage maps for Greenland (left), Canada (middle) and Antarctica (right). 


We have continued to support Xiaoqing Wu’s 3D bed imaging work at the Jet Propulsion Laboratory (Wu 2013). We also applied tomographic techniques to the DC-8 MCoRDS data which are generated using an antenna array that is very limited in size (1.5 wavelengths across) and showed that tomographic imaging can work to improve cross-track resolution. An example of the multiple signal classification (MUSIC) technique (Paden 2010) is shown in Figure 6 for the Pine Island Glacier Grounding Line 1 mission flown on Oct 14, 2011. We also completed a study comparing three different tomographic techniques (Paden 2013) which involved integrating two new algorithms, maximum likelihood estimator (MLE) and reiterative super-resolution (RISR), into the CReSIS toolbox (Raghunandan 2013). 
[image: ]
Figure 6: Example of tomographic imaging of Pine Island Glacier from NASA DC-8 aircraft.


3.2 Accumulation Radar

[image: ]Minor modifications have been made to the Accumulation Radar to improve its overall performance.  Modifications were made to both the antenna panel (mounted in the aft bomb bay) and to the radar hardware. Figure 7: Element return loss.  Average 3dB improvement in response with new array construction.

Earlier testing and field operation have shown that the return loss of the Accumulation Radar antenna array was affected by the proximity of the antenna elements to the fiberglass aircraft panel to which they were mounted; this is supported by theory.  For the original array configuration, the elements were in direct contact with the panel.  To improve the return loss of the antenna array, as shown in Figure 7, the antenna elements were re-glassed to the panel with 0.5” Rohacell 71 foam between the elements and the panel surface, resulting in an average 3dB improvement of the return loss across frequencies of interest (600‑900MHz, UHF).  Additionally, the return loss is now lower than -10dB across the entire frequency band of interest. It was also determined that the isolators used in both the transmit and the receive path of the radar hardware were the source of significant coupling.  Due to earlier component upgrades, the isolators were deemed redundant and unnecessary and were subsequently removed.  This removal resulted in significant improvement in isolation between the transmit and receive paths.  The coupling is now limited by the isolation of the T/R switch, as it should be.  Efforts are being made to improve the isolation in the T/R switch prior to the Fall 2013 deployment.  It should be noted that coupling of the transmit signal into the receive path across the T/R switch is additionally attenuated by a receive-isolation switch. It does not saturate the DAQ and is time-gated out by delaying the DAQ record window, thus it does not affect the received return.

[image: ]The Accumulation Radar, installed on the P-3 only, was just flown in Greenland this year. Figures 8 and 9 show data product examples from the Accumulation Radar. The first example, Figure 8, is from the center of the ice sheet and shows internal layers being continuously imaged to a depth of 200 meters. This dataset was taken during the North Central Gap 02 mission over central Greenland and shows accumulation rate and layer thinning variations. 

The second example, Figure 9 below, shows an example of the Accumulation Radar sounding Penny Ice Cap during the Baffin 02 mission.


Figure 8: Internal layers from central Greenland, imaged by the Accumulation Radar.


[image: ]
Figure 9: Accumulation Radar continuous depth sounding of the Penny Ice Cap on Baffin Island.

3.3 UWB FMCW Systems (Snow and Ku-band)

For the 2012 Antarctic deployment, the improvements in the Ku-band/Snow Radar systems included upgrades in the chirp generator, and the integration of an online loop-back system. The chirp generator was upgraded to improve the system response and reduce coherent noise. Amplitude pre-distortion was applied to the reference signal of the Type-1 Phase-Locked-Loop (PLL) to minimize the effects of the undesired amplitude modulation. This resulted in a significant reduction of coherent noise and improvement in range sidelobe level. Moreover, the waveform generator of the PLL voltage pre-distortion was upgraded with higher sampling rate and higher linearity. This upgrade resulted in an improved system response. During this campaign, RF relays were integrated to the system to ease the collection of loopback data. These data provide information of the system response during flight and can be used in post-processing to reduce undesired hardware effects.

For the 2013 Artic deployment, the improvements include an upgrade of the chirp generator, an upgrade of the RF sub-system of the Ku-band Radar, and the use of Digital-Down-Conversion (DDC) in the data acquisition system (DAQ). The chirp generator based on a Type-1 PLL used during the 2012 seasons was replaced by a Digital Chirp Generator. The new chirp generator is composed of an FPGA-implemented high speed DDS, a high speed Digital to Analog Converter (DAC), and an ultra-wideband frequency multiplier. This waveform generator has outstanding phase noise performance compared to high-speed PLLs.  Due to the careful design of the frequency multiplier, this waveform generator adds negligible amounts of coherent noise. The digital nature of this waveform generator allows for the instantaneous phase pre-distortion of the chirp to compensate for undesired phase modulation effects in the RF chain. Figure 10 shows the system response with the new chirp generator along with the installed system.  Figure 11 shows some example a-scopes from three consecutive campaigns.

The Ku-band RF sub-system was also replaced. In this new implementation, the loop sensitivity was increased. Then number and length of RF cables and connectors was minimized to reduce RF reflections. DDC processing was also included in the data acquisition to take advantage of the narrow band nature of the Intermediate Frequency (IF), which contains the radar information for these radars. The DDC reduces the data rate by digital down-converting and decimating the IF signals. The DDC was used to reduce the data rate by factors of 2, 4 and 8.

(a) 								(b)
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Figure 10: (a) Ku-band Radar System Response for a synthetic target (564-m delay line with a measured delay of 2.81 μs) measured using the new chirp generator with 6 GHz of bandwidth and 240 μ sweep time; (b) Photograph of the combined Snow/Ku-band Radar system.
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Figure 11: (Left) Fast Fourier Transform of a Range Segment of Raw Data collected during the Greenland 2012  campaign (High Coherent Noise); (Middle) data collected during  the Antarctica 2012 campaign  (Low Coherent Noise); and (Right) during the Greenland 2013 campaign (Negligible Coherent Noise).
(a)
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(b)
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Figure 12: Coregistered radar echograms for Snow (a) and Ku-band (b) Radar near Pine Island Glacier.
Some sample results are presented in Figures 12-14 for both the Ku-band and Snow Radars.  Internal layering, as shown in Figure 12 (a) and (b) near Pine Island Glacier, reveals dramatic variations in accumulation rates over short distances. Annual layers can also be counted with this system in many areas due to the fine range resolution. The Snow and Ku-band Radars have the same nominal resolution, but the Ku-band system suffers higher loss and is only able to reliably detect a single layer at this location. Similar results can be seen over sea ice. 

(a)
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(b)
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Figure 13: Coregistered radar echograms for (a) Snow and (b) Ku-band Radars in the Weddell Sea.

In Figure 13 (a) and (b) comparisons of Snow and Ku-band sounding over the Weddell Sea show that the Snow Radar clearly sees the snow-ice/slush interface while the Ku-band Radar often only sees the air-snow interface, except in a few cases and that there is high variability is the amount of Ku-band Radar penetration. In locations where the surface topography is mild enough, the Snow Radar sounds the snow on land in the same fashion as over sea ice. In the inset, the air/snow interface is placed at the origin and to better highlight the snow thickness variations. Ice cover on a small tundra lake was also sounded (lake verified in Landsat-7 imagery) in this example.

[image: ]
Figure 14: Land snow sounding in Northern Alaska during the F05 Sea Ice SIZRS ZigZag.

Figure 14 shows land snow sounding in Northern Alaska during the F05 Sea Ice - SIZRS ZigZag. The inset shows the sounding of 0.5 to 1 m thick snow over an 8-km stretch including the sounding of a fresh water lake (~1+ m thick) during the Beaufort-Chukchi Diamond mission in 2012.

3.4 On Board Storage and Processing System
We developed an on-board data recording system and a 96-core computing cluster which were used for backups and processing of the data in-flight. We also developed a cluster processing package for Matlab to efficiently process the data as collection occurs. The potential benefits are reduced field personnel requirements and near real-time results. Figure 15 below shows IU’s Forward Observer Data Management System. Figure 16 shows screen captures of the system’s web pages for monitoring the backups and processing.
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Figure 15: IU’s Data Forward Observer Data Management System.  
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Figure 16: Screen captures of the “Forward Observer” system used for on board data archives and processing.



4.0 DATA ANALYSIS AND DELIVERY

In this section, we highlight some of the results acquired from data collect during the last two field deployments.  We also report on any ongoing analysis projects as well as data management activities to generate products and delivery to NSIDC for general use by the scientific community.
               
4.1 Data Analysis Activities

4.1.1 Deconvolution of FMCW Radars 

We deploy two FMCW radar systems for NASA’s OIB missions including the Snow Radar  operating from 2-8 GHz and the Ku-band Radar altimeter 12-18 GHz. Non-linearities in signal amplitude and phase introduced by the system electronics and antenna increase the sidelobe level— degrading system performance and limiting analysis of the resulting data products. In particular, the high range sidelobes of strong signals at the air-snow and snow-ice interfaces may mask weaker internal layers and result in ambiguities in interpreting data.  We have begun data analysis activities to characterize and remove these non-linearities through a deconvolution process.

We quantified the system distortions in the laboratory for both the Snow and Ku-band Radars by taking loopback measurements with delay lines of different lengths. We determined the antenna distortions in the CReSIS anechoic chamber by measuring the impulse responses of the antennas of the two radar systems. By combining the loopback delay line and antenna measurements and simulating the ideal impulse responses, we were able to derive the system inverse responses as a function of ranges between 350 m and 650 m. The inverse system response serves as the basis for implementing adaptive filters to deconvolve signal distortions from real data, including system response variations in time.

We are now developing adaptive deconvolution algorithms to handle the differences between real-time varying system characteristics and the ones determined in the laboratory so that the deconvolution will reduce the sidelobes of air-snow and snow-ice interfaces and keep the internal layering information at the same time.  This is especially important for the Snow Radar to clearly show the internal layers close to the ice surface.
            
Figure 17 shows the derived inverse system responses for Ku-band and Snow Radars. Figure 18 illustrates the effective suppression of ice-surface sidelobes by applying the inverse system response for Ku-band data collected in 2013 Greenland P3 mission. Figure 19 shows an example of the specular ice-surface response of Snow Radar data compared to the laboratory loopback measurement.
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Figure 17:  Inverse system responses of Ku-band (left) and Snow (right) Radars. 


[image: ]IIce-surface sidelobes
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Figure 18:  Ice-surface sidelobe suppression by decovolution. (Left) depicts without decovolution and (right) clearly shows the air-ice interface with deconvolution.
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Figure 19: Ascope comparison before (red) and after deconvolution (megenta). The green is the inverse response filter (left). The comparison between point-target response of Snow Radar from real data  and  from laboratory loopback measurements (left).
                                
4.1.2  CryoSat-II Comparisons 

In the previous report, we presented some initial analysis comparing the data collected by the 12-18 GHz Ku-band system to what would be collected by a system with reduced bandwidth similar to the SIRAL instrument on CryoSat-II.  In doing so, we were able to see how a satellite radar altimeter would track the ice sheet and sea ice surface where there is significant penetration into the surface snow pack. We used ultra-wideband Ku-band Altimeter data from Operation Ice Bridge Greenland 2011 surveys. Since the CReSIS Ku-band Altimeter encompasses the CryoSat-2 frequency band from 13.4 to 13.75 GHz, the data from the airborne radar altimeter can be sub-banded during processing to have the same frequency band as SIRAL waveforms to mimic CryoSat-2 data. 

[bookmark: _GoBack]First the data were processed with full 6 GHz bandwidth, and reduced 350 MHz bandwidth, overlapping the SIRAL frequency range. Re-tracking algorithms were applied to track the surface location for both bandwidth products. The full and reduced bandwidth results were compared over a semi-specular target to find the surface offset in the two data sets and to cross-calibrate the products. Then the tracker results were compared in various snow zones over land ice, and over sea ice. 

Some sample results are shown in Figures 20 and 21.  Figure 20 shows some sample track points in the percolation zone.  Figure 21 shows the transition from the wet snow zone to the dry snow zone. In Figure 21, the RBW peak tracks the percolation zone’s dominant last summer melt layer in the beginning of the segment, but as that steadily declines in brightness towards the dry snow zone, the peak tracker moves towards the surface. This decline in snow density contrast for the second layer is well known. In the dry and wet snow zones, where the dominant first reflection is the surface, the maximum is still not at the surface due to the presence of some subsurface scattering that biases the RBW trackers mean downwards by 13 and 17 cm, respectively. It is important to note that in both of these zones, there are regional trends where layers drop 10+ cm relative to the reference layer over kilometer long sections.
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[bookmark: _Ref358903221]Figure 20: Greenland percolation zone results (a) FBW echogram (b) RBW echogram (c) plot of tracked layers (d) histograms of the tracked RBW layers relative to FBW peak layer.
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[bookmark: _Ref358903468][bookmark: _Ref358903267]Figure 22: FBW and RBW layers from wet snow zone to dry snow zone.
4.2 Data Delivery Updates

We have updated our data format for L1B to use NetCDF and matched this to the format proposed by the University of Texas group so that software packages can easily load data from either group’s radar systems. We also provided a simplified Matlab reader for the data so that data users who used the old Matlab format will be able to transition easily. We also updated the radar depth sounder L2 data to match the new ASCII standard. The new metadata requirements for data delivery have also been completed. We have delivered our first dataset, 2013 Greenland P3, to NSIDC using these new standards. Our current data deliveries for each season since the inception of OIB are shown in Table 1.


	Radar System
	2009
GR
	2009
AN
	2010
GR
	2010
AN
	2011
GR
	2011
AN
	2012
GR
	2012
AN
	2013
GR

	RDS (L1B/L2)
	X
	X
	X
	X
	X
	X
	X
	X
	X

	Snow (L1B)
	NA
	X
	X
	X
	X
	X
	X
	X
	X

	Ku-band (L1B)
	NA
	NA
	X
	X
	X
	X
	X
	X
	X

	Accum (L1B)
	NA
	NA
	X
	NA
	X
	NA
	X
	NA
	X



Table 1. Status of data deliveries to NSIDC (X means data delivered, NA means not applicable).

5.0 FUTURE GOALS

A major task for the next year of the project includes deploying the radar system on the NASA P-3 out of McMurdo, Antarctica during the Fall campaign.  In past years, the Fall campaigns have been conducted on the NASA DC-8 out of Punta Arenas, Chile at the cost of long transits and limited time on target to collect data over the ice sheet and sea ice.  Basing the NASA P-3 out of McMurdo will significantly shorten the transit and provide the ability to collect more science data  per flight.  A list of tasks for the next year of the project includes the following:

· Maintaining data collection, processing activities and delivering products to NSIDC;
· Demonstrating that the radar systems can be deployed and operated out of McMurdo, Antarctica on the NASA P-3 Aircraft;
· Investigating system responses through calibration activities in order to improve the sidelobe performance;
·  Continuing to analyze the effects of Ku-band signal penetration into snow cover and implications on satellite radar altimeters such as CryoSat-II;
· Compiling results, attending conferences, and generating publications.
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