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1 INTRODUCTION

Global change research is based on the full observation of the
Earth. Thus research without full Earth observation is not consid—
2010) .

Antarctica and the Arctic are significant components of the

ered true global change research ( Xu et al.

Earth system. As the two largest cold sources they are the drivers
and amplifiers of global climate change. Polar changes which dis—
rupt the Earths heat balance structure and give strong feedback on
the global climate are the most important factors influencing global
climate change. However the severe scarcity of polar observations
restricts further improvement of the Earth system model.

Remote sensing technology is one of the most efficient ways of
monitoring polar regions because of its remarkable capability. Thus
far satellites specifically designed for polar observations include the
ICESatd launched in January 2003 by NASA ( National Aeronautics
and Space Administration) of the USA and CryoSat2 launched in
April 2010 by the European Space Agency. The main payload of 1
CESat is its Geosciences Laser Altimeter System which aims to
measure the characteristics of ice mass balance cloud and aerosol
distribution landforms and forest height. CryoSat2 data products
have also been officially released.

ICESat4
stopped working in 2009. The new ICESat2 satellite is scheduled to

With the gradual failure of three laser sensors

launch not earlier than 2015. To bridge the data gap in polar obser—
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vations between ICESatd and ICESat2 NASA initiated the 1
ceBridge mission on October 15 2009. This mission plans to use
different types of airborne remote sensing instruments ( including a
irborne lidar) to acquire annual polar observations from 2009 to
2015 helping scientists reveal the interaction mechanism between
polar change and global change.

This paper gives a detailed review of this mission including the
multiple sensors employed the collected data and the different lev—
els of data products finally giving prospects of research based on 1

ceBridge data.

2 ICEBRIDGE MISSION

IceBridge a six-year NASA mission is the largest airborne s
urvey of Earth’s polar ice ever flown. It uses airborne instruments to
survey the Arctic and Antarctic regions once a year. Areas observed
and measured by the IceBridge mission include coastal Greenland
coastal Antarctica Antarctic Peninsula interior Antarctica the
southeast Alaskan glaciers and the Antarctic and Arctic sea ice.
The NASA IceBridge mission combines multiple instruments to map
ice surface topography bedrock topography beneath the ice sheets
grounding line position ice and snow thickness and sea ice distri—
bution and freeboard. Data from laser altimeters and radar sounders
mapping
camera and other data forms to provide dynamic high-value re—

are paired with data from a gravimeter magnetometer
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peated measurements of fast-changing portions of land and sea ice.
IceBridge will make two major contributions to cryospheric science:

(1) Provide surface elevation data now that the ICESat-d mis—
sion has ended focused on areas undergoing rapid change that are
critical in characterizing selected areas of sea ice and modeling the
processes that determines the mass balance of the terrestrial ice
sheets. Due to the time—variable nondinear changes that these areas
undergo repeated monitoring is required. IceBridge also allows more
detailed studies over these areas though over much smaller overall
areas.

(2) Support complementary measurements critical to ice mod—

els such as bed topography grounding line position and ice and

snow thickness. These parameters cannot be measured by satellite
but can be measured from aircraft. They are the other great un—
knowns in understanding ice in general and developing predictive
models of sea level rise in response to climate change.

Aircraft platforms utilized by the IceBridge mission include the
NASA DC-8 airborne laboratory NASA P-3B airborne laboratory
HU-=25C Guardian Falcon National Science Foundation Gulfstream
V research aircraft NASA King Air B200 airborne laboratory UAF
Otter and many more. The on-board multiple instruments employed
can be divided into five types: digital camera lidar altimeter ra—
dar gravimeter and auxiliary equipment. The main instruments are
listed in Table 1.

Table 1 The main instruments employed by IceBridge

Instruments

Purpose

Digital Mapping System Camera ( DMS)

Continuous Airborne Mapping By Optical Translator ( CAMBOT)
Airborne Topography Mapper ( ATM)

Laser Vegetation Imaging Sensor ( LVIS)

University of Alaska Fairbanks Glacier Lidar ( UAF lidar)
Sigma Space Photon Counting Imaging Lidar ( Sigma-Space Lidar)
Ku-band radar altimeter

Snow radar

Accumulation radar

Multichannel Coherent Radar Depth Sounder ( MCoRDS)
Pathfinder Advanced Radar Ice Sounder ( PARIS)
Sander/LDEO airborne gravimeter

Bell BGM3 gravimeter

Position and Orientation System/Avionics 510 ( POS/AV 510)
NSERC Airborne Meteorological Instruments ( AMET)

UCAR/EOL atmospheric chemistry instruments

Surface digital photography
Surface digital photography

Ice surface elevation

Ice surface elevation

Ice surface elevation

Ice surface elevation

Ice surface elevation

Snow thickness

Near-surface layers

Bedrock elevation

Ice inner profile

Water depth and sub-ice geology
Water depth and sub-ice geology
Platform position and attitude
Meteorological parameters

Atmospheric chemistry

The IceBridge mission successfully completed the 2009 2010
and 2011 campaigns both in the Arctic and Antarctica as shown in
Fig. 1. IceBridge products can be divided into five levels. Level O d
efines the raw data the geolocated quality-controlled primary along—
track product with artifacts removed is defined as Level 1 and Level
2 products are the geophysical variables derived at the same or simi—
lar resolution as the Level 1 source data. Most of these data products

have been released by NSIDC ( National Snow and Ice Data Center)
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A compilation of flight lines shows the paths of the 2009 Arctic and Antarctic campaigns ( Koenig

(2012 - 06 — 29 hitp: //nsidec. org/icebridge/portal/) . Level 3
data define variables mapped on uniform space-time grids and Level
4 data define model outputs or results from analyses of lower level da—
ta. NSIDC uses polar stereographic projections for IceBridge—p
rojected gridded data types based on the WGS-84 ellipsoid with pa—
rameters of standard parallel 70° N and longitude of the origin 45° W
for the Arctic and standard parallel 71° S and longitude of the o rigin

0° for Antarctica.
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3 SENSORS AND DATA PRODUCTS
3.1 Optical sensors

As a traditional means of remote sensing optical remote sensing
plays an irreplaceable role in the polar research which refers to polar
geomorphology mapping terrain classification glacier v elocity ex—
traction shoreline change monitoring and sea ice extent and distri—
bution. Airborne optical remote sensing systems involved in the Ice—
Bridge mission are DMS and CAMBOT. DMS images with an 80% a-—
long-track overlap combined with position and attitude data of plat—
form can be used for generation of high—-precision photogrammetry.

3.1.1 DMS

DMS is an airborne digital camera that acquires high—resolution
natural color and panchromatic imagery from low and medium alti—
tude aircraft. The core of the system is a Canon EOS 5D Mark II dig—
ital camera that configures a Canon F1.8 28 mm lens with a 70° field
of view and an R&D 36 mm x 24 mm CMOS sensor that can achieve
21. 1 million effective pixels for high-quality image and 3 .9 {/s
high-speed continuous shooting performance. The system is further e—
quipped with nine autofocus points and six invisible assist autofocus
points to capture high-speed mobile targets. The resulting image size
is 5616 x 3744 pixels. The detailed photogrammetric p arameters of
DMS are listed in Table 2.

Table 2 DMS photogrammetric parameters

Altitude/m  Focal Length/mm Cross-track FOV/( °) Along-track FOV/( °) Nadir Pixel Resolution/m Swath Width/m  Swath Length/m  Area/km*
457.2 28 64.0 45.2 0.10 571 381 0.57
12192 28 64.0 45.2 2.71 15239 10160 400. 81
12192 85 23.3 15.6 0.89 5020 3347 43.49

Released DMS data products include Level O images which are
raw data stored in JPEG format and Level 1B images which have
been geolocated and ortho—rectified. Photogrammetric parameters
have been embedded into the L1B data which are finally stored in
GeoTIFF format. These photogrammetric parameters include coordi—
nates and projection information the GPS date and time pitch
roll altitude shutter speed and imaging mode. These two products
have been made available to users in October 16 2009 via FTP.
3.1.2 CAMBOT

The CAMBOT system consists of a control unit GPS and two
Kodak DC4800 digital cameras with 35 mm lens and 0.7 s exposure
time. File sizes from this system can reach 3.3 million pixels at 2160
x 1440. CAMBOT operates in two modes sequential and parallel.
In sequential mode one camera is operated at one time giving a ¢
ontinuous rate of one image every 10 seconds. When the compact
flash card is full the system switches to the next camera and the p
revious camera begins to transfer the images to computer. In parallel
mode both cameras are used simultaneously giving a rate of one
image every five seconds. Each time CAMBOT is run it creates two
files to log the GPS and photograph information respectively. These
files are then used during post-processing to correlate the i mages
with the GPS data forming geolocated Level 1B image data accom—
panying a text file containing the following information: time of day
latitude longitude altitude of aircraft above ground ATM range
pitch of aircraft roll of aircraft and heading of aircraft. This infor—
mation facilitates further photogrammetric data processing. R eleased
data include ASCII text files for navigation data and PNG or JPEG
format files for images; these have been distributed since March 31

2009 via FTP.
3.2 Lidar sensors

Lidar instruments the main force of data collection in the 1
ceBridge mission are mainly used for surface measurements of the
polar ice sheets and glaciers which can then be used to monitor the
seasonal and interannual changes in the polar mass balance the
long-term trends of the Earth surface processes or the net mass bal—
ance between glaciers. Other applications include the measurement
of sea ice height calibration of satellite lidar survey of sea surface
height and wave characteristics and so on. Because of the applica—
tion history in the glaciology field ( Krabill et al. 1995)
ticipated ATM is a key for repeatability of the longest records. LVIS

the par—

provides important coverage due to its medium and high operational
altitude ( Blair et al. 2010) . The UAF lidar is mainly used to mo—
nitor the mountain glaciers of the Alaska. Another critical point is the
Sigma Space photon counting imaging lidar employed in the Investi—
gating the Cryospheric Evolution of the Central Antarctic Plate pro—
ject which is now part of the IceBridge mission. The parameters of
these four lidar instruments are listed in Table 3. As an advanced-
technology application in the cryospheric field the Sigma-Space lidar
is a pathfinder for next-generation high-efficiency spaceflight laser

a ltimeters in ICESat2 R&D works ( Krainak et al. 2010) .

Table 3 Performance parameters of four LIDAR
instruments in the IceBridge mission

Performance ATM LVIS UAF Sigma-Space
Measurement rate/Hz 5000 500—5000 10000 20000
Scan angle/( °) +15 +12 +30 +26
Scan rate/Hz 20 10 20 20
wavelength/nm 532 1064 905 532
Pulse width/ns — 8 — —
Footprints size/m 1 20 0.2 —
Footprints space/m 4—7 10—20 1 hornzo{nlal: 0-15
vertical: 0.3
Swath/m 140—250 2000 500—600 400

3.2.1 ATM Lidar

ATM Lidar is one of the most important on-board instruments to
execute this mission. A major task of the ATM developed by NASA
since 1993 is measurement of the Greenland ice sheet with the goal of
determining changes in the ice sheet elevation. After s everal im-
provements the third-generation ATM used in IceBridge r emains the
main lidar instrument for glacier measurements. With a designed
flight altitude of ranging from 800 m to 1400 m the ATM measures
topography with an accuracy of ten centimeters by incorporating
measurements from Global Positioning System ( GPS) r eceivers and
2002) .

To precisely assist ATM data acquisition using flight trajectories

Inertial Navigation System attitude sensors ( Krabill et al.

NASA also developed a flight management system to further enhance
the measurement accuracy of ATM. As the ATM a dopts conical
scanning its footprints form a series of ellipses with a certain overlap
degree. The raw laser range data is processed to form a big¥dina

( the data storage method in which high-byte data are stored in the
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low address of the memory and low-byte data are stored in the high
address of the memory) binary file with a suffix of * qi. The formed
Level 1 file includes GPS time coordinates of latitude and longitude
elevation start pulse signal strength reflected 1 aser signal strength
scan azimuth pitch roll GPS position dilution of precision and la—
ser received pulse width. At the same time NSIDC also releases the
Level 2 text format data the contents of which include time lati—
tude longitude elevation south to north slope of the block ofst to
east slope of the block accuracy number of points used and edited
in estimating the aircraft parameters and track identifier.
3.2.2 LVIS Lidar

The LVIS Lidar is a medium—-and high-altitude medium sized-
footprint  all-digital waveform airborne scanning laser altimeter that
is representative of the first application of waveform analysis technol-
ogy in the world designed and developed at NASA’s Goddard Space
Flight Center. By sampling the entire returned pulse through a digital

1580 1050 F

1570 PL 1040 |-

Elevation/m

recorder waveform lidar obtains the amplitude information a long
with time of each returned pulse after interaction with the t errain sur—
face and forms a more complete waveform profile. C ompared with
discrete returned pulses the waveform profile can present richer sur—
face features and more detailed information in the vertical direction.
LVIS is mainly used for precise mapping of the surface topography
and measurements of the multi-scale vertical structure of ice ( Hofton
etal. 2010) as shown in Fig. 2. A preliminary assessment of the
accuracy of this instrument is 7 cm ( Hofton et al.  2009) . Thus
comparing the multi4emporal waveform information in the same place
can yield the change information of the ice surface. The LVIS data
released by IceBridge team include raw data ( Level 0)  waveform
data ( Level 1B) and point-cloud data products ( Level 2) the
contents of which include point ID GPS time latitude longitude

elevation and the height when a pulse is 100% returned.
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Fig.2 Examples of lidareturned pulse characteristics of an ice surface ( Blair et al. 2011)

3.2.3 UAF Lidar

The UAF lidar system consists of a RIEGL LMS-Q240i scanning
laser altimeter AN Oxford technical solutions inertial and a Trimble
GPS receiver. The comprehensive accuracy of this system is in the
order of 10 e¢m ( Larsen et al. 2009). Since 1993 the G
eophysical Institute at the University of Alaska has performed light
aircraft laser altimetry surveys of over 200 glaciers across the region
( Larsen et al. 2010) . The UAF lidar has been a part of the Ice—
Bridge mission since 2009 and conducts data collection in May and
August every year based on previous observations. At present the
UAF lidar data of 2009 and 2010 have been successfully acquired
and released. The RIEGL laser scanner uses the pulsed time-of{light
range measurement principle and beam scanning by means of an op—
to-mechanical scan mechanism providing fully linear unidirection—
al and parallel scan lines. It saves the observations in b inary format
on PC machine.

UAF lidar data are post-processed to produce profile data of 25
glaciers and scanning data of 29 glaciers which are stored in * . las
format files. Each file the contents of which include xyz coordinates
in UTM projection based on the WGS84 coordinate system and return
intensity is created for one glacier in a specific time.

3.2.4 Sigma-Space Lidar

Employing a high-frequency low-energy laser transmitter and a
photomultiplier single photon detector the Sigma-Space lidar can d
etect a target by photon counting instead of by waveform measure—
ment making full use of the photon energy in the returned pulse and
thus greatly improving the survey efficiency of the imaging lidar. A

passive diffractive optical element employed by the Sigma-Space lidar

splits the transmitter beam with about 80% efficiency into a 10 x
10 array of 100 beamlets. Thus each beamlet contains slightly more
than 1 mW of power ( about 50 nJ at 22 kHz) . The returns from the
10 x 10 ground array of beamlets are directly imaged onto the photo—
cathode of a 10 Xx 10 segmented anode microchannel plate p
hotomultiplier. The individual anode outputs are then fed into one
channel of a multichannel multistep timing receiver with a deadtime
of less than 2 ns resolution. Thus each pulse records a 10 x 10
pixel three dimen sional volumetric image and the individual images
are continuously mosaiced together at unprecedented rates of up to 2
.2 megapixels per second ( Degnan et al. 2007) . The single shot
range accuracy of this system is roughly 6 cm ( Degnan 2010) . The
Sigma-Space lidar records all photon events including signals and
random background noise ( such as solar noise) during the pulse
transmission so it is necessary to extract the effective data range
from all records using Sigma-developed noise-editing filters as
shown in Fig. 3.

Since the green wavelength is near the peak transmission of w
ater the photon-counting lidar can detect the underlying terrain
through tree canopies and thick atmospheric haze; it is also suitable
for underwater imaging applications. As shown in Fig. 3 in addition
to the melt pond surface observations ( green dots) the bottom of
melt pond observations ( blue dots) is also clearly presented thus

forming a three dimen sional image of the melt pond.
3.3 Radar sensors

In order to accurately measure the mass balance of ice sheet and

understand the mechanism of glacier dynamics quantitative i
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(b) The raw Lidar data of this melt pond

(¢) The Lidar data after filtering

Fig.3 Image of a melt pond over glacier in Antarctica,
the raw Lidar data of this melt pond and the Lidar
data after filtering ( Degnan 2010)

dentification of the gas-snow-ice-bedrock geometric information and
three-dimensional distribution such as the snow accumulation snow
thickness on sea ice ice sheet thickness and basal geomorphic
characteristics  besides the surface information acquired by lidar in—
struments is necessary. Radar sensors are particularly important for
this purpose. As early as 1993 the University of Kansas had devel-
oped an echo radar with an operating frequency of 150 MHz to meas—
ure the thickness of the Greenland ice sheet ( Leuschen et al.
2010) . L ater the CReSIS ( Center for Remote Sensing of Ice
Sheets)  grouped on the basis of the University of Kansas devel—
oped a series of different operating<requency radar instruments with
different r esolutions and snow/ice penetrating abilities. Radar sen—
sors that are used in the IceBridge mission including MCoRDS ac-—
cumulation r adar snow radar and Ku-band radar altimeter were
all developed by the CReSIS. The PARIS radar developed by Johns
Hopkins U niversity is also employed in the IceBridge mission. A
brief introduction of these radar instruments is given in Table 4.
3.3.1 Ku-band Radar Altimeter

Ku-band radar altimeter is a wideband radar altimeter with a

center frequency of 14 GHz pulse lengths ranging from 170 ps to

Table 4 Radar instruments adopted in the IceBridge mission

Instrument Measurement Frequency ( bandwidth)
Ice thickness
MCoRDS Bed imaging 195 MHz ( 30 MHz)

Internal layering

Accumulation radar Internal layering 750 MHz (300 MHz)

Snow cover

Snow radar Internal layering 4.5 GHz (4 GHz)

Topography

Snow cover
14 GHz (4 GHz)

Ku-Band radar altimeter
Topography

Internal layering
PARIS 150 MHz (6 MHz)
Topography

240 ps in Antarctica a pulse length of 240 s in Greenland trans—
mittance power of 20dBm and sampling frequency of 62. 5 MHz.
Assuming a snow density of 0.5 g/cm’  the range resolution of this
radar can increase by up to 5.3 m in Greenland and up to 10.6 m in
Antarctica. The latest research ( Willatt et al. 2011) shows that
25% and 80% of all scattering back returns come from the snow/ice
interface when snow temperatures are up to -4 °C and -8 C  re-
spectively; the rest of the returns come from air/snow interface.
These results indicate that the Ku-band radar penetrates further into
the snow cover at lower temperatures. Thus differences in elevation
between Ku-band radar and laser altimeters could represent the snow
depth o ver sea ice. Observations reveal that Ku-band radar can pen—
etrate into the near-surface firn of ice sheet with a depth of 15 m and
into the snow on sea ice with a depth of 0.5 m ( Patel et al.
2010) . After the processing of pulse compression including coher—
ent integration high-pass filtering noise removal and height cor—
rection ( Blake 2010)

files the contents of which include time

the raw radar data is stored in * . bin format
latitude  longitude
height return time of s urface and bedrock and intensity. A JPEG
file stores snow/ice echogram images along the flight paths.
3.3.2  Accumulation Radar

Accumulation radar is designed to map the variation of snow ac—
cumulation rate. When installed on aircraft it operates at a f
requency of 750 MHz with a bandwidth of 300 MHz providing 28 c¢m
depth resolutions in ice. Other characteristics of this radar include a
scan duration of 10 ms transmittance power of 100 mW Yagi a
ntennae for both the transmitter and receiver sampling frequency of
50 MHz and 12 bit analog or digital converter for signal processing.
The data files are in binary format and associated GPS files are p
rovided in MATLAB and Applanix output formats. JPEG image files
and KML files are also included. The data products have been avail—
able for periodic operation since May 2010 via FTP.
3.3.3 Snow Radar

Snow radar is an ultra-wideband radar developed by the CReSIS
with a frequency of 4.5 GHz a pulse width of 250 ws a repetition
of 2 kHz a transmission power of 20 dBm and a sampling frequency
of 60 MHz. Assuming a snow density of 0.3 g/cm’  the range reso—
lution of this radar may be as high as 2.5 m in Greenland measure—
ments and 5.25 m in Antarctic measurements. It is designed to map
near-surface internal layers in polar firn with fine vertical resolution
as shown in Fig. 4. Knowledge of snow thickness is essential to the
estimate mass balance and surface energy exchange of sea ice. The
radar is also used to measure snow thickness and distribution over sea
ice ( Kowk et al. 2010). The collected data is stored in * . bin
format files the contents of which include time latitude longitude
height return time of surface and bedrock and i ntensity. A JPEG
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file is also given showing the snow or ice echogram images along the
flight paths.

Depth/m

1 = A
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Distance latitude longitude/km

Fig.4  Snow echogram of Pine Island area produced by
snow radar ( Leuschen & Carl 2011b)

3.3.4 MCoRDS

MCoRDS developed by the CReSIS operates at a frequency of
195 MHz with multiple receivers developed for airborne sound and
imaging of ice sheets. The radar bandwidth is adjustable and its v
ertical range resolution can reach 4.2 m. Multiple receivers permit
digital beam steering to suppress cross-track surface clutter than can
mask weak ice-bed echoes and strip-map synthetic aperture radar im—
ages of ice-bed interfaces ( Lohoefener 2007) .

adar channels used were set up to capture surface or bed echoes and

Five of the eight r

ice thickness ( radar channels) . The remaining three channels are ¢
onnected to antennas within the cabin of the plane and were operated
in receiving mode only to measure electromagnetic interference
( EMI) channels. EMI channels can pick up most of the surface r
eturns even in areas where radar channels cannot. Therefore data
derived from EMI channels may be used in many cases for ice thick—
ness estimations. Ice thickness is typically determined using data ¢
ollected from waveforms with different durations and different r
eceiver channels. The difference in times-of-arrival between ice and
bed signals is then converted into ice thickness.

IceBridge provides MCoRDS LIB geolocated radar echo strength
profile data 12 ice thickness data L3 gridded ice thickness and
surface and bottom data. The LIB data include measurements for
echograms time latitude longitude elevation and surface flight
path charts and echogram images. The data are stored in MATLAB
files with associated PDF TIFF and PNG files as shown in Fig.5.
12 data include measurements for elevation surface bottom and
thickness. The data are stored in Comma Separated Value ( CSV)
text format with associated KML files. L3 products include flight
lines boundaries grids preview images and crossover analysis.
These data are collected as part of the lceBridge funded campaigns
and stored in Comma Separated Value ( CSV) Portable Network
Graphics ( PNG) Tag Image File Format ( TIFF) Tiff World File
(TFW) and ArcGIS shape files.

3.3.5 PARIS

The PARIS radar developed by Johns Hopkins University withan
operating frequency of 150 MHz enables the visibility of i nternal lay—
ering and bottom topography of ice sheets when probed by high-alti—

tude aircraft ( even from spacecraft) ( Raney et al. 2008) . This
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Fig.5 Echograms of bed and surface in Pine
Island area acquired by MCoRDS

radar is composed of three parts: a direct digital synthesizer which
is in charge of the synthesis and emission of the pulse; an a nalog to
digital converter which is in charge of receiving and ¢ onverting sig—
nals from the antenna; and a field programmable gate array which is
in charge of signal processing and storage.

The signals received by the PARIS radar include not only sig—
nals from the surface return its side lobes and bottom returns but
also signals from internal clutter triple-bounce from aircraft to s
urface along-track and across-track clutter sources among others.
Researchers from Johns Hopkins University can effectively remove
most of the above noise using partially coherent Doppler processing
as shown in Fig. 6. The resulting data files are in ASCII text format
and contain fields for latitude longitude time ice thickness air—
craft altitude and confidence of thickness measurement which has
five grades ranging from 1 to 5 corresponding to data quality from
good to bad.

3.4 Airborne gravimeter

Gravity data can be used to map and interpret features hidden
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Range Bin

Distance/km
(b} Incoherent

Distance/km
(a) Original data

Fig.6  Comparison of processing results between incoherent coherent

by snow and ice in polar regions especially those related to volca—
noes faults water and even tectonic events. Instruments mounted
on aircraft flying over the glaciers can use lasers to measure the ice s
urface and radar by penetrating through the ice to map topography
and cavities underneath or in the ice. However the amount of water
existing underneath the ice is unknown. Knowledge of this informa—
tion is key in assessing the impact of water on dynamic changes in
the entire icesheet. Newly refined high—-resolution gravity technology
must be used to assess the influence mechanisms of the water under
2010) . The IceBridge mission expands the

use of the airborne gravimeter. Aside from bathymetry it also allows

ice ( Studinger et al.

Fjord geophysical prospects assists in ice thickness measurements

and helps assess the impact of warm sea water on acceleration of the
2010) . Key areas s
Jakob—

shavn and Russell Glacier areas in Greenland and the Abbot Ice

melting of the ice shelf basal ( Cochran et al.

urveyed by gravimeters include the Peterman Zachariae
shelf Larson Ice shelf Antarctic Peninsula Pine Island glacier

and Thwaites Glacier areas in Antarctica.

The gravimeter system employed by the IceBridge mission is the
AIRGrav system developed by Sander Geophysics Limited; it is the
only purpose-built airborne gravimeter designed primarily for p
etroleum exploration. The AIRGrav system uses three orthogonal ac—
celerometers as gravity sensors on a three-axis gyroscopically s
tabilized platform combined with a high resolution differential GPS
to correct for aircraft movements caused by turbulence aircraft v
ibrations and drape flying guaranteeing the flight horizontal error
within 10 rad/s. High precision differential GPS processing tech—
niques and a robust gravimeter system have resulted in final pro—
cessed gravity grids with noise estimates of 0.3 mGal at a resolution
2004) . AIRGrav da—

ta consist of aircraft attitude and gravitational measurements. A

ranging from 2.2 km to 4 km ( Sander et al.

ircraft attitude is provided as one file per flight. Gravity data are d
ivided into one file for each geographic area plus an additional file
containing all remaining transit lines lines that do not fall within one
of the grids lines within a grid that cross at significantly different a
ltitude and lines within a grid that are contaminated by maneuver
noise and could be dropped in favor of other lines as shown in F
ig. 7. Gravity data include time coordinates latitude and Etovos
corrected values and the free air correction at various along-flight—
line spatial filtering scales. The formula for calculating free air gravi—
ty a nomalies using the above gravity values is as below.
FAA = A -A + Eotvo + FAC - G,
where FAA is the free air anomaly A, ..., is the measured gravity
A
FAC is the free air correction and G,
The BGM3 gravimeter
mployed by ICEAP project was primarily designed for ship-borne

measured aircraft

is the aircraft acceleration FEotvo is the Bouguer correction;

aircraft

is the normal gravity.

e

developed by Bell Aerospace and e

(C)1994-2020 China Academic Journal Electronic Publishing House. All rights reserved.

2 4 6 2 4 6
Distance/km

(c) Coherent (d) Delay-doppler
and delay-Doppler processing algorithms ( Raney et al.

Distance/km

2008)

measurement and specially upgraded to suit airborne environments.
The BGM-3 system consists of a forced feedback accelerometer with a
recording rate of 1 Hz and a detection range of 30 G mounted on a
gyrostabilized platform. Combined with GPS measurements the a
ccuracy of this system can be up to 1 mGal ( Richter et al.

2002) . In the IceBridge operation the BGM-3 system is used for
gravity surveys of the southeastern Antarctic region. The BGM-3
products of 10 raw accelerations L1B time-tagged accelerations

and 1.2 geolocated free air anomalies are stored in ASCII format and
available for periodic and ongoing campaigns from 2009 to the pres—

ent via FTP.

(a) The gravity data, flightlines, and discre pancies
between gravity data at intersecting flightlines

0.6
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2 04 100=2.45 mGal
s 03
2 02
01 i
) Femms A — |
-10 -6 -2 2 6 10
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(b) Intersection differences for
a 100 s filter using all lines
0.6
05}
Z 04| al00=2.09 mGal
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0.1 .
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(¢) Lines with excessive maneuvering
lines and large height differences removed
Fig. 7 The gravity data flightlines and discrepancies between

gravity data at intersecting flightlines ( the circle sizes represent mis—
matches) in the Pine Island area. Intersection differences for a 100 s
filter using all lines and lines with excessive maneuvering lines and

2011)

large height differences removed ( Cochran et al.

http://www.cnki.net
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3.5 Auxiliary equipment

3.5.1 POS/AV 510
Almost all on-board observations are influenced by the

platform’s position and orientation so high-precision position and o

rientation information is a basic guarantee of the measurement of an

entire project. The IceBridge operation employed the Canada POS/

AV 510 to correct the airborne platform’s trajectories. By integrating

Global Navigation Satellite System with an inertial measurement unit

the world’s most advanced POS system can have an absolute positio—

ning accuracy of 5 cm  roll and pitch accuracy of 0.005° and true
heading accuracy of 0. 008° ( Mostafa & Hutton 2002). The ¢

ollected data in the way of coupling POS/AV with DMS when o

perated can be applied to all on-board instruments. The released

L1B data parameters include time latitude longitude altitude ve—

locity roll pitch and heading.

3.5.2 National Suborbital Education and Research Center

( NSERC) Airborne Meteorological Instruments

The IceBridge mission employs airborne meteorological instru—

ments provided by the NSERC. The collected data set contains 36

parameters of airborne inHlight meteorological and in-eabin measure—

ments and thermal emission measurements of near-nadir surface skin
temperature including solar zenith angle air temperature air pres—
sure humidity wind speed infrared surface temperature soil tem—

perature cabin pressure and instrument temperature among o

thers. Instruments used for the collection of meteorological data i

nclude the following: an MKS Baratron type 220D pressure transduc—

er a two-stage Buck research hygrometer a three-stage Edgetech

model 137 hygrometer a total air temperature Goodrich model 102

and a Heritronics infrared radiation pyrometer. Data are taken at 1

Hz from aircraft and facility instruments on-hoard and then recorded

on two redundant NASA airborne science data acquisition and trans—

mission flight recorders. After export conversion and quality con—
trol data are stored in an Intercontinental Chemical Transport Exper—
iment ( [CARTT) comma separated format. These data have been
made available for periodic and ongoing campaigns since 12 October

2009 via FTP.

3.5.3 National Center for Atmospheric Research/Earth Observing
Laboratory ( UCAR/EOL) Atmospheric Chemistry Instru—
ments

Aside from meteorological parameters atmospheric chemistry
parameters which are closely related to climate change are also

measured in the lceBridge mission by the UCAR/EOL using an A

VOCET differential non-dispersive infrared gas analyzer instrument

an airborne differential absorption CO measuring instrument a diode

laser hygrometer and airborne whole air samplers. The data set in—

CO CH, N,0 H,0 (v) and

whole air samplers. The data are stored in ICARTT format and were

available from 12 October 2009 to 24 November 2009.

cludes measurements for CO,

4 APPLICATIONS OF THE ICEBRIDGE OBS-
ERVATION DATA

As the largest airborne survey of the Earth’s polar ice ever
known the IceBridge mission will establish a series of long-time o
bservations of the change characteristics of the polar ice sheets and
sea ice combined with ICESat- /Cryosat2/1CESat2. It will also
ocus on the polar areas undergoing rapid change in order to under—

stand the ice in general and develop predictive models of sea level

rising. Prospects of research based on IceBridge data may be given

in terms of four aspects.
4.1 Three-dimensional mapping of snow/ice

Instruments on board the IceBridge mission have provided f
avorable conditions for detecting the material composition and d
istribution of polar regions in all dimensions and multi-perspectives.
Using lidar data optical images can acquire information of a
surface’s land cover and topography. Radar sensors are used to detect
internal ice layering and bed characteristics beneath the ice. Gravita—
tional observations provide geometric parameters of sub-ice features
such as cavities subglacial lakes and troughs ( Griggs & Bamber
2010; Hofton et al. 2010; Richter et al. 2002; Studinger et
al. 2010) . Therefore observations acquired by all of the instru—
ments provide an exceptional foundation for polar research. Fig. 8
shows a three dimensional mapping of Pine Island glacier with the
surface e levation determined from ATM over a Radarsatd4 SAR im-
age lower ice surface determined from MCoRDS radar ice velocity
( yellow arrows) extracted from Radarsatd data and the grounding
line ( purple line) . The figure illustrates a deep trough upstream of
the glacier tongue and the distributions of iceshelf thickness and sev—
eral tributary glaciers. Qualitatively surface velocity directions are ¢
onsistent with subglacial topography suggesting that flow divergence

with depth may be small.

Fig.8 Three dimensional mapping of Pine Island glacier
Antarctica ( Blake et al. 2010)

A three-dimensional high-definition map of a crevasse in the
Thwaites iceshelf may be illustrated by combining lidar and DMS da—

ta as shown in Fig.9.

Fig.9 Three dimensional mapping of a crevasse in the

Thwaites iceshelf Antarctica

Scientists have recently begun to pay more attention to the map—
ping of bedrock terrains below the icesheet using gravity anomaly da—
ta and made considerable achievements in this field. Tinto and Bell
(2011) identified a prominent ridge with two distinct peaks 40 km in

front of the present-day grounding line using a new bathymetric model
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from the Thwaites glacier region based on I ceBridge airborne gravity
data and pointed out that these features exert key controls in the evo—
lution of ice flow. Cochran and Bell (2012) produced an inversion
of the IceBridge gravitational data for continental shelf bathymetry
beneath the Larsen ice shelf successfully showing ocean water
troughs and waterfilled cavities. Shodlok et al. (2012) found that
the temporal variability of melting in the Pine Island ice shelf is most—
ly driven by the processes of warm circumpolar deep water outside

the cavity and that the simulated mean melting rate is 28 ma™ ac—

cording to NASA IceBridge data much higher than previous model

nvolves the use of elevation differences in height observations at dif—
ferent times but the same regions to calculate the ice mass balance u—
sing the integral method combined with the distribution of ice and
snow density. Altimeter sensors on board the IceBridge mission play
a great role in this undertaking ( Sonntag & Krabill 2009) . Since
1993  UAF scientists have used laser altimetry systems to measure
surface elevation changes in over 200 glaciers throughout Alaska and
western Canada every three of five years. In the 2009 IceBridge cam—
paign 40 glaciers were re-measured. Analysis of these survey data

led to the discovery that the melting rate of most glaciers twice or

estimations but close to remote sensing findings.

4.2 Glacier elevation and mass balance estimation

Changes in the elevation of polar glaciers are the most intuitive

factors in global change research

more than that five to ten years ago ( Larsen

the main principle of which i

8.6 km’

et al.

2009)
shown in Fig. 10. The latest research shows that the mass balance of
Alaska glaciers is —41.9 km® +
0 .02 mm to the sea level rise ( Berthier et al.

as

contributing 0. 12 mm =+
2010) .
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Gravitational anomaly differences acquired by a gravimeter
across the same region can also be used to directly calculate the mass
balance using the integral method. The availability of multisensor
observations of glaciers provided by the IceBridge mission makes the
calculation of mass balance by fluxes method possible. For example
new radar ice thickness data can constrain glacier ice mass fluxes;
bathymetry data and the distribution of cavity underneath ice shelves
derived from an airborne gravimeter can help estimate water fluxes
associated with the interaction between i ce-shelf and ocean and
snow depth and firn layering data can be used to estimate accumula—
tion rates. However significant gaps remain in some parts of Green—
land  which is not covered by radio echo sounding and Antarctica.
IceBridge collects ice thickness data along the Bellingshausen Sea
sector where hardly any data had been collected in the past. Thus
calculating mass balances must be done by the flux method using oth—

er satellite data and climate-sea-ice sheet models ( Rignot et al.

2010) .

4.3 Spatio-temporal changes in sea ice thickness and
extent

the

study of sea ice changes in polar regions is extremely important. The

Sea ice is particularly sensitive to climate change; thus

1000 1500 2000 2500 3000
Elevation/m
The rate of elevation change and elevation-area from 1994 to 2009 of Columbia Glacier in the Alaskan region (Larsen, et al.,

1000 1500 2000 2500 3000
Elevation/m

500

2009)

extent and thickness dynamics of sea ice extracted from DMS radar
and lidar data can not only help researchers understand sea ice phys—
ics but also allows analysis of its evolutionary process in current ¢

limate patterns. Sea ice thickness can be inferred from two quanti—

ties namely the freeboard portion of the sea ice and the snow
depth a ssuming hydrostatic equilibrium i. e. ( Kurtz et al.
2008)
H =H,-H_  =h +f,
h, = P75h§ " pichh
P =P Py P

where p;, p_ and p_ are the densities of the snow sea ice and wa—
ter respectively £, is the sea ice thickness H is the sea ice sur—
face elevation acquired by ATM lidar H_ is the sea surface eleva—
tion which can be derived from gravity data h_ is the snow thick—
ness over sea ice which can be acquired by Ku-band radar or snow

radar and f is the sea ice freeboard.

4.4 Calibration and validation to satellite remote sen—
sing observations

The IceBridge mission will annually collect sea ice and ice sheet

data 30000 km along the ICESat satellite orbit and at least 500 km

along the CryoSat-2 orbit. This mission will not only bridge the obser—
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vation gap between ICESatd and ICESat2 establish a series of long—
time elevation observations and provide data for calibration and vali-
dation of laser satellites ( ICESatd ICESat2) and r adar satellites
( CryoSat2 Envisat) but also carry instruments for the simulation and
performance evaluation of the new ICESat2 and DesDynl-Lidar. In
the Envisat/RA2 altimeter validation mission of 2006 good overall
consistency between RA2 and ATM ( equipped on NASAs P3 air—
craft) elevations was obtained. The observed mean elevation differ—
ence of 36 ¢cm was considered to be from snow accumulation over floe
ice; over refrozen lead surfaces only negligible snow accumulation
and a mean difference in the order of 1 cm were observed ( Connor et
al. 2009). In the 2010 IceBridge Arctic campaign the CryoSat-2
orbit was underlown by a NASA DC-8 a ircraft that carried a digital

camera a lidar and radar instruments to conduct validation activi—

2010) .

ties as shown in Fig. 11 ( Connor et al.

Ellipsoid Elevation/m

Fig. 11 ATM and Cambot observations over sea ice along the

CryoSat=2 track on April 20 2010

Airborne remote sensing observations are of high accuracy and res—
olution while satellite remote sensing has unparalleled advantages in
wide—range coverage. Cross-validation between these methods will un—
doubtedly greatly expand the application of IceBridge data a lthough er—
rors and uncertainties in these calibrations and verifications caused by
surface type platform noise and inconsistent coverage are also known
to occur ( Connor et al. 2009). Loss of ground validation is another
factor that may bring about data uncertainties. Thus future research will
focus on establishing error sources of aerospace/airborne observations
development of calibration and cross—validation methods for satellite da—
ta and improving the relevant a lgorithms using IceBridge data which
are also the premise and key for joint applications in satellite observa—
tions and airborne observations ( Luthcke et al. 2010) .

S DISCUSSION AND CONCLUSIONS

The IceBridge will not only ensure the continuity of satellite ob—
servations but also monitor polar elements in all dimensions and
perspectives by on-board instruments significantly contributing to
the understanding of the change mechanisms in polar regions. Pros—
pects of the missions application are very attractive to the polar r
esearch community. Comprehensive application of multi-source a
irborne observations including multi-source data fusion technologies
at different scales and urgent assessment and exploration of the p
otential application of these observations has become an issue of
concern to many scientists. Further development of polar—elated
models ( such as ice sheet dynamics glacier dynamics sea level
rise and sea ice coverage models) requires information on bedrock
topography ice thickness and structure bathymetry underneath the
and so on

ice shelf and ice tongue snow depth and structure

which may be derived from IceBridge multi-source observations.

Despite its favorable prospects however the IceBridge mission
has several shortcomings. Due to the limitation of aviation logistical
support capacity the present flying areas are limited to southwest
Antarctica  Antarctic Peninsula regions and western edge regions of
Greenland in the Arctic. In addition observations are often influ—
enced by harsh polar weather conditions. Airborne remote sensing
measurements have inconsistent scales and do not meet the require—
ments of traditional survey engineering thereby increasing the diffi—
culty of data post-processing.

Since 1984

mainly concentrated on two regions the Antarctic Peninsula near the

the Chinese Antarctic Scientific Expedition has

Great Wall station and the Amery ice shelf near the Larsemann hills.
Polar observations are mainly based on the platform of “one ship and
three stations” (i.e. a Xuelong ship and the Great Wall Zhongs—
han Kunlun stations) . China is now constructing a polar airborne
platform that will also include remote sensing capability. The free
sharing of IceBridge data will not only provide massive amounts of
observational data to Chinese scientists for study but also provide
technical references for the construction of Chinas polar aircraft r
emote sensing platform.

In summary IceBridge airborne observations can monitor d
ynamic changes in the ice sheet detect the change physics of ice
shelves and sea ice and provide input and validation data for various
Earth system models. The IceBridge mission not only provides a v
aluable data resource for the research of multi-source observational a
pplications but also significantly aids in the understanding of the bas—

ic facts and laws of global change.

Acknowledgements: We would like to thank NASA of the USA
for providing the IceBridge observations and Dr. Chi Zhaohui of Texas
A&M University for helping us download the IceBridge data.

REFERENCES

Berthier E  Schiefer E  Clarke G K C Menounos B and Rémy F. 2010.
Contribution of Alaskan glaciers to seadevel rise derived from satel—
lite imagery. Nature Geoscience 3(2) 92 -95

Blair ] B Hofton M A and Rabine D L. 2010. Large-area Ice Sheet and
Sea Ice mapping from High-altitude Aircraft: Examples from the
LVIS Sensor // American Geophysical Union Fall Meeting 2010
abstract #C53A -08 08

Blake W A. 2010. Interferometric Synthetic Aperture Radar ( InSAR)
for FineResolution Basal Ice sSheet Imaging. Lawrence: The Uni—
versity of Kansas

Blake W Shi L Meisel J Allen C and Gogineni P. 2010. Airborne 3D
basal DEM and ice thickness map of Pine Island Glacier. IEEE I
nternational Geoscience and Remote Sensing Symposium ( [GARSS)
2010: 2503 -2506 DOI: 10. 1109/IGARSS. 2010. 5653924

Cochran ] R Bell R E  Frearson N and Elieff S. 2010. Inversion of 1
ceBridge gravity data for continental shelf bathymetry beneath the
Larsen ice shelf // American Geophysical Union Fall Meeting
2010 abstract #C14A -05 05

Cochran J] R and Bell R E. 2011. IceBridge Sander Air GRAV LIB G
eolocated Free Air Gravity Anomalies. ed. IceBridge. Boulder Colo—
rado USA: National Snow and Ice Data Center ( NSIDC)

Cochran J R and Bell R E. 2012. Inversion of IceBridge gravity data for con—
tinental shelf bathymetry beneath the Larsen ice shelf Antarctica. Jour—
nal of Geodynamics 58 (209): 540 - 552 DOL 1 0.3189/
2012JoG11J033

Comnor L N Laxon S W Ridout A L Krabill W B and McAdoo D C. 2009.
Comparison of Envisat radar and airborne laser altimeter measurements
over Arctic sea ice. Remote Sensing of Environment 113(3) 563 —

570 DOL: 10.1016/j. rse. 2008. 10. 015



FENG Zhunzhun et al.: Review of the NASA IceBridge mission: Progress and prospects 409

Connor L N Laxon S McAdoo D C Farrell S L Ridout A Cullen R
Francis R Studinger M Krabill W B and Sonntag J G. 2010. A first
comparison of CryoSat-2 and ICEBridge altimetry from April 20 2010 o—
ver Arctic Sea Ice // American Geophysical Union Fall Meeting 2010
abstract #CA1A -0506 0506

Degnan J J Wells D Machan R and Leventhal E. 2007. Second generation
airborne 3D imaging lidars based on photon counting // A dvanced
Photon Counting Techniques 1T 67710N. Boston MA USA

Degnan J J. 2010. Photon Counting Lidars for Airborne and Spaceborne Top—
ographic Mapping // Applications of Lasers for Sensing and Free Space
Communications ( LSC) . San Diego California: Optical Society of A—
merica

Griggs J and Bamber J. 2010. A new multi—esolution bedrock elevation map
of the Greenland ice sheet // American Geophysical Union Fall Meet—
ing 2010 abstract #C22B —07 07

Hofton M' A Luthcke S B Blair ] B Rabine D and Mclntosh C. 2009. Pre—
cise and Accurate High-Altitude Waveform Lidar Mapping of Greenland
Land and Arctic Sea Ice in Support of Operation I ceBridge // Ameri—
can Geophysical Union Fall Meeting 2009 a bstract # C51B -
0488 0488

Hofton M A Blair B Luthcke S Rabine D Mclntosh C and Beckley M.
2010. Characterizing Ice Sheet Surface Topography and Structure Using
High-Altitude Waveform Airborne Laser Altimetry // American Geo—
physical Union Fall Meeting 2010 abstract #C11A —0523 0523

Koenig . Martin S Studinger M and Sonntag J. 2010. Polar airborne obser—
vations fill gap in satellite data. Eos Transactions American Gerophysi—
cal Union 91(38): 333 -334 DOL: 10.1029/2010E0380002

Krabill W B Thomas R H Martin C F Swift R N and Frederick E B.
1995. Accuracy of airborne laser altimetry over the Greenland ice sheet.
International Journal of Remote Sensing 16(7): 1211 — 1222 DOL:
10. 1080/01431169508954472

Krabill W B Abdalati W Frederick E B Manizade S S Martin C F
Sonntag J G Swift R N Thomas R H and Yungel J G. 2002. A ircraft
laser altimetry measurement of elevation changes of the Greenland ice
sheet: Technique and accuracy assessment. Journal of Geodynamics 34
(3-4) 357-376 DOL 10.1016/S0264 —3707( 02) 00040 —6

Krabill W B. 2011. IceBridge ATM LIB Qfit Elevation and Return Strength.
IceBridge. Boulder Colorado USA: National Snow and Ice Data Center
( NSIDC)

Krainsk M A Yu AW Yang GM Li S X and Sun X L. 2010. Photon—
counting detectors for space-based laser receivers // Razeghi M
Sudharsanan R and Brown G J. Proceedings of the SPIE 7608 760827.
San Francisco California USA

Kurtz N T Markus T Cavalieri D J Krabill W Sonntag ] G and Miller J.
2008. Comparison of ICESat data with airborne laser altimeter measure—
ments over Arctic sea ice. IEEE Transactions on Geoscience and Re—
mote Sensing 46 (7): 1913 - 1924 DOI: 10. 1109/TGRS. 2008.
916639

Kwok R Leuschen C Panzer B Patel A Kurtz N T Markus T Holt B
and Gogineni P S. 2010. Radar surveys of snow depth over Arctic sea
ice during Operation IceBridge // American Geophysical Union Fall
Meeting 2010  abstract #C21D -02 02

Larsen C Hock R Arendt A and Zirnheld S. 2009. Airborne Laser A
Itimetry Measurements of Glacier Wastage in Alaska and NW Canada //
American Geophysical Union Fall Meeting 2009 abstract #C23C -
0508 0508

Larsen C F Johnson A Zirnheld S L and Claus P. 2010. Operation I
ceBridge Alaska // American Geophysical Union Fall Meeting 2010
abstract #C22B —-08 08

Leuschen and Carl. 2011a. lceBridge Accumulation Radar L1B Geolocated
Radar Echo Strength Profiles. Boulder Colorado USA: N ational Snow
and Ice Data Center

Leuschen and Carl. 2011b. IceBridge Snow Radar LIB Geolocated Radar
Echo Strength Profiles. Boulder Colorado USA: National Snow and Ice
Data Center

Leuschen C  Gogineni P S Allen C Paden ] D Hale R Rodriguez-M
orales F' Harish A Seguin S Arnold E Blake W Byers K Crowe R
Lewis C Panzer B Patel A and Shi L. 2010. The CReSIS Radar Suite

for Measurements of the Ice Sheets and Sea Ice during Operation Ice
Bridge // American Geophysical Union Fall Meeting 2010 abstract #
CA4A -02 02

Lohoefener A. 2007. Design and Development of a Multi-Channel Radar
Depth Sounder. Lawrence: The University of Kansas

Luthcke S B Rowlands D D McCarthy J Sabaka T J Arendt A A L
oomis B and Boy J. 2010. Changes in Land Ice from GRACE: Sig-
nal Errors and Relation to Other Missions // American Geophysical
Union Fall Meeting 2010  abstract #C43F -08 08

Mostafa M M R and Hutton J. 2002. Direct positioning and orientation
systems: How do they work? What is the attainable accuracy. Inter—
national Archives of Photogrammetry and Remote Sensing 33

Panzer B Leuschen C Blake W Crowe R Patel A Gogineni P S and
Markus T. 2010. Wideband radar for airborne measurements of
snow thickness on sea ice // American Geophysical Union Fall
Meeting 2010  abstract #C21D -01 01

Patel A Gogineni P Leuschen C Rodriguez-Morales F and Panzer B.
2010. An Ultra Wide-Band Radar Altimeter for Ice Sheet Surface
Elevation and Snow Cover Over Sea Ice Measurement // American
Geophysical Union  Fall Meeting 2010  abstract # C41A -
0518 0518

Raney R K Leuschen C and Jose M. 2008. Pathfinder Advanced Radar
Ice Sounder: PARIS // Geoscience and Remote Sensing Symposi—
um [I1346411349. Boston MA: IEEE

Richter T G Kempf S D Holt ] W Morse D L. Blankenship D D and
Peters M E. 2002. Airborne gravimetry and laser altimetry over
Lake Vostok East Antarctica // American Geophysical Union
Spring Meeting 2002  abstract #B22A —04 04

Rignot E J Schodlok M Menemenlis D Studinger M Cochran J R and
Bell R E. 2010. Improvements in the determination of ice sheet
mass fluxes and freshwater fluxes using Icebridge data // American
Geophysical Union Fall Meeting 2010  abstract #C22B -01 01

Sander S Argyle M Elieff S Ferguson S Lavoie V and Sander L.
2004. The AIRGrav airborne gravity system // The ASEG-PESA
airborne gravity 2004 workshop: Geoscience Australia Record 49 —
54

Schodlok M P Menemenlis D Rignot E  Studinger M. 2012. Sensigivi—
ty of ice-shelf/ocean system to the sub-ice-shelf cavity shape meas—
ured by NASA IceBridge in Pine Island Glacier West Antarcitca.
Annals of Glaciology 53 (60): 156 - 162 DOI: 10. 3189/
2012A0G60A073

Sonntag J and Krabill W. 2009. Recent Changes in the Periphery of the
Greenland Ice Sheet from NASAs Airborne Topographic Mapper //
American Geophysical Union Fall Meeting 2009  abstract #C43D
-05 05

Studinger M Allen C Blake W Shi L Elieff S Krabill W B Sonntag
J G Martin S Dutrieux P Jenkins A and Bell R E. 2010. Map-
ping Pine Island Glacier’s Sub-ice Cavity with Airborne Gravimetry
/1 A merican Geophysical Union Fall Meeting 2010 abstract #
C11A -0528 0528

Tinto K J and Bell R E . 2011. Progressive unpinning of Thwaites Glac—
ier from newly identified offshore ridge: Constraints from aerogravi—
ty. Geophysical Research Letters 38: 120503 DOI: 10. 1029/
2011GL049026

Willatt R Laxon S. Giles K Cullen R Haas C and Helm V. 2011. K
u-band radar penetration into snow cover on Arctic sea ice using air—
borne data. Annals of Glaciology 52(57): 197 -205

Xu Guanhua GongPeng Shao Liqin LinHai Dai Yongjiu Wang Bin
Pan Yaozhong and Cheng Xiao. 2010. Four prioritied reasearch are—
as of global change research that need to be strengthened in China
/1 Gong P ed. Review of Global Change Research 1 -11

Yang M M Blake D R Meinardi S Vay S A Choi Y Rana M Slate
T Sachse G W and Diskin G S. 2010. Chemical Composition of
Tropospheric Air Mass Encountered During High Altitude Flight ( >
11.5 km) over Antarctica at Latitude 86S During the 2009 Fall Op-
eration Ice Bridge Field Campaign // American Geophysical Union
Fall Meeting 2010 abstract #A13B -0194 0194



