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Recent Changes in the Microwave Scattering
Properties of the Antarctic Ice Sheet

Andrew W. Bingham and Mark R. DrinkwateMember, IEEE

Abstract—Time series, satellite microwave data are used to scale, recent comparisons of Ku-band scatterometer images
monitor and quantify changes in the scattering properties of the of Antarctica acquired in 1978 and 1996 from the Seasat and

Antarctic ice sheet. Daily ERS scatterometer (EScat) and Special N\aga Scatterometer (NScat) satellite missions, respectively,
Sensor Microwave/lmager (SSM/I) image data, acquired since ’ ’

1992, are analyzed to understand the seasonal and interannual.Ck:"mons_trated that significant changes have occurred during the
changes over the ice sheet. For regions of the ice sheet wherdntervening 18 years [6]. Whether such changes are a result
azimuthal modulation is negligible, seasonal cycles are observed inof possible global warming, as predicted by Mercer [7], or

both the EScat (amplitude ~0.5 dB) and SSM/I data (amplitude due to changes in large-scale meteorological forcing resulting

~ 10 K). These cycles are attributed to seasonal changes in surfacefrom some other naturally occurring phenomenon such as
temperature. Interannual variability in the time series signatures

appears to be associated with accumulation. There is also evidencethe e'th'yeaf Antarctlc cwcumpplar wave [_8] needs to be
to suggest that shifts in the wind direction can alter the backscatter €stablished. This can only be achieved effectively by frequent,
through azimuthal modulation. Over the period 1992-97, large long-term, Antarctic-wide observations.

trends are observed in the EScat{ —0.3 dB yr=*) and SSM/I Microwave satellite remote sensing is a practical way of

N ; X . Cro _ : _
(>1 Kyr=) signatures over several regions in Antarctica. These ,nitqring long-term changes in the properties of the entire
changes typically occur over ice shelves and at the margins of the

ice sheet where previous melt events have occurred, and whereAntarctic ice sheet. Data acquired from microwave instruments
accumulation is relatively high (>300 mm yr—1). It is likely the ~can be acquired day and night in all weather conditions and
large changes result from the successive burial of an efficient provides detailed information on the surface and subsurface
scattering layer formed by refreezing after a melt event prior to  of polar glaciers and ice sheets [9], [10]. Synthetic aperture

1992. There is also evidence to suggest that similarly large change ; : ; .
can be observed in the interior of the ice sheet due to the burial Tadar (SAR) image data have a high resolution, but the spa

of depth hoar layers. In order to monitor long term change in the ~Liotémporal coverage that can be accomplished is extremely
properties of the Antarctic ice sheet, it is necessary to remove the limited. Scatterometer image data have a greater spatial and
seasonal cycle from time series microwave data. Such anomalymore frequent coverage, albeit at a lower spatial resolution,
data can then be used to understand the link between EScat and making this instrument ideal for monitoring the Antarctic ice
SSMil with accumulation and wind shifts. sheet. Moreover, these data complement passive microwave ra-
[Index Terms—Antarctica, azimuthal anisotropy, backscatter, diometer (PMR) image data. Together, they provide a valuable
cllmate change, emission, ice sheet, interannual change, radar,data set for studying change in Antarctica.
radiometer, scatterometer, seasonal change. . : . : .
The aim of this study is to quantify changes in the surface
properties of the Antarctic ice sheet using C-band (5.3 GHz)
I. INTRODUCTION EScat, Ku-band (13.6 GHz) NScat and Seasat and multichannel

HE ANTARCTIC ice sheet plays an important role in thé,lg_85 C.;HZ_) Special Sensor Micrpwave/lmager (SSM/) F.)MR
I climate system, yet little is known about how it changetéme series image data. We quantify and attempt to explain the
in response to local and global climate forcing. A variety Oq)bserved seasona}l and interanngql variability in microwave sig-
studies have demonstrated that Antarctica is experienci'ﬂgtureS over a region where negligible long-term change has oc-
change. Direct observations of ice shelves on the Antarc rre_d (e.g., _Ronr_1e Ice Shelf). We als_o examine regions W!th
Peninsula during the past fifty years show an overall retreat [ |'ffer|ng glaciological and meteorologmal chara_ctenstlcs. Fi-
[2]. The extent and duration of the summer melt season on _%Ily, the exte_nt of change n scattgrlng prp_pertles on the en-
peninsula have been estimated from satellite passive microw. e Antarctic ice sheet since 1992 is quqntnﬁed, anq we relatg
data, indicating summer melting increased by about one d se changes to changes in the geophysical properties of the ice
per year between 1978 and 1991 [3]. On the West Antarcfifeet
ice sheet, dramatic changes have been observed by comparing
satellite visible imagery acquired in 1963 with recently acquired II. MICROWAVE IMAGING OF |CE SHEETS
imagery [4] and by radar interferometry [5]. On a broader _ ) )
Microwave image data of Antarctica have been routinely col-
. . . . _ lected by ERS-1 and 2 scatterometers (EScat) since 1991 and by
Manuscript received April 27, 1999; revised January 3, 2000. This work w. /I PMR i . 1978. A sh d of Ku-band
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isﬂ??ilﬁ%ﬁ?ﬁér\e/v\?vsitwr;%teogéltjlgfopulsion Laboratory, California Institute afva"able' SASS operated for 100 days, between June and Oc-
Technology, Pasadena, CA 91100 USA (e-mal awb@pacific jplnasa.gov).[0Der, 1978, and NScat operated for 10 months between August,
Publisher Item Identifier S 0196-2892(00)05527-3. 1996 and June, 1997, before the ADEOS platform failed.
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The EScat instrument (launched on ERS-1 in July 1991 and p=03gem>T=0°C
ERS-2 in April 1995) measures VV-polarized normalized radar 10°
cross-section backscattef at various azimuth and incidence
angles along a 500 km-wide swath. A continuous dataset of
Antarctica has been successfully compiled from 1991 to the 442
present day, comprising gridded data with 25-km pixel spacing
and an estimated intrinsic resolution of 50 km. The only mea-
surement conflict is that the scatterometer subsystem of the Ac
tive Microwave Instrument (AMI) is periodically switched off
during competing SAR-mode operation. This results in some
scatterometer data gaps in the vicinity of operable Antarctic
SAR receiving stations (most significantly, over the tip of the
Antarctic Peninsula and at locations within 200 km of McMurdo
Station).

In this study, we have utilized enhanced resolution EScat 10
image data processed with the scatterometer image reconstru
tion with a filtering (SIRF) algorithm [11]. Briefly, over glacial
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Fig. 1. Theoretical microwave penetration depth for snow with a density of

where the coefficientst and B depend on surface characteris?-3 9 ¢ at a temperature"QC with different grain radii. In computing the
. . . . frequency response, we assumed a Rayleigh scattering model (e.g., [22]).
tics, polarization, and azimuth anglé.is the expected value of
&9 at 40 (mid-swath) incidence, anB describes the variation
of ¢ with 4. The SIRF algorithm uses multiple, overlappingcattering directly influences the backscatter, while brightness
measurements ef® and postprocessing to create enhanced réemperature decreases because emissivity decreases in accor-
olution, temporally averaged image datadfand B [11]. As dance with the Rayleigh-Jeans approximation at microwave
a tradeoff between resolution and temporal averaging, six-dégquencied;(\) = €7}, wheree is the microwave emissivity,
averaged images are derived at three-day intervals, with an @8d7, is the effective physical temperature of the snow [10].
timated resolution of&25 km, resampled onto a polar-stereo- For wet snow, the presence of liquid water results in high ab-
graphic grid with 8.8-km pixel spacing. sorption losses that reduce the penetration depth to the order of

The SSMI/I is a four-frequency (85.5, 37.0, 22.2, andne wavelength [15]. Volume scattering becomes negligible, re-
19.3 GHz) linearly dual-polarized passive microwave radisulting in a strong reduction in backscatter and an increase in the
metric system mounted on the Defense Meteorological Satellitightness temperature due to near-blackbody emission. When
Program (DMSP) F8 (launched on July 1987), F10 (Novembavet snow refreezes, the mean grain size increases, partly be-
1990), F11 (December, 1991), F12 (August, 1994) and Ftause smaller grains tend to melt before larger ones, and partly
(March, 1995) platforms. Daily polar-stereographic griddeldecause grains bond together through enhanced packing [16]. In
brightness temperaturél}) image data are processed andddition, water that percolates through the snow and refreezes
distributed by the National Snow and Ice Data Center (NSIDQ)an form ice lenses and ice glands. The result is a significant
Boulder, CO. Swath data for each 24 h period are mappedhancement in volume scattering after refreezing and conse-
to respective grid cells using a “drop in the bucket” sum arglently, an increase in backscatter and decrease in brightness
average method. 85.5-GHz data are gridded at a pixel spaciagperature [10].
of 12.5x 12.5 km and all other channels at a pixel spacing of In Antarctica, the firn pack is characterized by annual and
25 x 25 km. seasonal layering [17]-[19], which adds a further complexity to

Much is already known about the mechanisms that conttble interpretation of microwave signatures. Results from muilti-
microwave signatures of snow and ice surfaces. In genetalyered scattering models [20], [21] demonstrate that hoar layers
microwave signatures are dependent on absorption and seaid refrozen melt layers have a major impact on microwave sig-
tering losses within the firn pack [13]. For dry, fine-grainechatures. Indeed, the presence of a strong scattering layer close to
firn, absorption and scattering losses are typically small. Ase surface reduces the penetration depth to the upper few cen-
a consequence, the penetration depth is on the order of a teaweters of the firn pack. This is particularly true at the SSM/I
hundred times the wavelength (Fig. 1). For coarse-grainf@équencies.
firn, however, or at high frequencies- (94 GHz), scattering  Changes in microwave signatures under different meteoro-
losses become significant. In this case, the penetration defathical and glaciological conditions have been used to study
is significantly reduced, as quantified in Fig. 1. In terms different aspects of the polar ice sheets. PMR observations
microwave signatures, regions consisting of coarse-grainealve been used to investigate the spatial and temporal extent
firn have a higher backscatter coefficient and lower brightnes§hoar and melt on the Greenland ice sheet [23]-[25] and the
temperature than regions of fine-grained firn. Enhanced volumatarctic ice sheet [3], [26]. High resolution SAR imagery has
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Fig. 3. Locations of regions of study on Antarctica.

Fig. 2. NScat-SASSA difference image for the same September 23-28
six-day period in 1996 and 1978, respectively. The large data hole centered at . .
the south pole occurs because SASS had a coverage to drily Farthermore, Land, where Long and Drinkwater [30] note strong azimuthal

the high spatial-frequency variability is attributed to relatively poor SASfnodulation as a result of well-developed sastrugi resulting
sampling. Image courtesy of Drinkwater and Long [6]. from the intense katabatic wind regime. In this paper, however,
to avoid influences of anisotropic backscatter, study regions
were selected where azimuthal modulation is negligible based
been used to map surface facies on the Greenland ice stmethe results in [30].
[27] and other Arctic ice caps (e.g., [28]). The potential of
SIRF-processed scatterometer data sets for ice sheet-related IIl. SEASONAL CHANGES
research has also been demonstrated [12], [29]. Drinkwater and
Long [6] documented decadal changes in Ku-band backscaffer
on the Antarctic ice sheet by differencing NScat and SASS Time-series EScat and SSM/I data from a number of glacio-
SIRF image data for the same winter period. It is possible togically distinct regions in Antarctica (ice shelves, ice streams,
make this comparison because the two instruments are identevadl regions of low and high accumulation) have been analyzed
in frequency and polarization, and differences between tfa the period 1992-1997. Pixel averaged ES¢and SSM/I
viewing geometry are only minor. The results of this study a9V 7, signatures for six different regions (Fig. 3) are presented
presented Fig. 2 which shows the 18-year difference betwearfig. 4. The data presented in this figure have not been normal-
A images acquired during late September of the SASS aizéd in order to emphasize the time-varying signature for each
NScat missions. There are a number of regions on the iokthe areas of interest. The EScat record is incomplete at the
sheet where dramatic changes occurred. In Ellsworth Lahdginning of 1992 because the AMI-operated predominately in
(Fig. 2) reductions of 3 dB or more are observed, particularjJAR-mode and therefore, insufficient data were collected for
in the location of the Evans Ice Stream {(7B0S 77 W) the SIRF algorithm to produce reliable image data. Between
and Pine Island Glacier basin (7S 102 W) (Fig. 3). In July 1997 and the present, SIRF image data are temporarily un-
contrast, large-scale increases of up to 2 dB are observediailable.
higher elevations in Wilkes Land (Fig. 2) between elevations For all regions A and7; signatures contain a seasonal cycle
of approximately 1 and 3 km, Queen Maud Land (Fig. 2) arehd in some cases, there is evidence of an interannual signal.
at lower latitudes in Ellsworth Land. Drinkwater and Longlypically, the seasonal cycle in thé and7; signatures has
[6] have speculated that these regionally confined areas asf amplitude of-0.5 dB and~10 K, respectively. An interan-
large changes are attributable to combinations of changesnimal trend can be observed in tHesignatures of Palmer Land,
patterns of snow accumulation and long-term variations fmery Ice Shelf, and Thwaites Basin, while a trendjns seen
katabatic wind regimes. The effects of the latter are particuladyly in the Amery Ice Shelf data (Fig. 4).
important because alignment of meter-scale surface feature# number of data “spikes” are observed in thesignatures
can account for azimuthal modulations of several dB’s ithat are probably related to short-term changes in the firn pack
these Ku-band scatterometer data [30]. In regions of stroolyaracteristics. Negative spikes.nhoccur over test sites near
katabatic winds, seasonal realignment in surface elements stieh coast and during the austral summer season, which sug-
as sastrugi may therefore be responsible for some differengests melting is the principal mechanism. Over the Amery Ice
between NScat and SASS. This is particularly true in WilkeShelf, thel, data also show a marked peak during the summer.

Data Analysis
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s variability in microwave signatures. Meahand7; time-series
signatures for a°lbox positioned over the interior of the Ronne
Ice Shelf (Fig. 3) are presented in Fig. 5, along with surface tem-
1902 1983 1994 1995 908 1ea7 =~ peraturgly ), zonal wind(ugrd), meridional wind(vgrd), and
precipitation rate PRATE, which have been obtained from the
Fig.4. Time-series of EScat (in dB) (top) and SSM/I 19\T}, (in K) (bottom) ~ National Center for Environmental Prediction/National Center
forthesixregi(_)nsof_interestshownin Fig.3_. Note, we haveuged differ_ents_cafgs Atmospheric Research (NCEP/NCAR), Boulder, CO, re-
between the six regions in order to emphasize the seasonal time-varying S'g'}ﬂ?‘alysis time-series atmospheric data set.
We note a strong correlation between the satellite measure-
This peakis likely caused by near-black body emission in sofigents and surface temperature. The correlation coefficient is
pixels within the sample region, indicating the presence of liquidg 58 petweend and 7, and 0.84 betweeff, andT,. The
water. While thél}, data show meltlng occurs for as much as Zgate”n:e measurements show no correlation \"ﬂ!}h’d, UgTd,
days, theA data captures only a few samples of melting beind PRATE. This suggests that the observed microwave sea-
cause of the tradeoff between spatial and temporal resolutionsghal cycle is predominately driven by seasonal variations in
the SIRF algorithm. Nevertheless, tHedata captures possiblesyrface temperature. This result is also consistent with com-
melt events on Palmer Land and the Ronne Ice Shelf, which P&risons made between Automatic Weather Station (AWS) air
not apparentin th&, data. In this case, itis possible that memnGemperature and SSMI, data of the Greenland ice sheet [32].
is confined to a small region and therefore does not impact tAg a check to ensure azimuthal modulation is not contributing
low spatial resolution SSM/I data. to the seasonal cycle, we used the procedure outlined in Long
Positive spikes it are observed over Palmer Land during thgnd Drinkwater [30] for data acquired during the 1996 austral
Autumn 1995 and over East Antarctica during Autumn 199yinter. The results show a maximum azimuthal modulation of
Over Palmer Land, there is a corresponding dropinf about  + 0.16 dB (atd = 40°) for typical seasonal shifts in the wind
5K. This is probably linked to the formation of hoar crystalsdirection of + 5°). Furthermore, our preliminary studies sug-
which are susceptible to formation during autumn when higjest that over regions where azimuthal modulation is most pro-
temperature gradients exist within the firn pack. As discussedunced (i.e., Wilkes Land) the temporal variation is linked to
in the previous section, hoar crystals enhance microwave setroptic time-scale processes as opposed to seasonal time-scale
tering, resulting in an increase ih and a decrease Ify. Over processes.
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B. Modeling Seasonal Change et al. [37] indicate that the density variation with depth (in g

In order to demonstrate how temperature impacts microwa¥® ) for an average density profile is
signgtures, we have qtilized simple radiative transfer mgdgls p(z) = 0.922 — 0.564 exp(—0.01652). (4)
that incorporated readily observable parameters for predicting
A and7; from layered Antarctic firn. We recognize that in abFor fine-grain firn the density variation with depth is
solute terms, the models we have used are not the most sophis-
ticated. Nevertheless, these models permit us to generalize the p(z) = 0.922 — 0.491 exp(—0.01332) (5)
scattering problem and support our hypotheses. e

The total backscatter from dry Antarctic firn is considered a%nd for coarse-grain fim is is
the incoherent sum of the isotropic volume backscattering com- p(z) = 0.922 — 0.573 exp(—0.0163z). (6)
ponents from each layer within the firn pack. Rough-surface
scattering effects are neglected at air-firn and firn-firn bound- Grain-radius profile is determined by assuming the cross-sec-
aries, as the impedance mismatch between firn layers reflecttmnal area of a grain increases linearly with time, such that
coefficient is small [33]. Following the methodology developed’ = C, + K't, whereCy is the cross-sectional area at time zero,
in Bingham and Drinkwater [21], the total backscattfrat an K is the crystal growth rate (typical value is 0.000 42 fyrrt
incidence anglé, is given by [37]), andt is time. Assuming a mean annual layer of thickness

D, the depth-dependent grain radit(%) is given by

j—1
| AT r(2)? = 1§ + K2/(xD) ()
op = T0 1901 (60) + Z = 11_1 U'vj(ej) (2) wherer, is the mean radius at the surface. Other studies have
j=2 H L2(8; also shown that a cubic relationship is valid (e.g., [14]). Firn-
iy layer temperature is computed using conventional heat-conduc-
tion theory. Assuming a sinusoidal seasonal surface temperature
where of the form7, = T,,, 4+ T, sin(w(t — ¢)), whereT},, andT,
0 volume scattering coefficient from thyh layer;  js mean temperature and seasonal amplitude, respectivédy,
0; refracted incidence angle in thien layer, computed frequencyt is time, andp is phase, the temperature profile with
using Snell’s law; depth is given by
T;;+1 powertransmission coefficient at thth and;j4-1th
layer; T(z,t) =Ton + Tn exp (—z(w/2k)1/2>
L one-way power loss factor across tih layer. ) 12
The volume scattering coefficient is modeled as the sum of in- Ssin (w(t = ¢) = 2(w/2k) ) : (8)

dependent spherical Rayleigh scatterers (ice grains in firn) [22],.
[34]. Using this approach, volume scattering is treated as a fungc

tion of grain radius, firn density, and dielectric constant whic 2009 J kg K1) by k = #/p(z). Using data from 27 studies

in turn, is related to density and temperature [35].
In order to compute brightness temperature of a multllayerga the thermal conductivity of snow, Sturenal. [38] have de-
ved a quadratic relationship

Antarctic firn surface, we have adapted the model of [36]. EmiSY
sion from each layer is assumed proportional to the mean layer ,; — o 138 — 1.01p 4 3.233p% if 0.156 < p < 0.6
temperaturd’;, and this is summed oveé¥ layers such that the B . . R
brightness temperature is given by K =0.023+0.234p if p < 0.156 ©)

is the thermal diffusivity of snow, which is related to the
}ihermal conductivityx, density and specific heat capacity

wherep is in g/cn® andx is in Wm—tK L,
Modeled A and 1, signatures for the Ronne Ice Shelf are

Z T3 = /L (0:)) (A + Uja /L (6:) compared with satellite-observed values in Fig. 6. In computing
the signatures, we set the layer thickness to a fixed value of
D =50 mm [39] and assumed an average density depth profile
(4). Surface temperature forcing was based on the best fit to the
seasonally-varying NCEP surface temperature data presented in
whereI'(6) is the power reflection coefficient, arifl,;,,, ac- Fig. 5
counts for atmospheric effects. o7

Input to both models are depth profiles of firn density, grain  7°(0,t) = —24.7 4+ 19.2sin <— (t+ 93.4)) . (10)

. . . 366.3

radius, and temperature. Over the area of the satellite footprint,
each of these profiles can vary considerably. We therefore useaddition, the error or offset between modeled and observed
standard relationships between each of the parameters and dsjgthatures was minimized by adjusting the parametgrand
and assume these relationships represent the “average” prdfilg,.. The best fit was achieved with a surface grain radius of
over the satellite footprint. ro = 0.26 mm and/,;+,,, = — 7.1° C. These values appear to be

Firn density p is assumed to increase exponentially witlzonsistent within situ data. For example, Higham and Craven
depth. Analysis of ice cores from Dome C, Antarctica, by Alle}39] have found that the average grain radius in the upper 2

J J

JT @ -Tu6)) - [ Lima(6) + Tt (3)

=1 =2
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Fig. 7. Time-series anomaly data (i.e., mean annual cycle removed) for the
Ronne Ice Shelf. Positive anomalies (shaded light) are above average, and
negative anomalies (shaded dark) are below average. Note, short-term weather
effects have been removed by smoothing the input time-series data (Fig. 5)
with a 100-day low-pass filter prior to computing the anomalies. Furthermore,
] the mean annual cycle was computed between 1992 and 1997 for all data sets,
1892 1993 1994 1995 1906 1987 with exception to EScat-A, which was computed between 1993 and 1996.
Anomalies in the total precipitation have been computed by integrating the

Fig. 6. Comparison between observed and modeled signatures for the RORR& E @nomaly time-series data.
Ice Shelf, using seasonally modulated surface temperature forcing (10), with
fixed firn layer thicknes$ D = 50 mm) and depth-dependent density (4), grain
radius (7), and temperature (8) profiles. A best fit between the observed and
model values was obtained with = 0.26 mm and,+,,, = — 7.1° C.

210

TABLE |
CORRELATION COEFFICIENTS (R) BETWEEN
THE SATELLITE (EScatA AND SSM/IT;) AND NCEP/NCAR(T; AND P) FOR
EACH OF THE SIX REGIONS OFINTEREST

m of Antarctic firn is less than 0.75 mm. Resulting modeled
signatures are almost identical to the mean annual microwave
signature cycle (computed as a best-fit to seasonal meass of

A T,
T, P T, P
Ronne Ice Shelf -0.24 | -0.52 | 0.58 | 0.12

andZ} values). This result supports our contention that thermal Palmer Land 0.09 | 066 1057 | 046
forcing is the primary external factor driving seasonal variability Thwaites Region | 0.25 | 0.48 | 0.64 | 0.54
in A andT, , by altering the scattering, absorption, and emission Amery Ice Shelf | -0.43 | 0.54 | 0.50 | 0.36

Queen Maud Land | 0.13 | -0.10 | 0.61 | 0.19

properties of the firn layers. i
East Antarctica -0.11 | 0.60 | 0.75 | 0.36

C. Seasonal Anomalies

The mean seasonal cycle ihand7;, can be explained by mean grain size, and snow density. It is likely, therefore, that
variations in the mean seasonal air and firn temperatures. H@amincrease in accumulation, as observed in the 1996 data, lays
ever, in Fig. 6, there are clear anomalies between the obserded/n snow layers that are thicker than normal and hence, cause
time-series microwave signatures and the corresponding meareduction inA by enhanced absorption of microwave energy.
seasonal cycle. These anomalies, along with the NCEP/NCARthis case, an increase ) due to enhanced emission would
anomaly data for the Ronne Ice Shelf, are presented in Fig.also be expected [14], but our analysis shows little correlation
Time-series anomalies are constructed by removing a mean betweeril;, and precipitations =0.12). A possible explanation
nual cycle from the time-series data (Fig. 5). In this case, tiethat air temperature variations at seasonal time-scales have a
data is smoothed to suppress weather effects using a 100-dagre dominant role than seasonal emissivity changes.
low-pass filter, and a mean annual cycle computed for the pe-The observed relationships betwedrandZ; with 7, and
riod 1992 and 1997 for all data fields except EScat, which wd@shave been further validated by performing a correlation anal-
averaged between 1993 and 1996. ysis for each of the six test sites in Fig. 3. The results are shown

A multiple cross-correlation analysis between the satellite Table I. There is a significant correlation betweérand PP
and NCEP/NCAR anomaly data (Fig. 7) reveals thatnoma- (|| = 0.48-0.66) for all areas except Queen Maud Land. Itisin-
lies are mostly correlated to precipitatiaR)(@anomalies{ = —  teresting to note that for some regions, the correlation is positive
0.52), while’l; anomalies are correlated to temperature anorand for others itis negative, which possibly reflects the influence
alies - = 0.58). This is especially noticeable in 1996 whEn of snow accumulation on firn with different physical properties,
andF? anomalies were consistently positive, probably as a resalt shall be seen later in this paper. For all six test sites, we note
enhanced cyclonic activity in the Weddell Sea bringing warm high and positiver{ = 0.5-0.75) correlation betwedrn and
and moist air onto the ice shelf. Variations in snow accumulds. Over Palmer Land and Thwaites Region, we also note a sig-
tion are expected to have a significant impact on layer thicknessfjcant correlation betweef;, and P, which likely reflects a
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2 -""W‘“’ — P ] Fig. 9. Change in backscatteho®) and brightness temperatut&T; ) due
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2 density. The solid lines indicate changes that occur due to snow accumulating
[ orm fos St (026) : on a firn pack consiting of fine-grained, high density firn layers. Dotted lines
L YA NEEPNP. At = indicate changes that occur when the firn pack consists of coarse-grain, low
AVAV S VAV % 1. density firn layers.
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= N § used to quantify the increase in accumulation required to ex-
R oy 12 plain these changes. Fig. 9 illustrates the modeled effect on
lv<;—’/ e T :: ;‘; ar_ldTb of adding a new snow layer (repr_esenting {_;\ccumulation)
. ' 1= with variable thickness on top of a multilayered firn pack. The
| Eost Anlrcla (=021 § model was computed for two different firn stratigraphies and
RIAY A PN AN s aN . . .
N B AN Vo A N/ E for three different sets of new snow properties. One firn pack
A ‘ stratigraphy consisted of high density (5) fine-grain firn sizes
3 < P [~ i (_ro = 0.4 mm) and the other of low densi_ty (6) cparse—grain
- - firn sizes ¢, = 0.7 mm). We assume the firn stratigraphy re-
1992 1993 1994 1995 1996 1907 mains constant during the period of snow accumulation. Three

sets of new snow properties were used in order to characterize
Fig. 8. Time-series anomalies of ESct(in dB) (top) and SSM/I 19VI;,  the condition in which the snow is precipitated. For example,
(in K) (bottom) for the six regions of interest shown in Fig. 3. A linear trenqsnOW deposited in windless conditions tends to consist of |arge
has been fitted to each profile and the corresponding correlation coefficignt . L . .. !
computed. low density crystals, while in windy conditions, the accumu-

lated snow is densely packed and small grained. In addition, we

o _ S _ have assumed a crystal growth rafe= 0.0001 mm yr—! and
significant change in the emissivity due to changes in accuMyyer thickness) = 20 mm.

lation. The results indicate that enhanced deposition of high density,

fine-grained snow, relative to the underlying firn, results in a
reduction in4 and large increases ifi,. On the other hand, en-
hanced deposition of low density, coarse-grained snow relative
Interannual changes in the microwave time-series data #&oethe firn, results in an increase i and a reduced increase
best studied from the corresponding smoothed anomaly dateZ;. In the first scenarioA decreases because new high den-
Fig. 8 shows the time-series anomalies of EStathd SSM/I  sity, fine-grained snow attenuates radar energy both incident on
19V T, for the six regions of interest (Fig. 3). In general, and scattered from the underlying firn. While in the second sce-
anomalies have a negative trend. This is particularly signifiario, A increases because the upper layer is a more efficient
cant for Palmer Land, Amery Ice Shelf, and Thwaites Regios¢atterer than the smaller-grained underlying fifpincreases
which show an interannual trend of the orde®.2 dB yr! be- in both scenarios because emissivity is sensitive to layer thick-
tween 1992-971;, anomalies show a mostly positive interanness [14].
nual trend, although this is significant only over the Amery Ice The structure of the underlying firn also has a considerable
Shelf, which experienced an increaséinof 4.8 K yr!. effect on the change id andZ7;, due to accumulation. If the firn
We have already speculated that such interannual trends stratigraphy consists of low density, coarse-grained firn layers,
likely caused by an increase in accumulation. The backscattieen accumulation of any type of new snow will result in more
and brightness temperature models (2) and (3) can thereforebgative changes ink and more positive changes i than

IV. INTERANNUAL CHANGES
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Fig. 11. Goodness of linear fit, expressed as a correlation coefficient of EScat
Fig. 10. Mean rate of change of EScat(top) and SSM/I 19VI}, (bottom) A (top) and SSM/I 19T, (bottom) anomaly data for the period 1992-1997.
signatures during the period 1992-1997.

The rate of change images (Fig. 10) indicate regions on the
otherwise would be observed with high density, fine-grained firantarctic ice sheet that experienced change in the surface prop-
layers. That is to say, accumulation will have a larger impact @ities and near surface scattering during 1992—1997. Regions of
A andT; over regions with a well-developed scattering layegignificant change are generally at the margins of the ice sheet
(for example, regions where melt and refreezing have occurrgdd on ice shelves. This is particularly noticeable on the western
or where depth hoar exists). edge of the Antarctic Peninsula and at the margins of the West

The spatial variability in the mean rate of changedrand Antarctic ice sheet (1TON to 160 W), Wilkes Land (100E to
T, over the entire Antarctic ice sheet and ice shelves duridg5’ E) and Queen Maud Land (2W to 3C° E) (Fig. 3), where
the period 1992-1997 are presented in Fig. 10. The imagesdrindicates large negative trends ( —0.25 dB yr—) andT;,
this figure were produced by computing a trend in a linear fiarge positive trends{ 1 K yr—1). Over these regions, the mag-
to the time-series anomaly data on a pixel-by-pixel basis. Théude of the correlation coefficients (Fig. 11) are high, which
goodness of the linear fit to each set of pixel data are expresgeghlies the trends are significant. The RMS difference images
as correlation coefficients (Fig. 11), and the variability of théFig. 12) show that for these regions, the RMS differencd in
anomaly data from the linear trend are expressed as root m&aonomparable to other areas on the ice sheet, buffpthe
square (RMS) differences (Fig. 12). magnitudes are generally larger. This implies thaanomalies
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Fig. 13. SSMI/IT, of the Ronne Ice Shelf showing melt events in 1991-1992
and 1996-1997. Between these two ddfgsncreases interannually due to an
increase in emissivity as the scattering layer, formed during refreezing after the
1991-1992 melt event, is buried by annual snow layers.

scattering layer present (as illustrated in Fig. 9). The results
for T, are also consistent with results for the Greenland ice

sheet, which also shows the strongest trends over regions with
accumulation typically about 300 mm# [20].

Other regions with significant trends are also observed in the
rate of change images. For example, at elevations greater than
r 1500 m within the West Antarctic ice sheet, where no melting
has occurred, there are local regions whéteas a strong trend
(< —0.2dByr~1), butT; shows no significant trend. A possible
interpretation of this is that a depth hoar layer, consisting of
coarse-grained crystals, exists at a depth penetrated at C-band
frequencies (5.3 GHz) but not at K-band (19 GHz). To illustrate
this point, imagine, for simplicity, an homogeneous firn layer
with grain radii of 1 mm. According to Fig. 1, the penetration
depth at C and K-band in dry firn is approximately 100 m and
10 m, respectively. If a hoar layer existed between these two
depths, only EScat would be sensitive to the burial of this hoar
layer.

If we were to extend the microwave record over a period of
a few decades, it is likely a sawtooth pattern in theand 1,
time-series data would be observed. In this case, a step-response
would occur in the data when a dominant scattering layer and
significant stratigraphic marker is formed (during refreezing,
after a melt-event, or during formation of depth-hoar) followed
by linear change as the scattering layer is buried by successive
annual snow layers. Part of this sequence is captured in Fig. 13,
which shows that a melt event occurred on the Ronne Ice Shelf
Fig. 12. RMS difference between EScatanomaly data and linear fit (top) in 1991—-92, immediately followed by a dramatic decreadg in
?l;‘(fnfn’:")sffof'tﬁzrg’éﬁ% dbf;"s‘)’gﬂgg?""/ | 19%, anomaly data and linear fit by, ing the subsequent period leading up to 199697, when an-

other melt event occurredd; increases interannually. A similar

) _ o _ pattern is also observed in the other regions of interest. Melt
contain a high degree of seasonal variability superimposed URQRL s and hoar formation, therefore, introduce the analogy of

the interannual trend, possibly as a result of seasonal temp%[@'tratigraphic marker in the microwave record, which may be

ture gycles. . i . _.used to quantify accumulation if these layers are preserved.
It is also of interest to note that regions where signifi-

cant trends are observed also have high accumulation rates
(> 300 mm yr-! [40]) and correspond with regions known

to have experienced past melt events (see [26]). It is likely In this paper, we have studied seasonal and interannual vari-
therefore, that the magnitude of the trends are enhancedalility in EScat and SSM/l image data of the Antarctic ice sheet.
these regions because of the combination of two factors. FitGtear seasonal cycles are observed in both E&catd SSM/I
relatively thick annual layers contribute to the changeliand 7}, time-series for all regions of study on the ice shettlata

T, through enhanced absorption. Second, when a scatteriraye seasonal amplitudes, typicaly).5 dB and7; data have
layer is present in the underlying firn, which is typically theseasonal amplitudes10 K. We have demonstrated that these
case after a melt event, the magnitude of the change4 incycles are likely to be attributed to seasonal surface air temper-
andT; after snow accumulation is greater than if there was radure forcing, which has an impact on the dielectric properties

i

V. CONCLUSIONS
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and physical temperature of the firn. In this study, analyses werga4]
confined to regions known to have negligible azimuthal modu-
lation. Over regions where this is not the case, seasonal shift
in the wind direction may alter interface roughness orientation
and/or ice crystal shapes, and contribute either constructively®l
or destructively to the observed seasonal cycle. Further work is
therefore required to establish to what extent azimuthal modu-
lation can influence the seasonal cycle and what spatial patternrc? |
in firn characteristics lead to anisotropic scattering signatures.

Trends inA and 7, time-series data between 1992-1997 [g]
have been computed for the entire Antarctic ice sheet. Areas of
greatest change (wheré < —0.25dByr!andZ; > 1 19
K yr—1) occur mainly at the margins of the ice sheet and on
ice shelves where previous melt events have occurred anf]
where accumulation is relatively high>( 300 mm yr=1).
Through our modeling efforts, we have demonstrated that the
microwave signatures change because of the successive burlgl
of a scattering layer formed after a melt event prior to 1992.
This in turn leads to a net reduction in volume scattering andi2]
net increase in microwave emission from within the firn pack.
These results suggest that the formation of a scattering laygys
(either by refreezing of liquid water or by development of
hoar) can introduce the analogy of a stratigraphic marker in
the microwave record which, in turn, may be used to quanti
accumulation.

The results of this study indicate that to monitor long-term
change in the properties of the Antarctic ice sheet, itis necessafyg
to remove the seasonal cycle from time-series microwave dafar]
and thereby use anomaly data to understand the link between
A andT;, with snow accumulation and wind shifts. The recent[18]
launch of the SeaWinds scatterometer on the QuikSCAT satel-
lite in May 1999 now offers the potential of obtaining a long, un-
interrupted time-series of daily, overlapping Antarctic Ku-band
data at relatively higher resolution than C-band EScat. Sincgo]
SeaWinds is a conically scanning instrument, the azimuthal di-
versity of the measurement data will allow azimuthal modula,,;
tion effects to be removed from the climate-change data record.
Moreover, QuikSCAT records both V- and HH-polarized mea-[22]
surements and thus, together with EScat, the combination of
frequencies and polarizations will enable electromagnetic scafz3]
tering and emission properties of the surface to be studied more
rigorously than is presently possible. [24]

[15]
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