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ABSTRACT. Theinverse barometer effect (IBE) is the isostatic response of ocean sur-
face height to changes in atmospheric pressure (P,;,) at a rate of about 1cm hPa . The
IBE is a significant contributor to variability of ice-shelf surface elevation (7;..), as we
demonstrate with simultaneous global positioning system measurements of 7;.. and local
measurements of P,;, from the Amery, Brunt and Ross Ice Shelves, Antarctica. We find
that an IBE correction is justified for frequencies (w) covering the “weather band”,
0.03 <w< 0.5 cpd (cycles per day). The IBE correction reduces the standard deviation of
the weather-band signal of 7;.. from ~9 cm to ~3 cm. With this correction, the largest
remaining high-frequency error signal in 7;.. 1s the inaccuracy of the present generation
of Antarctic tide models, estimated to be of order 10 cm for most of Antarctica.

INTRODUCTION

In this paper we discuss ice-shelf surface elevation (7;ce)
changes associated with varying atmospheric pressure
(Pair).- On sufficiently long time-scales and away from
coastal effects, the ocean’s isostatic response is ~Ilcm
depression of sea level for a 1hPa increase in P,;, (Gill,
1982; Ponte and others, 1991; Ponte, 1993). This ideal response
1s known as the inverse barometer effect (IBE). The IBE is a
well-known signal in sea surface height (SSH) that is rou-
tinely removed before interpreting open-ocean height
variability sensed by satellite radar altimeters (see, e.g.,
Chelton and Enfield, 1986). The IBE correction is not yet,
however, routinely applied when processing altimetry or
synthetic aperture radar (SAR) data acquired over ice
shelves. In this paper, we use precision global positioning
system (GPS) measurements from several large Antarctic
ice shelves to demonstrate that the IBE correction should
be made when processing remote-sensing data for ice
shelves, particularly when measuring lateral flow rates with
SAR interferometry (InSAR) based on image pairs with
short time separation. We also identify the magnitude of
the errors that arise through the difference between the
ideal IBE response and the true response of the ocean and
ice shelves to changes in P;,.

The IBE implies that, for a typical change of ~40 hPa in
P.;, during passage of an energetic polar low, there will be a
~40 cm change in 7). for freely floating portions of ice
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shelves. This value is generally less than the daily range of
Nice due to tides, which frequently exceeds 2 m and can ex-
ceed 7m (Fricker and Padman, 2002; Padman and others,
2002), but is larger than the typical error of order 10 cm for
present-generation Antarctic tide models (Padman and
others, 2002, 2003). The tidal contribution to high-frequency
variability of ;.. 1s always removed prior to analyses of al-
timetry and InSAR, so the IBE would be the largest high-
frequency signal remaining in 7.

The question we need to address, however, is: 1o what
extent is the IBE approximation valid around Antarctica?
Ponte and others (1991) used atmospheric pressure forcing
in barotropic numerical models of large ocean basins to in-
vestigate the response of the deep ocean to P,;, as a function
of temporal and spatial scales of P,;, variability. They found
that the isostatic approximation (the IBE) was generally
valid for time-scales longer than ~1week, although Ponte
(1993) described additional studies suggesting that the IBE
approximation at these time-scales was poor in some geo-
graphical areas, notably including the Southern Ocean. At
periods of ~2 days, the true response to P,;, variability de-
viated from the IBE by ~20% in a globally averaged sense.
At short time-scales and especially in the shallower seas
close to coasts where other processes such as wind set-up
and coastal trapped waves may be important, the IBE is
not expected to be a good model of sea-level response. From
this discussion we should not be surprised if the IBE turns
out to be a poor predictor of sea level and 7;.. variability
around Antarctica.

We are only aware of three publications that explore the
relationship between sea level or 7. variability and P,;,
near Antarctica. Potter and others (1985) found a residual
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signal in sea level sensed by a bottom pressure recorder near
the Eklund Islands in George VI Sound of about 10 cm
peak-to-peak (their fig. 4): the magnitude of this signal is
about 35% of the IBE response. These authors acknow-
ledge, however, that unresolved long-period (fortnightly
and monthly) tides may contribute to the observed sea-level
signal in their short record. Rignot and others (2000) used
the IBE to explain small discrepancies between tidal varia-
bility sensed with differential InSAR and model predictions
for sections of ice shelf along the Ronne and Filchner Ice
Shelf fronts. The expected IBE-induced signal was consist-
ent with the errors between models and data, but the mag-
nitude of the IBE signals was similar to the tidal model
uncertainty. A recent analysis of sea-level (coastal tide-
gauge) data from Ross Island and Cape Roberts in the Ross
Sea (Goring and Pyne, 2003) indicates that, after tides are
removed, the IBE is the largest signal in SSH adjacent to
the Ross Ice Shelf. The “barometric factor”, the ratio of the
measured response of ;.. to the IBE, varied in that study
from about 0.80 to 1.06 over a range of time-scales, but with
amean of ~0.90. That is, a simple IBE correction accounted
for ~90% of the total coherent response of sea level to P;,.
The authors proposed that the validity of the IBE in this
coastal dataset is due to the generally weak winds in this
region of the southwestern Ross Sea.

In the present paper, we seck further evidence of the re-
liability of the IBE in Antarctica through analyses of simul-
taneous in situ measurements of 7. and P,;, from three
widely separated ice shelves. We identify the frequency
range over which the IBE is a reasonable correction, dem-
onstrate the importance of the IBE correction for satellite
measurements of ice-shelf motion and calculate the typical
error in estimates of 7. resulting from deviations of

Nice(Pair) from the ideal IBE.

DATA

The principal datasets for our study are GPS measurements
of ;¢ variability on the Amery, Brunt and Ross Ice Shelves,
and simultaneous records of P,;, (Table 1). The GPS meas-
urements were processed using the Precise Point Positioning
(PPP) strategy (Zumberge and others, 1997), estimating the
three-dimensional coordinates of the antenna and tropo-
spheric zenith delays every 5min (King and Aoki, 2003).
The data were processed in 30 hour batches and then trun-
cated to the central 24 hours to avoid filter-edge effects. The
station motion and the variation of the tropospheric zenith
delay were both modeled as random-walk stochastic pro-
cesses. We tuned the station coordinate random-walk stan-
dard deviation o, at each site to ensure that the site
motion was neither over-constrained, hence minimizing
damping of the tidal signal, nor under-constrained, hence
removing unnecessary noise from the solutions. The o,
values adopted were 48 mmh *° for the Amery Ice Shelf
sites, 60mmh ™ for the Ross Ice Shelf site and 480 mm
h * for the Brunt Ice Shelf site. The significantly higher
value for the Brunt Ice Shelf is due to the much larger tidal
range at this site. For the tropospheric zenith delay, we
adopted a o, of 4.8 mm h % Since the PPP technique 1s
sensitive to the absolute motion of the earth’s surface, we
modeled solid-earth and pole tides at this stage. The effect
of ocean loading was removed from the GPS time series
during the harmonic analysis described below. Other load-
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Table 1. Total variance of detrended Tice (02 (Mice) ); tidal
band, 0.85<w<2.1cpd (0% (NTide) ); residual after tide
removed (0>(1) ), weather band, 0.03<w<0.5cpd
(02 () )i weather band Py (0*(Pair) ); weather band
after IBE correction (o*(n), ) ); and tidal band after re-
moval of tides through analysis of time series as described in
text (02 (riqe) )} Allvalues are in cm®. The bottom two rowws
are the slope of the linear least-squares fit between weather-
band Py, and m (Slope) and the correlation coefficient for

this fit (r)

BIS AIS
Halley 18-01 75-03

Ross Island RIS
15-04  Scott Base WFLDBF

Record
length 763.0 485 59.5 646 470.0 310

0 (Thice) 4691 1520 1449 1622 733 628
> (Nrtsde) 4493 1412 1331 1509 636 568
a2(n) 98 108 118 113 97 60
*(nws) 61 78 86 88 59 29

o (P.i) 58 82 73 71 48 28
*(Nw) 10 8 16 12 15 11

o (N1iae) 7 16 26 34 2 8
Slope 094 093 098 1.04 096 0.82
r 092 095 090 093 0.87 0.80

Notes: The six stations are Halley on the Brunt Ice Shelf (BLS), TS-01, T'S-03
and TS-04, all on the Amery Ice Shelf (AIS); the coastal tide gauge at
Scott Base on Ross Island and the Williams Field Long Duration Balloon
Facility (WFLDBF) near McMurdo Base on the Ross Ice Shelf (RIS).

ing signals, such as atmospheric loading, with expected total
magnitudes of ~1—2 cm, remain in the GPS time series.

For each GPS record, corresponding pressure data were
obtained. TFor the Amery, these were collocated with the
GPS measurements and have a precision of ~0.7 hPa. The
pressure measurements for the other sites were obtained
using more precise equipment, and these measurements
may be regarded as error-free for our purposes.

In addition, we looked at coastal SSH data recorded at
Scott Base (on Ross Island) and Cape Roberts in the Ross
Sea near the western end of the Ross Ice Shelf front, as
previously reported by Goring and Pyne (2003). The Scott
Base recorder is a nitrogen bubbler system attached to the
reverse osmosis boom. The heat from the reverse osmosis
pipe ensures there is always a hole in the ice, even in winter.
Sea-level data and atmospheric pressures are recorded
every 5 min and telemetered to Christchurch, New Zealand,
every day where they are checked and archived. The Cape
Roberts recorder is a vented pressure transducer that also
records at Smin intervals. The data are recovered
periodically when the site is visited. The data used in this
study came from the period 17 January 2001 to 3 May 2002,
atotal of 471 days. The Ross Island data are gap-free, but the
Cape Roberts data have gaps of several days in February
and November 2001.

The tidal height signal (7;4.) was removed from each
time series of 7. and SSH using Matlab™ software
(Pawlowicz and others, 2002) based on the algorithms de-
veloped by Foreman (1977). Each time series of the residual
7' (t) = Mice(t) — (Mice) — NTide(t) (where (1) is the record-
length time average of 7;..) consists of the response to P,
tidal-band energy that is not fitted, other non-tidal contri-
butions to 7;.., and measurement noise. For reasons that will
be explained below, we define the range of frequencies (w)
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Fig. 1 Time series of bandpassed (0.03<w<0.5¢pd) ice-
shelf surface height anomaly 1y, (thin solid line), ideal
IBE —1.01 P,y (dotted line) and weather-band residual
Ny (thick solid line) for Halley Base on the Brunt Ice Shelf.
Sixty days of data from 2000 are shown.

between 0.03 and 0.5 cycles per day (cpd) as the “weather
band”. Figure 1 shows a section of weather-band variability
in the GPS and air-pressure records at Halley Base on the
Brunt Ice Shelf. We see that reasonable agreement between
7' and — P, occurs through most of this time series.

RESULTS

In this section, we first review analyses of data from our
longest ice-shelf GPS record from Halley Base on the Brunt
Ice Shelf, then analyses of three GPS stations from the
Amery Ice Shelf. Ocean SSH data from coastal tide gauges
in the western Ross Sea are then reviewed, and compared
with GPS data from a nearby GPS site on the Ross Ice Shelf.

Brunt Ice Shelf

The longest ice-shelf GPS time series we have is the 763 day
record (beginning 5 January 1999) from Halley Base on the
Brunt Ice Shelf, which therefore warrants the most detailed
analysis in this paper. The Halley data and processing tech-
niques are described by Doake and others (2002). About
10% of this record is bad or missing data: for the purposes
of further time-series analysis, gaps have been padded with
computed values based on the ideal IBE values added to the
predicted tide derived from analyses of the good data. The
power-density spectra for ' and P, ¥ (7)) and U(P,;,), re-
spectively, for the Halley time series (Fig. 2) show that am-
plitudes for both spectra are similar for frequencies
w<0.5cpd. For w > 0.5 cpd, energy in W(P,;,) falls rapidly
with increasing w. The spectrum of 7 contains some energy
in the principal tidal bands centered on 1 and 2 cpd, with
additional energy at higher tidal harmonics. Recall that
the time series of 7 is already detided, and that detiding
was performed with analysis of 7;..(¢), not by an independ-
ent tide model. This residual tidal energy is associated with
additional minor tidal harmonics and spreading of the
main tidal lines by non-linear interactions with other ocean
phenomena and the ice shelfitself. The squared coherence of
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Fig. 2. (a) Area-preserving spectra ( frequency w times spec-
tral density W) of Py (thick line) and detided ice-shelf sur-
Jace elevation anomaly (1) ; thin line) for the entire record
from Halley Base on the Brunt Ice Shelf- See text for detiding
procedure and explanation for remaining tidal-band energy.
(b) Squared coherence (C?) for the spectra in (a). C? falls
t0 0.5 at ~0.03 and ~0.5 cpd, defining the weather band.

the spectra C*(w) for the Halley measurements (Fig. 2) was
>0.8 for 01 <w<04cpd, falling to 0.5 near 0.03 and
0.5 cpd. We define the band 0.03 <w < 0.5 cpd as the weather
band since this band contains most of the variance in P;,.
At higher frequencies, tides and measurement noise domi-
nate 7/, and at lower frequencies some of the variability of
7' is expected to arise from seasonal and climatological
changes in the ice thickness and systematic motion of the
GPS antenna, and in the underlying ocean state.

The variances for different stages in data processing are
listed in Table 1. The variance of the total ice-shelf height
signal is 0% (Mice) = 4691 cm”. The tide fit as discussed above
captures ~96% of the total variance (07 (1)qc) = 4493 cm?).
The residual signal in the weather band after the optimum
IBE correction is made, nim, has a wvariance of
Jg(nim) ~ 10 cm® which is comparable to the residual
tidal-band variance of 02<77tide) ~7cm” From the 60 day
record shown in Figure 1, we see that the magnitude of
(1),,,) occasionally exceeds 10 cm, so that future studies will
need to determine the source of (7] ).

The least-squares linear fit between weather-band 7/
(denoted 7/ ) and P, is

Ny ~ —0.94 P , (1)

with a correlation coefficient of r = 0.92. The constant 0.94
in Expression (1) is ~7% less than the expected value from
the assumption of isostasy, but is slightly larger than the
value found from coastal tide gauges in the Ross Sea (Gor-
ing and Pyne, 2003).
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Amery Ice Shelf

Three Amery GPS records were chosen for analysis, vary-
ing in length from 48.5 to 64.6 days (Table 1). The value of
0% (1) is slightly higher than for the Halley record, aver-
aging ~84cm” for the three stations. After the standard
made, o*(), ) ~ 12 em?  and
o2 (N1ige) = 25 cm? The latter value is ~3.5 times the magni-
tude of 0 (nrige) for the Halley data, even though the vari-
ance of the fitted tide to Amery data is about one-third of the
same value for Halley. This result reflects the effect of short-

IBE correction is

er records on tidal analyses: 68 tidal constituents are evalu-
ated for the long record at Halley, while only 35 are
evaluated for the shorter Amery records and with a larger
error on ecach constituent.

The mean slope for the three Amery stations indicates
an optimum correction for atmospheric effects of 7,,~
—0.98P,;, (r ~0.93) compared with —0.94 P,;, for Halley.

Ross Sea coastal tide gauges

Goring and Pyne (2003) applied wavelet analyses to investi-
gate the response of the Ross Sea sea level to changing P;.
Wavelet analysis allows the signal to be split into compon-
ents of various time-scales such that the response can be
analyzed independently at each time-scale. For time-scales
between 32 and 256 hours, i.e. roughly the same time-scales
identified by Fourier analysis as high coherence in the Brunt
Ice Shelf data, there is an almost direct response of sea level
to atmospheric pressure changes. The response was weaker
at longer time-scales. The proportion of the variance in de-
tided sea level that could be explained by atmospheric pres-
sure was 71% over all time-scales, but had a maximum of
83% at 64 hour time-scales. These proportions are higher
than normal for coastal sites and indicate the relative ab-
sence of wind effects on sea level in the Ross Sea.

For direct comparison with the ice-shelf GPS studies, we
analyze the long Scott Base (Ross Island) record in the same
manner as for the Brunt and Amery GPS sites. The western
side of the Ross Sea has small tides (Padman and others,
2003), and this is seen in the reduced total and tide-band var-
iance at Scott Base relative to the other sites (see Table 1).
The weather-band variance of P,;, is also smaller, and this
is reflected in 02(1,,, ). The linear least-squares approxima-
tion of the weather-band response is 7, = —0.96F;,
(r = 0.87). The residual tidal-band variance for this record
is only 2 cm? an order of magnitude smaller than for the
GPS records. Part of the reduction will be due to the higher
accuracy of the coastal tide-gauge record compared with
GPS and the longer record allowing fitting of more tidal har-
monics to the time series. We also note, however, that this
tide-gauge record only contains higher tidal harmonic
energy near 4 cpd, whereas the longest ice-shelf GPS record
(Brunt) contains energy atall harmonics above 2 cpd (Fig.2).
This result suggests that there are non-linear responses of the
Brunt Ice Shelf to ocean tides, possibly associated with
grounding-line migration through a tidal cycle or cyclic
changes in internal ice stresses, which are not present in
ocean sea-level fluctuations.

Ross Ice Shelf

One month’s GPS data were collected at the Williams Field
Long Duration Balloon Facility near McMurdo Base on the
Ross Ice Shelf, in support of the RADARSAT ground-con-
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Fig. 3. Comparison of Cape Roberts coastal tide gauge (1, )
and Ross Ice Shelf GPS (nice) for a 31day period in 1999.
The diagonal dashed line indicates equivalence between the
records. The similarity of the two records indicates that our
Jundamental assumption of the ice shelf’s isostatic response to
changing SSH is correct.

trol project in late 1999. Table 1 shows the variances for this
record. A comparison of the elevation data for this record
with the nearby coastal tide gauge at Cape Roberts (Iig. 3)
indicates that the ice shelf is responding isostatically to the
ocean SSH variability (see also King and Aoki, 2002). The
reduced weather-band variance of height, o?(n,,), com-
pared with the Scott Base coastal tide-gauge data (Table 1),
is simply due to the small value of 0%( P,;;) during the 31 days
that GPS data were collected on the ice shelf.

The linear least-squares approximation to the weather-
band response to P, changes is 1, ~ —0.82P,,
(r = 0.80). This record has a much larger deviation of the
IBE from the theoretical value than any other record. We
attribute this result to the short record length and to the
low variance of P,;, for the ] month period, so that measure-
ment noise in the GPS record is a larger fraction of the
weather-band variability of 7.

DISCUSSION AND CONCLUSIONS

The IBE 1is the main component of weather-band
(003 <w<0.5cpd) variability of ice-shelf surface height
Nice)- The standard deviation of weather-band variability of
7ice due to the IBE at the ice-shelf sites that we analyzed is
~8-10 cm. For the two longest records, 763 days of GPS at
Halley Base on the Brunt Ice Shelf and 470 days of coastal
sea level at Scott Base on Ross Island, the empirically deter-
mined slope of the linear least-squares fit between weather-
band 7;.. and Py, is —0.95 £ 0.0l cm hPa ' This value is
~6% less than the theoretical IBE value of ~—1.01 cm hPafl,
which is consistent with deformation of the solid earth by
the increased atmospheric loading, comparable to ocean
tidal loading (Ray and Sanchez, 1989). Even ignoring this
effect, the difference between the empirical weather-band
corrections and the IBE amounts to only order 1cm? vari-
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ance, which is much less than the residual variance in the
weather band after the optimum IBE correction is made
(~10 cm?), and is also smaller than the residual signal in
the tidal frequency band after the optimum tidal fit to the
data is removed. We conclude that the theoretical IBE, per-
haps with a small atmospheric loading correction, should be
applied routinely to satellite SAR and altimetry data at the
same time as tidal corrections are made.

In practical terms, the principal limitation to the quality
of the IBE correction is not the accuracy of the correction
itself, but rather the quality of the “measurement” of P,;,.
All the sites we analyzed in this study are close to weather
stations that report in real time to global atmospheric
models, so that the records of P,;, from model outputs close-
ly match the data used here. In more remote regions, such as
the interior of the Filchner—Ronne Ice Shelf in the southern
Weddell Sea, air pressure may be poorly represented by the
models. As D. Bromwich (personal communication, 2002)
has noted, the problem is not solely one of adequately mod-
eling the intensity of pressure systems but also of accurately
predicting the time of passage of weather fronts, during
which P,;, may change by 40hPa or more (see near
t = 145in Fig. 1). A slight error in timing the passage of such
fronts can lead to a misinterpretation of satellite-derived
ice-shelf height variability, even though the basic mechan-
ism of the IBE is appropriate.

The most
corrections to 7. 1s the processing of repeat-pass remote-
sensing measurements (e.g. InSAR) to estimate ice-shelf
horizontal velocities (see, e.g., Rignot and MacAyeal,

important application of improved

1998). The contribution of vertical displacement to estimates
of lateral velocity occurs because the SAR look angle is not
vertical: for the European Remote-sensing Satellite (ERS),
the angle is ~23°. The potential error in velocity is largest
when motion is computed with short image separations.
Failing to correct a 10 cm (1 std dev. of IBE) height difference
leads to a ~85ma ' error when using data from the ERS
tandem mission (1 day separation), whereas the error is only
~2ma ' using successive 35 day repeat ERS or 24 day re-
peat RADARSAT passes. However, even with the longer
repeat periods, errors of 10 m a ! could occur in the worst
case (e.g. if the true timing of a frontal passage was slightly
different from the atmospheric-pressure model used to gen-
erate the IBE corrections).

In satellite altimetry time series, the relevance of the un-
corrected IBE signal can be illustrated by using the 2 year
Halley Base record of P, as a test of height trends meas-
ured by the 35 day repeat of the ERS radar altimeter. About
20 height estimates will be obtained in this 2 year period. By
choosing the time of the first ERS pass in this time interval
at random through the first 100 days of P,;, data and then
taking a sample every 35 days, we obtain a histogram of
the slope of the linear least-squares fit (Fig. 4). The mean
trend is ~4 cm a ], the same trend as in the original hourly
time series of P,;, at Halley. The standard deviation of the
trendis ~5cma . Itis possible to obtain apparent trends in
ice surface height exceeding 15cma ' (averaged over
2 years) simply due to ignoring true trends in P, and
undersampling the IBE in satellite-derived time series of
Mice-

The preceding analysis of altimetry presents an extreme
example of trend errors due to satellite undersampling. The
long-term trend in 7;.. will be better defined with the
~10 years of ERS altimetry that are now available. Errors
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Fig. 4. Histogram of 2 year trend in ice-shelf surface elevation
(ema’) based on 35 day sampling of the 2 years of Halley
air-pressure data used in this study. The mean trend is
~4cma L and the standard deviation is ~5cm a . See text
Jor methodology used to derive this figure.

will be reduced at crossovers where twice as many data are
collected, and analyses can also take into account the gener-
ally large spatial scale of IBE corrections and the temporal
offsets of adjacent ground tracks, which imply that combin-
ing altimetry from multiple nearby crossovers will reduce
the standard deviation of the trend estimates. Nevertheless,
as the analysis of the Halley time series of P,;, shows, there
can be trends of a fewcema ' in 7. associated with real
trends in P,;, on time-scales of 1-3 years. These time-scales
are of interest, for example, when assessing ice-thickness
changes associated with El Nifio—Southern Oscillation
(ENSO; Kwok and Comiso, 2002) and the Antarctic Cir-
cumpolar Wave (ACW; White and Peterson, 1996). We note
also that future altimetry missions, such as the Geoscience
Laser Altimeter System (GLAS) on the Ice, Cloud and land
Elevation Satellite (ICESat), may have shorter mission lives
and less frequent sampling at each crossover location than
ERS, and thus have potential for larger errors in trend esti-
mates if no correction for M;..(P,;;) 1s applied.

The inclusion of the ideal IBE in “tidal” corrections to
Nice Teduces the weather-band variance of ice-shelf height
to 0”(1'wg) ~ 10 cm®. Further improvements in prediction
of the response function .. (P,;,;) could be made by follow-
ing Ponte and others (1991) and Ponte (1993), i.e. numerical
modeling of SSH response to realistic atmospheric forcing.
Such studies could include SSH response to various non-
IBE processes such as shelf waves and wind-forced set-up
near coasts. However, 0> (1),,,,) is much less than the error
variance associated with present-generation models of tides
around Antarctica (~50-100cm?), so priority in effort
should be directed towards improving the quality of tide
models.
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