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Positive Mass Balance of the 

Ross Ice Streams, West 

Antarctica 

lan Joughinl* and Slawek Tulaczyk2* 

We have used ice-flow velocity measurements from synthetic aperture radar 
to reassess the mass balance of the Ross Ice Streams, West Antarctica. We find 
strong evidence for ice-sheet growth (+26.8 gigatons per year), in contrast to 
earlier estimates indicating a mass deficit (-20.9 gigatons per year). Average 
thickening is equal to -25% of the accumulation rate, with most of this growth 
occurring on Ice Stream C. Whillans Ice Stream, which was thought to have a 
significantly negative mass balance, is close to balance, reflecting its continuing 
slowdown. The overall positive mass balance may signal an end to the Holocene 
retreat of these ice streams. 
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Over the past several decades there has been 
concern that the marine-based West Antarctic 
Ice Sheet might collapse within the next sev- 
eral centuries, raising sea level by 5 to 6 m 
(1). Underlain by a thick layer of marine 
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sediments, this ice sheet has exhibited con- 
siderable change in flow over the last millen- 
nium, particularly along the Siple Coast in 
the Ross Sea Sector (2), and since the last 
glacial maximum, the grounding line (the 
point where the ice sheet loses contact with 
its bed and begins to float) has retreated 
nearly 1300 km along the western side of the 
Ross Embayment. The chronology estab- 
lished for this retreat suggests mean ground- 
ing-line migration rates of 120 m/year (3). 
Although other processes might intervene, 
extrapolation of these rates has been used to 
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predict a 4000-year lifetime for the West 
Antarctic Ice Sheet (4). Although this is a 
much longer period than earlier estimates (5) 
that predict a collapse over a few centuries, it 
does imply a sea-level rise of 12.5 to 15 cm 
per century. 

Hypotheses of continued grounding-line 
retreat and possible collapse have been sup- 
ported by an estimate of -20.9 + 13.7 Gton/ 
year (6, 7) for the mass balance of the Ross 
Ice Streams (A to F) (Fig. 1). This negative 
value by Shabtaie and Bentley (S&B) (6) 
implies that ice discharge (loss) exceeds ac- 
cumulation by -25%, causing the ice sheet 
to thin and the grounding line to retreat. 
Much of this imbalance has been attributed to 
Whillans Ice Stream (formerly known as Ice 
Stream B), but negative imbalances were also 
found for the other Ross Ice Streams, with the 
exception of Ice Stream C, which stagnated 
150 years ago (8). More recent analyses (9) 
based on similar data have estimated compa- 
rable negative imbalances on Whillans Ice 
Stream. 

The ice-discharge estimates in earlier 
studies relied on relatively sparse in situ mea- 
surements of ice-flow velocity (10). For some 
ice streams, the S&B discharge estimates 
were based on only one or two velocity mea- 
surements (6). We used spatially dense esti- 
mates of ice-flow velocity (Fig. 1) afforded 
by Interferometric Synthetic Aperture Radar 
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(InSAR) (11) to reassess the mass balance of 
the Ross Ice Streams. 

We began by determining the catchments 
for individual ice streams (12). As in earlier 
studies, we then estimated the ice-discharge 
flux through a "gate" located near the 
grounding line at the downstream end of each 
catchment (13). The total accumulation for 
each catchment area above its respective gate 
was determined by integrating gridded accu- 
mulation data (14). The difference between 
the accumulation (input) and discharge (out- 
put) gives the mass balance for the catch- 
ment. The results with uncertainties are tab- 
ulated in Table 1. 

Our results indicate that, contrary to 
earlier estimates, the mass balance of this 
sector of the West Antarctic Ice Sheet is 
positive (26.8 ? 14.9 Gton/year). Ice 
Streams D and E and the combined outflow 
of Ice Stream A and Whillans Ice Stream 
are in balance to within the 2o' limits of the 
uncertainty. This is consistent with radar 
altimetry observations that show little 
thickening or thinning over the catchments 
of Ice Streams D and E (15). Ice stream F is 
significantly positive, but its contribution 
to the overall total is small relative to that 
of the other ice streams. Stagnant Ice 
Stream C has a strongly positive mass bal- 
ance because of its negligible outflow, and 
it is the major contributor to the overall 
positive mass balance for the region. Thus, 
the positive imbalance is driven not by 
climate-related changes in accumulation or 
melt, but rather by the internal ice-stream 
dynamics that led to the stoppage of Ice 
Stream C. 

There is a 47.7 Gton/year difference in 
our estimate of net balance (+26.8 Gton/ 
year) compared with the S&B estimate 
(-20.9 Gton/year) (6). The largest compo- 
nent of this difference is a change in esti- 

REPORTS 

mated discharge fluxes (27.1 Gton/year). A 
breakdown of the discharge-flux differenc- 
es is given in Table 2. Several studies have 
documented a deceleration on Ice Stream A 
and Whillans Ice Stream (9) with the most 

current estimate yielding an average decel- 
eration rate of 5.0 m/year2 from 1974 to 
1997 (16). As indicated in Table 2, the 23% 
deceleration over this period accounts for 
10.6 Gton/year (38%) of the total differ- 

Fig. 1. Ice-flow velocity (colors) over radar imagery from the RADARSAT Antarctic Mapping Project 
Mosaic (41). Flow velocity at 100 m/year intervals is contoured with thin black lines. White vectors 
show subsampled velocity vectors in fast-moving areas. Catchment boundaries (12) for individual 
ice streams are plotted with thick black lines. Flux gates used in discharge calculations are shown 
with red lines. Green lines show the locations of the S&B flux gates (6), and the light blue line 
shows the outline of the S&B catchment. The white box on the inset map shows the location of 
the study area. 

Table 1. Discharge and accumulation fluxes for the Ross Ice Streams. The 
summed total excludes the first three entries because the combined flux 
through these gates is included by the wider gate farther downstream (see 

Fig. 1). All accumulation numbers for individual ice streams are based on the 
average of two accumulation maps (14), except where noted. The last row 
shows the S&B results for their catchment shown in Fig. 1. 

Gate above gcu latie Discharge flux Difference Area above accumulation rate 
(1012 kg year-1) (1012 kg year-1) (1012 kg year-1) (km2) year1) 

Ice Stream A 10.1 (1.5) 8.0 (0.3) 2.10 (1.5) 72,400 139 
Whillans B1 8.0 (1.2) 12.7(0.4) -4.70(1.3) 52,400 153 
Whillans B2 12.9 (1.9) 10.3 (0.4) 2.60 (2.0) 87,900 146 
Ice Stream A and 32.8 (4.9) 30.3 (0.7) 2.50 (5.0) 235,200 139 

Whillans Ice Stream 
Ice Stream C 20.5 (3.1) 0.5 (0.2)* 20.1 (3.1) 153,400 134 
Ice Stream D 19.0 (2.9) 15.3 (0.4) 3.75 (2.9) 140,300 136 
Ice Stream E 23.5 (3.5) 24.4(0.7) -0.85 (3.6) 175,200 134 
Ice Stream F 2.8 (0.4) 1.5 (0.1) 1.35 (0.4) 16,800 171 
Total AW+C+D+E+F 98.8 (14.8) 72.0(1.1) 26.8 (14.9) 721,000 137 

102.9 (15.4)t 30.8 (15.4)t 142t 
94.7 (14.2): 22.7 (14.2)t 131$ 

Shabtaie and Bentley (1987)? 83.4 (12.8)? 110.6 (4.6)? -20.9 (13.7)?11 701,000? 119? 

*Ice Stream C discharge is from Shabtaie and Bentley (6). tUsing the Giovinetto and Zwally accumulation map (36). SUsing Vaughan et al. accumulation map (37). 
?0Over the S&B catchment area shown in Fig. 1. IIIllncludes additional mass loss (3.5 Gton/year) due to basal melt. 
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ence in discharge. For Ice Streams D to F, 
there is little evidence of temporal variation 
in velocity over this period. The differences 
in discharge estimates for these ice streams 
are attributable to a variety sources, as 
shown in Table 2. 

An additional difference of 3.5 Gton/year 
can be accounted for by the inclusion of basal 
melt beneath the grounded ice in the S&B 
estimate. We believe basal melt to be about an 
order of magnitude smaller than this amount 
and exclude it from our calculations (17). 

As illustrated in Fig. 1, the overall catch- 
ment boundary we have derived differs from 
that used by Shabtaie and Bentley, making 
comparison of our basinwide accumulation 
estimate with the S&B estimate difficult. We 
performed a detailed comparison of accumu- 
lation over the S&B catchment area that leads 
us to conclude that the S&B results underes- 
timate accumulation (18). This accounts for 
most of the revision in mass balance that is 
attributable to differences in accumulation. A 
much smaller contribution to this revision is 
attributable to our use of the average of two 
accumulation maps. 

Although Whillans Ice Stream is nearly 
in balance at present, it was clearly out of 
balance in the past, as indicated by the 
roughly 23% decrease in velocity from 
1974 to 1997 (16). It is unclear how long 
the deceleration has been underway, but it 
is likely that the discharge could have been 
greater still before 1974 (16). Although 
deceleration of Whillans Ice Stream has 
helped to restore its mass balance, changes 
in the ice surface geometry and resulting 
drainage patterns have also contributed. 
The surface of Whillans B2 (Whillans 
Branch 2) is substantially lower than that of 
Ice Stream C. This difference can be attrib- 
uted, in part, to a thickening on Ice Stream 
C since stagnation (19) and a thinning of 
Whillans B2 (9), which is consistent with a 
past negative mass balance. As indicated in 
earlier work (19) and to greater extent by 

REPORTS 

the catchments shown in Fig. 1, the drain- 
age for Whillans B2 has expanded to in- 
clude some of the area that formerly fed Ice 
Stream C. Furthermore, on the southern 
side of the B2 catchment, the boundary 
extends to the edge of a tributary feeding 
Whillans B1 (Whillans Branch 1), suggest- 
ing capture of part of its catchment by 
Whillans B2. This potential "ice piracy" 
may explain the negative mass balance for 
Whillans B 1 and what is likely a relatively 
recent shift to a positive mass balance on 
Whillans B2. Our results represent an av- 
erage over the catchment and, thus, are not 
inconsistent with estimates of local thin- 
ning on Whillans Ice Stream (9). 

Critical to prediction of how this sector of 
the ice sheet will evolve over the next few 
centuries is an understanding of the future 
behavior of Ice Stream A and Whillans Ice 
Stream. These ice streams are currently in 
balance so that the observed deceleration 
could indicate that the ice sheet is responding 
as needed to compensate for a past imbal- 
ance. Field measurements collected in 1998 
suggest that the deceleration may be continu- 
ing unabated (20). If so, then any restoration 
of balance is likely to "overshoot" and yield 
at least a temporary shift to a positive mass 
balance. Such a shift might be well within the 
degree of ice-flow variability that has been 
inferred for the region over the last 1000 
years (2). 

The deceleration could also indicate 
more than a simple restoration of mass 
balance. Thermodynamic models of ice- 
stream evolution show that ice streams may 
be inherently cyclic in their behavior, with 
switches between active ("purge") and in- 
active ("binge") phases occurring with a 
periodicity of several thousand years (21, 
22). If deceleration on the ice plain fed by 
Ice Stream A and Whillans Ice Stream con- 
tinues at its current rate, then outflow will 
cease in 70 to 80 years. Thus, these ice 
streams may be undergoing a transition 

from the purge to the binge phase, as seems 
to have occurred on neighboring Ice Stream 
C about 150 years ago (8). Modeling of 
ice-stream behavior indicates that ice- 
stream stoppages may be triggered by a 
prolonged period of negative mass balance, 
which leads to ice-stream thinning that, in 
turn, switches the basal thermal regime 
from melting to freezing (21, 22). Freezing 
removes water from the subglacial zone, 
thereby increasing basal resistance and de- 
creasing ice-stream velocity. Through non- 
linear positive feedback between basal 
freezing and shear heating, freeze-on-driv- 
en ice-stream slowdown may be a runaway 
process that, once initiated, leads to com- 
plete ice-stream shutdown (23). A paucity 
of direct constraints on the rates of sub-ice 
stream meltwater production and redistri- 
bution (24, 25) makes it difficult to rule out 
the possibility that the observed slowdown 
of Whillans Ice Stream is just a decadal- 
scale fluctuation. The recent stoppage of 
Ice Stream C (8), however, coupled with 
the results of thermodynamic ice-stream 
models, makes it plausible that the current 
slowdown of Whillans Ice Stream could 
continue to a complete stagnation. This 
would decrease outflow by 30.3 Gton/year, 
reduce collective discharge to 42% of ac- 
cumulation, and yield an average thicken- 
ing rate of 8.3 cm/year over the total catch- 
ment area shown in Fig. 1. 

Even with a complete shutdown of Ice 
Stream A and Whillans Ice Stream, the 
direct impact on sea level is not large. If 
this stagnation were to occur, a positive 
imbalance of 57 Gton/year would lower sea 
level by 0.16 mm/year compared to a rise 
of 0.06 mm/year with the S&B estimate 
(6). For comparison, this positive imbal- 
ance would be nearly equivalent to com- 
pletely blocking the flow of the Missouri 
River (72 Gton/year at U.S. Geological Ser- 
vice gage in Hermann, Missouri). Of more 
importance, our results, although providing 

Table 2. Comparison of InSAR discharge estimates (see Table 1) with S&B 
estimates (6). Most of the difference in discharge for Ice Stream A and 
Whillans Ice Stream can be attributed to velocity change and accumulation 
between gates. Much of the remaining difference may be the result of 
measurement error and additional flow from glaciers that discharge to the ice 
shelf near the southern end of the S&B gate (see Fig. 1). We estimate with a 
large uncertainty that the S&B gate for Ice Streams D and E was too wide by 

17% and contains a substantial amount of slow-moving ice. Accounting for this 
difference and accumulation between gates yields a remaining difference with 
opposite sign. This negative difference is likely the result of some combination of 
remaining uncertainty in the S&B gate width, diversion of flow between gates 
(e.g., toward the S&B F gate), and basal melting on the floating part of the 
shelf (40). The difference at the S&B Ice Stream F gate is largely attributable 
to flux from Ice Streams D and E that passes through this gate. 

InSAR S&B Difference Quantifiable Remaining 
Gate discharge flux discharge flux S&B - Insar difference difference 

(1012 kg year-1) (1012 kg year-1) (1012 kg year-1) (1012 kg year-1) (1012 kg year-1) 

Ice Stream A and 30.3 (0.7) 46.0 (2.4) 15.7 (2.5) 12.3 = 10.6* + 1.7t 3.4 
Whillans Ice Stream 

Ice Stream C 0.5 (0.2) 0.5 (0.2) 0 (0.2) 0 0 
Ice Stream DE 39.7(0.8) 44.3(2.8) 4.6(2.9) 10.1 = 7.5t + 2.6t -5.5 
Ice Stream F 1.5 (0.4) 8.3(1.3) 6.8(1.4) 6.8? 0 
Total 72(1.1) 99.1 (3.9) 27.1 (4.1) 29.2 -2.1 

*-Decrease due to 23% decline in interval between velocity measurements (16). tAccumulation between gates. tGate width in Shabtaie and Bentley (6) is -17% too 
wide. ?Flux from D/E attributed to Ice Stream F (see Fig. 1). 
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only a limited "snapshot of mass balance," 
suggest a reduced probability for scenarios 
that involve continued inland migration of 
the grounding line, a near-term catastrophic 
collapse, and a substantial rise in sea level. 
This analysis covers only the Ross Sea 
sector of the ice sheet, and negative imbal- 
ances are observed in other areas of West 
Antarctica such as Pine Island and 
Thwaites Glaciers (26). 

A reduction in discharge could have 
important implications for the near-term 
stability of the Ross Ice Shelf, which exists 
largely as a result of high discharge by ice 
streams into the Ross Embayment. The 
combined stagnation of Whillans Ice 
Stream and Ice Streams A and C would 
reduce discharge across the grounding line 
of the Ross Ice Shelf by roughly 25% from 
that before the shutdown of Ice Stream C. 
Such a reduction in discharge could cause 
the ice shelf to thin and could trigger a 
retreat and/or break-up. Additional impetus 
for retreat/break-up may come from future 
climatic warming that appears to have 
helped to destabilize some smaller ice 
shelves along the Antarctic Peninsula (27). 
Over time scales on the order of decades to 
centuries, ice shelves may represent the 
most vulnerable element of the West Ant- 
arctic ice sheet/shelf system. Break-up of 
the Ross Ice Shelf alone would expose 
-400,000 km2 of new shallow sea surface 
area and could have important implications 
for exchange of energy and water between 
the ocean and the atmosphere/ice-sheet sys- 
tem in the region. Moreover, brine exclu- 
sion during sea-ice formation could turn 
this newly exposed polar continental shelf 
into a key source of bottom ocean water. 
This strengthened Antarctic bottom-water 
formation could outcompete the North At- 
lantic source of bottom water and switch 
the global ocean into a new mode of ther- 
mohaline circulation, with global climatic 
implications (28). 

The positive imbalance we observe and 
the trend toward a potentially larger imbal- 
ance are evocative of an ice sheet in advance 
rather than in retreat. There is ample evidence 
for a large retreat of the West Antarctic ice 
sheet over the last several thousand years (3, 
4). The observed positive imbalance devel- 
oped within just the last two centuries as a 
result of the stoppage of Ice Stream C and 
slowdown of Whillans Ice Stream. If the 
current positive imbalance is not merely a 
part of decadal- or century-scale fluctuations, 
it represents a reversal of the long-term Ho- 
locene retreat. 
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During the last decade, the neutral N4 mole- 
cule has been the subject of intense and sus- 
tained theoretical scrutiny, aimed at evaluat- 
ing the structure, stability, and properties of 
this experimentally unknown species (1-13). 
Apart from the molecule's fundamental sig- 
nificance, such unusual interest is motivated 
by the potential of N4 as a "pure" high-energy 
density material. Theory predicts that, where- 
as certain N4 isomers, such as tetraazatetra- 
hedrane, are metastable and long lived, their 
dissociation into two environmentally benign 
N2 molecules is very exothermic, releasing 
about 800 kJ mol- (7, 10-12). 

Despite the considerable help provided by 
the theoretical identification and character- 
ization of the target species, preparing and 
detecting N4 has posed a formidable chal- 
lenge to experimentalists. None of the sug- 
gested routes, involving the combination of a 
nitrogen atom with an N3' radical, binding of 
two excited N2 (A3]u+) molecules, and N4 
extrusion from larger, polycyclic molecules, 
proved viable (14). 

Here, we report the preparation, positive 
detection, and characterization as a long- 
lived gaseous species of an N4 molecule ob- 
tained by a different approach-the one-elec- 
tron reduction of the gaseous N4+ cation by 
neutralization-reionization (NR)-mass spec- 
trometry (15-17). We have used this tech- 
nique effectively for the preparation and de- 
tection of other elusive species, including 
HO3 (18), the [H2O+ 02-] charge-transfer 
complex (19), and 04 (20). 

The charged precursor chosen, N4+, is 
long known and thoroughly characterized as 
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a result of mass spectrometric (21, 22), ma- 
trix isolation (23, 24), spectroscopic (25, 26), 
and theoretical studies (23, 27-31), motivated 
by its role in N2 plasmas and in stratospheric 
chemistry. Ground-state and excited N4+ 
ions are conveniently obtained by electron 
bombardment of N2 (32). Our experimental 
approach was as follows. The N4+ ions 
formed in the chemical ionization (CI) source 
of a multisector mass spectrometer of EBE- 
TOF configuration (where E stands for elec- 
trostatic, B for magnetic sectors, and TOF for 
an orthogonal time-of-flight analyzer) were 
accelerated to 4 to 8 kV and mass selected. 
The N4+ ions underwent two consecutive 
collision events in the two separate cells lo- 
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of the flight time from the neutralization to 
the reionization cell, i.e, -1 tJs. 

Structural insight is provided by the iso- 
topic composition of the N2+ fragments dis- 
played by the NR spectra that can originate 
only from the uncharged species formed in 
the neutralization and/or in the reionization 
process. As expected, 14N4 gives only 14N2+, 
and 15N4 gives only '5N2+, but 14N215N2 
gives equal amounts of '4N2+ and 15N2+, 
without detectable formation of the isotopi- 
cally mixed 14N'5N+ fragment. This pattern 
strongly suggests that the N4 molecule con- 
tains two distinct N2 units that maintain their 
identity without exchanging their constituent 
atoms and that the four N atoms of N4 are 
inequivalent. 

As to the structure of the N4 species 
detected, and its identification with one of 
the theoretically predicted isomers, useful 
criteria are provided by the intrinsic fea- 
tures of NR spectrometry. Detection of a 
neutral species can occur only if its disso- 
ciation requires overcoming a sizeable bar- 
rier, on the order of 40 kJ mol-~ (15-17), 
and the vertical character of the neutraliza- 
tion process allows survival of the neutral 
molecule only if its geometry is not signif- 
icantly different from that of the parent ion 
(the transition displays adequate Franck- 
Condon factors). 
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Experimental Detection of 

Tetranitrogen 
F. Cacace,* G. de Petris, A. Troiani 

Tetranitrogen (N4), which has been the subject of great theoretical interest, has 
been prepared from the N4+ cation and positively detected as a gaseous metastable 
molecule with a lifetime exceeding 1 microsecond in experiments based on neu- 
tralization-reionization mass spectrometry. An examination of the geometry of 
N4+ and the fragmentation pattern of the '4N2,15N neutral molecule has 
revealed that the latter is characterized by an open-chain geometry with two 
distinct, closely bound N2 units joined by a longer weaker bond. 
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