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General circulation models of a moderately 
warmer climate typically show larger chang- 
es at high latitudes, such as increased precip- 
itation and ice sheet growth, a reduced but 
possibly thicker sea ice cover, and weaker 
deep ocean convection (1, 2). A freshening of 
0.001 per year (a-') in Antarctic intermediate 
water (AAIW) in the South Pacific over -25 
years, coincident with a salinity increase at 
shallower depths, has been attributed mainly 
to an intensification of the atmospheric hy- 
drological cycle (3). That salinity decrease 
implies a large increase in the freshwater flux 
at high southern latitudes where intermediate 
water is formed. Changes in precipitation 
minus evaporation may be inferred from 
mixed layer salinity, but near-surface salinity 
variability is high in regions where sea ice 
forms and melts every year. The production 
of sea ice adds brine to waters over the 
continental shelf, and its northward export 
and melting lowers the salinity of the upper 
ocean between the shelf and Polar Front. A 
slower stage of the hydrological cycle returns 
fresh water to the ocean by the melting of ice 
shelves and icebergs. Climatic perturbations 
of these processes and of the upwelling rate 
of deep water can alter the salinity of waters 
that originate in the Southern Ocean. 

In the Pacific sector of the Southern Ocean, 
sea ice formation and export is strongest in the 
southwest Ross Sea (Fig. 1), where persistent 
winter polynyas are located near the Ross Ice 
Shelf and Victoria Land coast (4, 5). A substan- 
tial decrease in shelf water salinity has occurred 
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in that region over the past four decades (Fig. 
2), extending eastward near the ice front (Fig. 
3A) and throughout the western continental 
shelf (6). Formed at the sea surface in winter, 
the shelf water is vertically stabilized by salin- 
ities that increase with depth, but the entire 
water mass has shifted toward lower values 
since the 1960s. Although the saltiest water in 
the Southern Ocean has historically been found 
in the southwest Ross Sea, this lengthy decline 
has relocated that maximum to the Weddell Sea 
(7). 

Sea ice production over the Antarctic con- 
tinental shelf depends mainly on wind 
strength, air temperature, and shelf area. 
Lengthy wind measurements are lacking, but 
temperatures have risen -1.0?C on Ross Is- 
land since 1957 (6). That is -5% of the 
difference between the -20?C annual mean 
and the sea surface freezing point, which may 
thus account for a small fraction of the ob- 
served salt deficit. A concurrent northward 
advance of the Ross Ice Shelf covered -6% 
of the open shelf region where sea ice can 
form, but any resulting decrease in sea ice 
production may have been partly compensat- 
ed by more marine ice growth beneath a 
larger ice shelf (8). 

The volume of sea ice exported from the 
continental shelf can be roughly estimated from 
ice thickness measurements (9) and mean Na- 
tional Centers for Environmental Prediction 
surface winds of -6 m s-' in the northwest 
sector since 1985 (10). This export is equivalent 
to a mean thickness of 2.5 + 0.8 m a-~ over 9 
months and a 400,000 km2 shelf area, assuming 
a 10% uncertainty in ice and wind measure- 
ments and exit gate width. For comparison, 
shelf water freshening that resulted entirely 
from reduced sea ice production would require 
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an export decline of -3.1 m in recent decades. 
This seems unrealistic, because it would imply 
a large and undocumented reduction in wind 
strength, which in turn could result in thicker 
ice and a slower ocean circulation, with the 
latter likely to increase shelf water residence 
time and salinity. 

A major decrease in sea ice production 
also appears inconsistent with reported in- 
creases in ice extent, ice concentration, and 
length of the sea ice season in the Ross Sea 
since 1978 (11, 12). Those changes depend 
mainly on areas north of the continental shelf, 
however, and could mask a thinner ice cover 
resulting from changes in surface forcing. 
East of the Ross Sea, a larger atmospheric 
warming trend and substantial declines in sea 
ice extent and season have been documented 
over recent decades (12, 13). Most of that sea 
ice change has occurred above the eastward- 
flowing Antarctic Circumpolar Current, but if 
the regional warming in that sector reduced 
ice production further south, it would have 
lowered the salinity of the westward coastal 
current. 

The salinity of shelf water in the Ross Sea 
is less influenced by precipitation and local 
ice shelf melting than by sea ice export. For 8 
to 9 months each year, most precipitation will 
also fall on sea ice that is advected off the 
continental shelf. Where that precipitation is 
sufficient to sink the ice freeboard, snow- 
induced sea ice production and brine drainage 
would cause a salinity increase in the water 
column. Net melting as high as 25 cm a-l 
beneath the -500,000-km2 Ross Ice Shelf 
(14) would compensate for <20% of the 
brine derived from the sea ice cycle. More- 
over, modeling sensitivity studies indicate 
that ice shelf melting would decrease in re- 
sponse to a weaker thermohaline circulation 
associated with lower salinity (15). Plausible 
changes in local precipitation and glacial ice 
melting therefore cannot explain the large 
decline in shelf water salinity. 

The only other important sources of fresh- 
ening for the Ross Sea continental shelf are 
waters imported by the coastal current and 
waters along the southern edge of the Ross 
Gyre. Evaluating salinity changes in these 
surface waters encounters problems of high 
spatial and temporal variability, along with 
sparse historical ocean measurements east of 
the Ross Sea. As an alternative, we have 
focused on salinity at the temperature mini- 
mum (Tmin) within the Ross Gyre. The Tmin is 
a well-defined subsurface feature in most off- 
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shelf summer data, occurring at a mean depth 
of -65 m in this region and represented in 
winter by mixed layer salinities. An edited 
database for the interior Ross Gyre is reason- 
ably well distributed over the study area (Fig. 
1) and was divided into several subregions to 
assess the spatial and temporal variability. A 
Tmin salinity decrease occurs in all areas and 
is strongest in the southern and eastern sec- 
tors (Fig. 3B). The average gyre salinity de- 
cline is twice that in the deeper water column 
on the continental shelf, strongly pointing to 
an external origin for much of the shelf water 
salinity decrease. Evidently, the Ross Sea 
continental shelf has recently been importing 
fresher and/or more surface water relative to 
the inflow of modified circumpolar deep wa- 
ter (MCDW) (16). 

The Ross Gyre surface water salinity 
change is equivalent to a freshwater increase of 
18 mm a-' to a depth of 100 m, or 72 cm over 
4 decades. That is a rather large change as 
compared to the 10 to 40 cm a- climatological 
European Center for Medium-Range Weather 
Forecasts mean for this sector or to modeled 
increases resulting from atmospheric warming 
at these latitudes (1). Similarly, the change is 
large compared to a 2.4 mm a- increase in the 
15.1 cm a- annual mean over Antarctica (17). 
The increase is smaller than the 31 mm a-l 
estimated to account for South Pacific AAIW 

o 
0.o 

freshening (3), but that value could have been 
substantially higher or lower with different 
source area assumptions. Increased precipita- 
tion could result from multidecadal Southern 
Oscillation variability, given its strong links to 
the Bellingshausen, Amundsen, and Ross Seas, 
and the correlation between its more negative 
index and increased precipitation on Antarctica 
(17, 18). 

The upstream melting of ice shelves and 
icebergs also influences the salinity of Ross 
Gyre and coastal waters. The observed decrease 
in shelf water salinity is equivalent to adding 
6.5 cm more fresh water each year to a 750-m 
water column. The observed salinity decrease 
over the gyre, which is four times larger, cor- 
responds to a similar freshwater addition in its 
upper 100 m. The total would be equivalent to 
an increase of -50 km3 a-' in the melt rate of 
continental ice. That volume is negligible in 
relation to interannual variability in ice sheet 
attrition, as attested by the recent major calving 
events, but it is a large change to be sustained 
over four decades, given an annual ice sheet 
budget of -2000 km3 a-' (14). We noted 
above that lower salinity (density) should re- 
duce the strength of circulation and melting in 
the cavity beneath the Ross Ice Shelf, much of 
which is also buffered by source waters at or 
near the sea surface freezing point (Fig. 2). 
CDW intrusions beneath floating glacial ice in 
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0 
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the southeast Pacific are -2?C warmer than 
MCDW in the Ross Sea, however, and are 
known to drive local melt rates two orders of 
magnitude higher (14). 

CDW is characterized by a temperature 
maximum (Tmax) at depths of -200 to 400 m 
in the Ross Gyre. The Tma,, has warmed over 
recent decades, particularly in the southern 
half of the gyre (Fig. 3C), and has shoaled by 
-50 m over the same period. That shoaling 
suggests the gyre circulation has not weak- 
ened, which could otherwise have slowed the 
upwelling of saltier water, contributing to the 
observed salinity decrease. The warming is 
similar to that documented for the upper 
300 m of the global ocean during the late 20th 
century and to a recent deep water tempera- 
ture increase in the Weddell Sea (19, 20). 
Where the CDW has access to southeast Pa- 
cific ice shelves, basal melting is likely to 
have increased (21). Ice shelves have recently 
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Fig. 1. Locations of ocean stations studied, and of the Ross Sea and Terra Nova Bay Polynyas 
and TNP, respectively). The profiles in Fig. 2 were taken at the solid circles near Ross Island (F 
subset of that data is compared with similar observations near the eastern end of the Ross Ice 
front (open circles) in Fig. 3A. Stations within the Ross Gyre, north of the continental shelf (brc 
were divided into seven roughly equal areas (not shown) to assess regional variability, with [l 
differences appearing between the northwest (open squares) and southeast (solid triangles) se( 
(Fig. 3, B and C). Bathymetric contours (ETOPO5) are at 500 m and each 250 m from 1000 to ; 
m. Crosses indicate the positions of oxygen isotope and salinity measurements shown in Fig 

Potential temperature (OC) 

Fig. 2. Summer temperature and salinity pro- 
files below 200 m near the western end of the 
Ross Ice Shelf (Fig. 1). The 1963-to-1978 profile 
is an average of measurements from five sta- 
tions from 20 December to 6 February, whereas 
the 1982-to-1997 profile is an average from six 
stations taken from 8 December to 9 February. 
The most recent recording was on 15 February 
2000. Horizontal bars indicate the variability 
within each aggregate salinity profile. The ver- 
tical dotted lines at top right show the salinity 

_bO range that could result from winter variability 
- of 18% in surface wind and 2 to 3?C in air 

temperature over a 4-year period (4). That 
(RSP band is 2 to 3 times wider than the accuracy of 
RI). A historical salinity measurements. Dashed lines 
Shelf at top left show the surface freezing tempera- 
)wn), tures spanned by the observed salinities. The 
arger open continental shelf is relatively deep at this 
ctors location, but an average depth of 750 m rough- 
2000 ly accounts for water that circulates in the 
J. 4. sub-ice shelf cavity. 
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been thinning in the Amundsen Sea, and 
deflation of continental ice has occurred in 
the Pine Island and Thwaites drainage basins 
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(22, 23). These measurements are compatible 
with the increased availability of meltwater 
from that part of the West Antarctic Ice 
Sheet. 

Seawater oxygen isotope measurements 
are also consistent with increased meltwater 
in the Ross Sea. All water masses have shift- 
ed toward lighter (more 6180-depleted) val- 
ues in the 16 or 22 years between repeated 
observations on the continental shelf (Fig. 4). 
Ice shelf water (ISW) has changed the least, 
consistent with a longer residence time and 
little if any increased melting under the Ross 
Ice Shelf. Its salinity increase in 1994 result- 
ed from fewer shallow measurements that 
year. From 1978 to 1994, the Antarctic Sur- 
face Water (AASW) and a weighted mean of 
all values slope toward 180 values of-29.1 
and -39.4 per mil (%o), respectively, at zero 
salinity. For the period 1978 to 2000, the 
8180 value of the AASW at zero salinity is 
-17.0%o and the weighted mean of all 6180 
values projects to -34.7%o. Because the 180 
in snow ranges from -10 to -20%o directly 
seaward of the West Antarctic coastline (24), 
the 2000 data set suggests recent precipitation 
in the AASW. However, the more negative 
projections of the other extrapolations indi- 
cate the presence of melted continental ice 
(16, 21). 

Any one of these processes does not readi- 
ly account for the magnitude of the salinity 
decline in the Ross Sea. Freshening may be 
relatively strong in the Ross Sea because of 
its teleconnection to the tropical Pacific (25), 
in combination with an altered Southern Os- 
cillation pattern since the 1970s (26). But for 
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Fig. 3. (A) Salinity at 500 m (from Fig. 2) near 
the western (solid circles) and eastern (open 
circles) ends of the Ross Ice Shelf front, with 
corresponding regressions of -0.0030 [a corre- 
lation coefficient (r2) equal to 0.85] and 
-0.0035 (r 2 = 0.76). A similar decline has been 
documented from data available through 1995 
(6) for the shelf region west of 180?. (B) Salin- 
ity at the 25- to 130-m depth Tmin in the Ross 
Gyre, with a regression of -0.0063 a-1 (r2 = 

0.72). The solid triangles and open squares with 
?1 a correspond to annual averages in seven 
gyre subregions within the southeast and 
northwest sectors, respectively, of Fig. 1. (C) 
Temperature at the 190- to 440-m depth of 
Tmax in the Ross Gyre. As in (B), the regression 
(+0.0065 a-1; r2 = 0.66) is calculated from 
subregional annual means. Symbols are as in 
(B) and show larger changes in the southeast 
than in the northwest sector of the gyre. 
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freshening to have resulted mainly from a 
ange in precipitation would have required 
it poleward moisture transport in the atmo- 
here be much larger than modeled or ob- 
rved at higher latitudes on the ice sheet. If 
upled with stronger winds, however, a 
pinup" of the polar gyre circulation could 
ise sea ice divergence and shoaling of the 
,ax Fresher surface water would increase 
; strength of the pycnocline (vertical den- 
y gradient), retaining heat in the deep water 
7). If more or warmer deep water then 
ruded onto the Antarctic continental shelf, 
rticularly in the southeast Pacific (14), in- 
;ased basal melting of ice shelves could be 
pected (28). Most of the coastal flow in that 
:tor is westward, toward the southern limb 
the Ross Gyre, where we see the strongest 
inity change. Reduced vertical heat flux 
m the deep water would also allow an 
?rease in sea ice extent, as observed over 

1979 to 1998 period. This is consistent 
th a lower ice and brine volume production 
strong source regions like the southwest 
ss Sea, where air temperatures have risen 
ce 1957. 
The decreased salinity of the Ross Sea 
11 have contributed to the reported freshen- 
; of intermediate waters originating in the 
uther Ocean. It will have altered the char- 
:eristics if not the volume of locally pro- 
ced deep and bottom waters, changes that 
ve been observed downstream (29). Syn- 
tic treatment of salinity observations that 
owed negative offsets between early and 
vent measurements (30) would now appear 
represent real temporal change. A freshen- 

Fig. 4. Oxygen isotope and salinity re- 
lations for seawater in the southern 
Ross Sea (Fig. 1) aggregated by water 
mass characteristics and date of sam- 
pling. AASW, MCDW, low salinity shelf 
water (LSSW), ISW, and high salinity 
shelf water (HSSW) are represented by 
the means (?1 r) of 4 to 32 (an aver- 
age of 11) values, all from duplicate 
determinations of up to four samples 
per water mass on each station. Individ- 
ual oxygen isotope samples were pro- 
cessed at Lamont to a precision of 
-0.025%o as compared to standard 
mean ocean water (SMOW) (16). Salin- 
ities were analyzed aboard the ships or 
taken from corrected conductivity-tem- 
perature-depth profiles, accurate to 
within 0.01%o. A mean of all samples 
weighted by water mass area on a 
transect along the Ross Ice Shelf front 
shifted by -0.063 in salinity and -0.071 
in 8180 over the 16 years ending in 
1994, and a weighted mean over 22 
years ending in 2000 shifted by -0.120 
in salinity and -0.119 in 18`0. 

34.6 34.8 

19 JULY 2002 VOL 297 SCIENCE www.sciencemag.org 

c 

C 
1.8 

1.6 S1- 
E 

c 1.4 
o a. 

I 
A 

A Ij_ 

-- 

388 

+ I t 



REPORTS REPORTS 

ing that exceeds the likely precipitation and 
sea ice changes and carries a low 6180 signal 
also suggests an acceleration in the melting 
rate of West Antarctic ice shelves east of the 
Ross Sea. 
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The Function of the Cranial Crest 

and Jaws of a Unique Pterosaur 

from the Early Cretaceous of Brazil 

Alexander W. A. Kellnerl*t and Diogenes de Almeida Campos2* 

The discovery of a previously undescribed pterosaur, Thalassodromeus sethi, yields 
information on the function of cranial crests and the feeding strategy developed 
by these extinct flying reptiles. The material consists of a large skull (length: 1420 
millimeters, including the crest) with a huge bony crest that was well irrigated by 
blood vessels and may have been used for regulation of its body temperature. The 
rostrum consists of two bladelike laminae, the arrangement of which is anal- 
ogous to the condition found in the bird Rynchops, which skims over the water 
to catch food, indicating that T. sethi also may have been a skimmer. 
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Despite being studied for over 200 years, the 
overall knowledge of pterosaur diversity and 

biology is rather slim, mainly due to uneven 

sampling and the generally poor preservation 
of specimens (1, 2). Moreover, because ptero- 
saurs are extinct, their biological habits and 
functions of anatomical features are difficult 
to establish, and most interpretations have 
relied on comparisons with modem analogs 
such as birds. Here, we report a previously 
undescribed pterosaur that shows a distinct 

morphology of the skull, providing informa- 
tion on the function of cranial crests and 

feeding strategy. The specimen comes from 
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the Romualdo Member of the Santana For- 
mation (3), in the Araripe Basin, in northeast- 
ern Brazil, which is one of the few deposits 
where pterosaurs are found in large numbers 
with good preservation. 

The sedimentary rocks of the Santana For- 
mation were deposited during the Early Cre- 
taceous (Aptian/Albian) and represent two 
distinct lagerstatten, formed by the lacustrine 
limestone layers of the Crato Member at the 
base and the lagoonal limestone concretions 
embedded in shales of the Romualdo Mem- 
ber at the top (4, 5). Although pterosaurs have 
been found in the lower layers (2, 6-8), the 

deposits in the Romualdo Member contain 

better-preserved specimens (9-12). The ma- 
terial described here was preserved in a cal- 
careous nodule from this deposit and consists 
of an almost complete skull (Fig. 1), repre- 
senting a new species. 

Pterosauria Kaup, 1834 

Pterodactyloidea Plieninger, 1901 

Tapejaridae Kellner, 1989 
Thalassodromeus nov. gen. 
T. sethi nov. sp. 
Etymology: Thalassodromeus from the 
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Tapejaridae Kellner, 1989 
Thalassodromeus nov. gen. 
T. sethi nov. sp. 
Etymology: Thalassodromeus from the 

Greek thalassa (= sea) + dromeuis (runner) 
meaning the "sea runner"; sethi for the an- 
cient Egyptian god Seth. 

Holotype: skull (total length, 1420 mm; 
length from the squamosal to the tip of the 
premaxilla, 798 mm) and lower jaw (length: 
preserved, 635 mm; estimated, 710 mm) de- 
posited at the Museu de Ciencias da Terra/ 
Departamento Nacional de Producao Mineral 
(DGM 1476-R) (Figs. 1 to 3); cast at the 
Museu Nacional (MN)/Universidade Federal 
do Rio de Janeiro (UFRJ) (MN 6678-V). 

Horizon and locality: The specimen was 
collected in 1983 at the outcrops of the Ro- 
mualdo Member [Albian (3, 5)], in the Santana 
Formation, near the town of Santana do Cariri, 
in the state of Ceara, northeastern Brazil. 

Diagnosis: Tapejarid with developed cranial 
crest composed ofpremaxillae, frontal, parietal, 
and supraoccipital, starting at the tip of the skull 
and extended posteriorly, well behind the oc- 
cipital region; posterior end of the cranial crest 
V-shaped; suture between premaxillae and 
frontoparietal portion of the crest rectilinear; 
anterior portion of the premaxillae and dentary 
with sharp dorsal and ventral edges; palatines 
before palatal crest strongly concave; posterior 
(occipital) region broader than in other tapeja- 
rids (width over quadrates, 20% of squamosal 
to premaxilla length). 

With the exception of two segments from 
the ventral part of the skull plus the mandible 
and the distal tip of the lower jaw, the mate- 
rial is complete and all bones are preserved in 
three dimensions. The only signs of compac- 
tion are found in the region of the left jugal 
and in the right mandibular ramus, which are 
slightly pushed inward. 

As is typical of derived pterosaurs (mem- 
bers of the clade Pterodactyloidea), T. sethi 
has an elongated skull (Fig. 1). The orbit is 
positioned lower than the dorsal rim of the 
antorbital fenestra, a feature only present in 
the azhdarchids [e.g., Quetzalcoatlus sp. 
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