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Abstract. Ombrotrophic raised peatlands provide an idealassociated with an increase in the mean annual amount of
archive for integrating late Holocene records of variations inprecipitation. Both records are consistent with a southward
hydroclimate and the estimated stable isotope composition ofetraction and increase in zonal wind speed of the austral
precipitation with recent instrumental measurements. Mod-westerly wind belt. These regional differences, observed in
ern measurements of mean monthly surface air temperatureesponse to a known driver, should be detectable in peat-
precipitation, andD and§180-values in precipitation from  land sites close to the GNIP stations. Currently, insufficient
the late twentieth and early twenty-first centuries provide adata with suitable temporal resolution are available to test for
short but invaluable record with which to investigate modernthese regional differences over the last 3000 yr. Existing peat-
relationships between these variables, thereby enabling imland palaeoclimate data from two sites near Ushuaia, how-
proved interpretation of the peatland palaeodata. Stable iscever, provide evidence for changes in the late Holocene that
tope data from two stations in the Global Network for Iso- are consistent with the pattern observed in modern observa-
topes in Precipitation (GNIP) from southern South Americations.
(Punta Arenas, Chile and Ushuaia, Argentina) were analysed
for the period 1982 to 2008 and compared with longer-term
meteorological data from the same locations (1890 to preser{  |ntroduction
and 1931 to present, respectively]p and §180-values in
precipitation have exhibited quite different trends in responsel.1 A role for peatland palaeoclimate studies in
to local surface air temperature and precipitation amount. At southern South America
Punta Arenas, there has been a marked increase in the sea-
sonal difference between summer and winféO-values. A The strength and location of mid-latitude westerly weather
decline in the deuterium excess of summer precipitation asystems are essential determinants of regional climate in both
this station was associated with a general increase in relathe Northern (NH) and Southern (SH) Hemispheres. Re-
tive humidity at 1000 mb over the surface of the Southeastcently demonstrated linkages between changing Arctic sea-
Pacific Ocean, believed to be the major vapour source foice cover, the spatial variability of the northern polar jet and
the local precipitation. At Ushuaia, a fall #80-values was ~ consequent intra-annual temperature and precipitation vari-
ability (Petoukhov and Semenov, 2010) imply that improved
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understanding of the long-term variability of the westerlies term palaeoarchive in order to test the timing and sign of cli-
is a critical research priority because of their influence overmatic responses at multi-decadal to centennial timescales.
key agroclimatic variables such as atmospheric water balance Peatlands can provide that missing link (Chambers et al.,
and soil moisture availability. The modern climatology of the 2012). Raised bog hydrology is particularly sensitive to the
SH westerlies is well-constrained both in terms of strengthlength of the summer water deficit (Charman, 2007; Char-
and location (Garreaud, 2009; Garreaud et al., 2009). Therenan et al., 2009). Peatlands respond to changes in mete-
is a clear linkage between near-surface (850 hPa) zonal windric conditions through the effect of the atmospheric mois-
strength and precipitation amount (Garreaud, 2007; Garreautlre balance (precipitation-minus-evaporation) on their wa-
et al., 2009). Of particular interest is the evidence that theter table depths (Barber and Langdon, 2007; Charman, 2007,
mean annual latitude of the core SH westerlies has change@harman et al., 2009). Southern South American peatlands,
through the late 20th and early 21st centuries (Thompson antherefore, are perfectly placed to record long-term changes
Solomon, 2002; Marshall, 2003). The latitude of the zonalin the SH westerlies, given that wind intensity affects precip-
wind maximum at 300 hPa has shifted southwards throughtation mainly produced in winter by fronts and low-pressure
the period 1968-2001, with reduced wind speeds being obsystems embedded in the prevailing westerly circulation (Ro-
served between 35 and 55 and increased wind speeds be- jas et al., 2009). The Island of Tierra del Fuego, in particular,
tween 55 and 70S (Garreaud, 2007; Garreaud et al., 2009).is situated in the dominant path of the southern westerlies
This poleward retraction of the westerlies was associatedluring austral summer and is well-suited for studies of past
with an increase in the positive phase of the Southern An-variations in their latitude and intensity. The ombrogenous
nular Mode (SAM) (Kidson, 1999; Gong and Wang, 1999; bogs of Tierra del Fuego provide high-resolution records of
Limpasuvan and Hartmann, 1999; Marshall, 2003; Jones epast climate (Pendall et al., 2001) because their water table
al., 2009). The SAM is a principal mode of variability in levels are closely coupled to the atmospheric moisture bal-
the atmospheric circulation of the SH, associated with syn-ance (Charman, 2007; Charman et al., 2009). As with many
chronous anomalies in surface air pressure over Antarcticproxy archives, raised bogs provide a somewhat complex
and the southern mid-latitudes (Gong and Wang, 1999; Marrecord, in this case, of precipitation-minus-evaporation rather
shall, 2003). Oceanic carbon models indicate that SH climatehan a pure temperature or precipitation signal. Furthermore,
variability, including that linked to variations in the SAM, peat-based climate records need to be carefully analysed to
may significantly influence the oceanic carbon cycle and air-distinguish the palaeoclimatic signal from autogenic ecohy-
sea CQ fluxes in temperate and high latitudes (Le&fuet  drological feedbacks (Barber, 1981; Swindles et al., 2012),
al., 2007). Whilst it has been suggested that this latitudinalbut with appropriate sampling, many studies have shown
displacement of the westerlies may have been related to inthat raised bogs can be used successfully to identify regional
creasing greenhouse gases and/or ozone depletion (Thomplimatic change (Barber et al., 1994, 1998; Langdon et al.,
son and Solomon, 2002; Toggweiler and Russell, 2008), vari2003; Blundell and Barber, 2005; Hughes et al., 2006; Char-
ations in SH sea-ice extent (Kidston et al., 2011) or solarman et al., 2006; Daley and Barber, 2012). With these con-
forcing (Varma et al., 2011), uncertainty remains over its im- siderations appropriately taken, the high peat accumulation
pact on atmospheric GQirawdown by the Southern Ocean rates of~ 5-10yrcnt! (Pendall et al., 2001; Mauquoy etal.,
(Le Qe et al., 2007). 2004; Chambers et al., 2007) permit sub-decadal resolution
Improved understanding of the drivers of variability in of environmental changes over multi-millennial timescales.
the strength and position of the SH westerlies necessarilyrurthermore, the peat records are continuous and overlap
relies on robust, synchronised, well-calibrated and continu-with the instrumental record, enabling the vital comparison
ous datasets. However, longer-term (centennial to millennial-of palaeodata with meteorological observations. The suit-
scale) proxy records of variability in these parameters areability of peatlands is further demonstrated by their wide
scarce. Only three proxy-climate records with high tem-range of proxy indicators. In addition to the reconstruction of
poral resolution are available for southern South Americapalaeohydrology, the southern South American peat archives
between 20S and 58S, with the longest spanning only have provided data on regional vegetation changes (Mark-
~ 780yr (Neukom et al., 2011). Ice core and dendroclima-graf, 1993), fire regimes (Huber et al., 2004), pollution load-
tological data offer excellent and well-dated records for theing (Biester et al., 2002; Mdrtez Cortizas et al., 2007), dust
recent past, but existing Andean ice core records for southloading (Sapkota et al., 2007; @k et al., 2012) and explo-
ern Patagonia/Tierra del Fuego only extend back to 1965 ADsive volcanism (Kilian et al., 2003).
(Vimeux et al., 2009). Similarly, the longest currently avail-
able dendroclimatological reconstruction for the region startsl.2 The nature of peatlands in Tierra del Fuego
at 1650 AD (Boninsegna et al., 2009). Relatively new lake
cores have begun to extend these reconstructions furthéviuch of our systematic understanding of the palaeocli-
(Moy et al., 2008; Moreno et al., 2009), but there remains amate information that can be drawn from these archives has
pressing need to link the instrumental record appropriately tdeen derived from studies of European and North American
a widely distributed, accurately dated, continuous and longepeat systems (Barber et al., 1994; van Geel and Renssen,
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1998; Hughes et al., 2006; Charman, 2007). The microreisotope values (Brenninkmeijer et al., 1982; Dupont and
lief elements (hummocks, lawns, and hollows) of the raisedBrenninkmeijer, 1984; van Geel and Middeldorp, 1988). This
Sphagnunbogs in Tierra del Fuego resemble European andarose, in part, as a result of the sampling of both vascular
North American examples. The range of pH-values recordedand non-vascular plant species. The different internal water
from pool microforms in these bogs (pH 4.3-4.6) is also transport mechanisms in these contrasting floral groups pro-
consistent with those recorded from Northern Hemisphereduced two quite separate populations of isotope data (Bren-
Sphagnumaised bogs (Mataloni, 1998). The largest area inninkmeijer et al., 1982; Mnot-Combes et al., 2002). Hence,
South America in which these ombrotrophic peat bogs arevariations in the ratio of vascular to non-vascular species
found coincides with the distribution dothofagus pumilio  through these records masked more subtle changes in the
(Lenga) deciduous forests (Moore, 1983), which receive arsource water isotope signal. The dominanceSphagnum
annual precipitation of 400—800 mm (Roig et al., 1996). This magellanicumin Tierra del Fuego, however, permitted isola-
peatland type is dominated Bphagnum magellanicuwith tion of Sphagnunand the first genus-specific isotope records
Empetrum rubrum, Carex magellanica, Gunnera magellan-to be published (White et al., 1994; Pendall et al., 2001).
ica, Marsippospermum grandiflorum, Gaultheria pumila, For these early pioneers, the sample sizes required for sta-
Rostkovia magellanica and Tetroncium magellani¢@uoro- ble isotope measurement were5 g, requiring the use of
nato et al., 2006). RaiseS8phagnumbogs, dominated by large samples of bulk peat. Recent advances in the use of
Sphagnum magellanicuwith Donatia fascicularis, Oreobo-  continuous-flow isotope-ratio mass spectrometry have made
lus obtusangulus, Schoenus andinarsdSenecio trifurcates it possible to measurg'80 ands13C by high temperature
occur in the evergreen forest zomdéothofagus betuloidgso pyrolysis (andsD via the additional procedure of nitration or
the south and west of Tierra del Fuego (Moore, 1983) whereonline equilibration) (Gehre and Strauch, 2003; Filot et al.,
annual precipitation totals reach up t04000mm. Two  2006) on cellulose samples that are typically of 0.3-0.35mg
Sphagnumraised bogs~ 30 km from Ushuaia, Isla Grande, dry weight (Boettger et al., 2007). Analysis of the cellulose
Tierra del Fuego, have been described by Mark et al. (1995)fraction of preserved sub-fossiiphagnunremains has re-
Their surfaces are raised between 4 and 6 m above the sucently been shown to provide reconstructions of the past iso-
rounding land surface, and the nicheErhpetrum rubrum  topic composition of precipitation (Daley et al., 2009, 2010).
resembles its Northern Hemisphere equivalEnipetrum ni-  So, understanding of the modeBphagnunisotope system
grum in that it is restricted to drier (hummock) microforms. and analytical technology are both now sufficiently advanced
Shrubs ofNothofagus antarcticgnirre) and the rusiMar- to permit development of new high-resolution palaeoclimate
sippospermum grandifloruicharacterize the crests of hum- records for southern South America.
mocks. Pools 3—60 m long are generally arranged in parallel
crescentic lines and are similar to those on mires in south4.4 The importance oféprecipitation (§p) and deuterium
ern New Zealand. Fringing these podBphagnum fimbria- excess in climatology
tumhas been recorded. The diversityRghagnunspecies in
Fuegian bogs is lower than on European and North Ameri-Records of past changes in the isotopic composition of pre-
can peat bogs, and their surfaces may be entirely covered bgipitation (palaedy) are rarely either simple palaeother-
Sphagnum magellanicynextending from high hummocks mometers or palaeo-rain gauges (Aragifragas et al.,
(which can exceed 1 m in height) to pool margins. The wide2000; Daley et al., 2011). Rather, they are primarily indica-
range of water table depths tif#&phagnum magellanicuat- tors of changes in the rain-out history of air masses (Cole et
cupies in Tierra del Fuegan bogs is similar to the broad habial., 1999; Aragas-Aragas et al., 2000). The isotopic com-
tat niche that it displays in Northern Hemisphere peatlands. position of precipitationdp) is controlled by isotopic frac-
tionation during the movement of water molecules through
1.3 Anideal archive for combined hydroclimate and the hydrological cycle (Dansgaard, 1964). Hence, the iso-
water isotope analysis topic labelling of precipitation actually reflects complex fac-
tors in the hydrological system that include atmospheric con-
Whilst the dominance of a single, relatively eurytoBighag-  ditions over the ocean surface in the vapour source area, the
numspecies may prove problematic for a palaeoclimate in-stable isotope composition of surface seawater, the season-
vestigation by plant macrofossil analysis, it provides the idealality of precipitation and evaporative effects, as well as the
opportunity forSphagnuntellulose stable isotope analysis condensation temperature of precipitation (Siegenthaler and
(Pendall et al., 2001; Chambers et al., 2007). Isotopic invesOeschger, 1980; Rozanski et al., 1992, 1993; Jouzel et al.,
tigation of southern South American peat archives was pio-1997; Cole et al., 1999; Arags-Aragas et al., 2000; Dar-
neered in the 1990s (White et al., 1994; Pendall et al., 2001)ing and Talbot, 2003)i, and temperature are closely associ-
and later followed by palaeohydroclimatic studies (Mauquoyated at high latitudes (Leuenberger et al., 1999; Jouzel et al.,
et al., 2004; Chambers et al., 2007). Early work on peat-2000, 2007). Towards lower latitudes, however, this corre-
land stable isotopes in bulk samples from NW Europeanlation becomes weaker (Arags-Aragas et al., 2000). The
sites revealed very large amplitude variations in measureaoastal regions of the northern mid-latitudes of both Europe
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and North America experience a large annual variation in
8180,) (e.g.~ 15%o at Truro, Nova Scotia, and Cuxhaven,
northern Germany) (IAEA/WMO, 2004) in response to a va-
riety of factors including variations in moisture source, tem-
perature of atmospheric condensation and amount of rainfall
(Rozanski et al., 1993; Darling and Talbot, 2003). The equiv-
alent latitudes in southern South America experience a sim-
ilar amplitude of annual variability iréi180p (e.g.~ 10 %o at
Ushuaia and- 20 %0 at Punta Arenas) (IAEA/WMO, 2004),
despite a noticeably narrower annual temperature range (
30°C at Truro, Nova Scotia, and 20°C at Cuxhaven versus
~ 10°C at Ushuaia) (IAEA/WMO, 2004): implying a greater
influence of mean moisture source and precipitation amount. <=
Disentangling the factors affecting the stable isotope sig-
nature of precipitation is aided by calculation of the deu-
terium excessd), given by the formula/ = D — 8 (5180).
Variations ind relate most strongly to variations in atmo- Fig. 1. Topographic map of the study region derived from NASA
spheric conditions over the vapour source region (DansgaardsTRM 90 m Digital Elevation Data (available dittp:/srtm.csi.
1964; Merlivat and Jouzel, 1979; Gat, 1980; Sonntag et al.cgiar.org). Punta Arenas, Chile, and Ushuaia, Argentina, are la-
1983; Rozanski et al., 1993). Hence, past changes in deubelled. Extending from each city are 100 km-long radial “ribbons”
terium excess may indicate changes in the source area for Ighat highlight vertical topography in directions of N, NE, E, SE, S,
cal precipitation. Relatively high positive valuesad{> 10) SW, W_and NW. Data are pro_Je_cted using Lambert conformal conic
are characteristic of moisture originating from surface evapoprOJectlon with a central meridian of 70 degrees west and standard

ration in an environment with relatively low humidity and/or parallels at 5 and 42 degrees south. This projection has correctly de-
scribed the form of the study region at the expense of introducing

high wind Sp,ee‘?'s and/or re,lat'vely warm Ocean temp_erature%istortion in the representation of bearings from the two sampling
Values < 10 indicate a moisture source that is considerablyints jllustrated. The open seawater within the 100km radius of

more humid and/or with relatively cool surface water temper-pynta Arenas is visibly clear.
atures. It has been estimated that a 10 % increase in relative
humidity over the ocean will decrease deuterium excess by

~ 6 %o (Rozanski, 1985). has led to an observed amplification of the rain shadow effect
_ of the Andes in the mid-latitudes (Garreaud, 2007, 2009),
1.5 Development of an hypothesis there should have been a corresponding change in the re-

gional distribution of oxygen and hydrogen isotopes in pre-
Recent work from North American and NW European peat-cipitation (meteoric waters) (Stern and Blisniuk, 2002). Here,
lands has indicated a clear linkage between mid- to lateye investigate the isotopic signature of this observed varia-
Holocene hydroclimatic variations and changes in the re+jon using data from the GNIP database. We use these data
constructed isotopic composition of precipitation (Daley etto derive hypotheses for how past changes in the wind belt
al., 2009, 2010). The topography and climatology of Tierrawould be reflected in the peatland archive if the same mech-
del Fuego, however, is quite different from these examplesanisms were operational. Finally, we test these hypotheses
(Fig. 1). Indeed, orography has been identified as the mosgsing the currently available peat-based palaeohydrological

significant factor controlling the spatial distibution & in  and palaeo-isotope records from Tierra del Fuego covering
southern South America (Stern and Blisniuk, 2002). The in-the last~ 3000 yr.

teraction of Andean topography with the dominant westerlies

results not merely in strong spatial variations in precipita-

tion amount but also in the development of an isotopic rain2  Modern variations in the isotopic composition of

ShadOW, such that highé‘g-values are observed on the wind- precipitation (Sp) and meteoro|ogica| parameters

ward side of the Andes and lowég-values on the leeward

side, in addition to an altitude effect (Rozanski, 1995; Stern2.1 Instrumental data sources

and Blisniuk, 2002). It is reasonable to hypothesise that, in a

region where the climate is so strongly affected by changes irSouthern South America is reasonably well-covered by me-
precipitation patterns, spatial variations in bog surface wet-teorological stations that have recorded the isotopic compo-
ness (BSW) and the isotopic composition of the precipita-sition of precipitation since the late twentieth century. The
tion source water over time should reflect changes in the SHlata from these stations were collected and archived ac-
westerly wind belt. So, given that increased zonal flow atcording to IAEA standard protocols and are available via
850 hPa in the late twentieth and early twenty-first centuriesthe Global Network for Isotopes in Precipitation (GNIP)
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database (IAEA/WMO, 2004). We have focused our analysisThese data are also summarised in Table 1. At both lo-
of these instrumental records on sites that fall within the sameeations, the monthly mean maximum temperature occurred
latitudinal and longitudinal ranges as those peatlands thatluring January with mean temperatures of 10.1 and®,4
are suitable for palaeoclimate investigation. Two records argespectively (Table 1). Monthly minimum temperatures oc-
of sufficient length to cover at least decadal-scale variation:curred during July with values of 5.1 and 5@, respectively
Punta Arenas, Chile (88'S, 7030'W, 37ma.s.l.; 1990— (Table 1). Mean annual precipitation was slightly higher at
2008; Fig. 1), and Ushuaia, Argentina (84 S, 6816 W, Ushuaia (480 mm compared with 372 mm; Table 1). The sea-
10ma.s.l.; 1982-2002, Fig. 1). A record from Port Stanleysonal distibution of precipitation was similar at both loca-
on the Falkland Islands (Las Malvinas;"82' S, 5752 W) tions, with more precipitation falling in autumn than in any
is available but only covers the 1960s. From the raw monthlyother season (Fig. 2). A comparison with data from the three
measured values @Dy and 8180p, and the associated to- mostrecent decades (1981-2010) (Fig. 2) shows little change
tal monthly precipitation in any month, we have calculatedin the 30-yr mean for air temperature (open circles), but a
the amount-weighted values 6D and 5§80 for each year  slightincrease in precipitation amount (grey squares) at both
or season (summer: December—February, DJF; and wintesites. The increase in precipitation was greater at Punta Are-
June—August, JJA) for which data are available from eithernas than at Ushuaia. The seasonal distribution of precipita-
Punta Arenas or Ushuaia. In some parts of the records, thison has remained similar from 1961 to 1990.
is something of a challenge given their discontinuous nature
(Table 1). For instance, in the second decade of the record2.3 Modern 8§D and §180-values of precipitation
from Ushuaia (1990-2000), occasional missing months pre-
vented the calculation of either an annual or seasonal valueBiplots of measured monthlyD, and§180, values during
for some years, despite the availability of several intermit-the 1980s through to the early 2000s are presented for Punta
tent months of data. Nonetheless, where an annual amounfrenas and Ushuaia in Fig. 3. Also shown are mean monthly
weighted value can be derived, it is our contention, in thetemperature and precipitation amounts in relation to the oxy-
absence of more detailed measurements of growth rate igen isotopic composition of precipitation. No statistically
Sphagnummosses, that this represents a reasonable estimaignificant relationship between precipitation or temperature
tion of the isotopic value of the precipitation source water and8180p-values exists at either site (Fig. 3), confirming the
that would have been “sampled” I§phagnummoss grow-  complexity of the precipitation isotope signal in this region.
ing contemporaneously. This inference is valid given: (1) that The global meteoric water line (GMWL,; Craig, 1961) re-
empirical evidence has demonstrated Sihagnunmosses,  lates measured values 6D and §180 in meteoric waters
under sufficiently humid conditions, will grow at mean tem- on a global scale (black dashed line in the upper left pan-
peratures in excess of 4°C (Clymo and Hayward, 1982; els of Fig. 3 for each site). The equation for the GMWL is
Clymo, 1984); (2) that the mean monthly air temperature forsD =8 (3180) + 10. Deviations of measured waters from this
both Punta Arenas and Ushuaia exceetS fbor much ofthe  line can be used to infer information about the environmental
year; and (3) that evidence for continuous annually accumusprocesses that acted to “label” those waters. For both Punta
lating growth has been observed previously in oxygen iso-Arenas and UshuaiaDp, ands'80p-values for the 1980s and
topic data from livingSphagnuncollected from a peat bog 1990s plot along local meteoric water lines (MWLS) with
located within a NW European oceanic climate (Daley et al.,gradients of 6.1 (Punta Arenas) and 6.4 (Ushuaia) (Fig. 3),
2010), where conditions are similar to those in the locationsnoticably lower than that of the GMWL. Three samples were
selected here. excluded from the calculation of the local MWL at Punta
Longer meteorological time series are available for theArenas because of unrealistically positive values in the GNIP
same two locations from the WMO network. For Punta Are- database. These may simply be typographical errors. In the
nas, monthly surface air temperature and precipitation meaabsence of more information, however, we have omitted
surements exist for 1888 to 1993. For Ushuaia, these varithese data, represented by open squares in Fig. 3.
ables are available for 1931 to 1993. In the records from both Separation of the data by season (Fig. 3) indicates that the
sites, the WMO data and GNIP data overlap sufficiently togradient of the local MWL at Ushuaia changes throughout
verify consistency of measurements through 2008 and 2002he year (Table 1). Precipitation in austral summer exhibits
respectively. Use of these longer time series provides the cora low gradient (6.7; Table 1). In contrast, during the win-
text against which we assess any apparent trends in the stabler months, the gradient is steeper than the GMWL (9.0; Ta-

isotope data. ble 1). Seasonal variations in the gradient at Punta Arenas
are negligible (6.1 and 6.2 for DJF and JJA, respectively;
2.2 Modern climate of Punta Arenas and Ushuaia Table 1). The shallow gradients for annual precipitation at

Punta Arenas and summer precipitation at Ushuaia are sim-
Mean monthly surface air temperatures and precipitationilar to those for waters that fall on a local evaporative line.
amounts for the period 1961 to 1990 for Punta Arenas andOne possible explanation is that annual precipitation in the
Ushuaia are presented in Fig. 2 (grey bars and closed circleslast ~ 20 to 30yr has been derived from oceanic sources
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Table 1. Summary table of annual and seasonal meteorological and precipitation stable isotope values for Punta Arenas, Chile, and Ushuaia,
Argentina, for the period 1961 to present.

Punta Arenas Ushuaia
n R2 n R2

Annual MAT (1961-19909C) 6.0 30 5.7 30

MAP (1961-1990; mm) 372 30 480 30

Weighted mead80 (%.; using available years) -8.9 5 —11.3 9

Weighted meadD (%o; using available years,) —-71.8 5 —86.2 9

Mean annuall (using available years,) -0.5 5 4.4 8

Mean Annual Meteoric Water Line (MWL) sD=6.16180)—16 194 094 sD=6.4¢%0)—14 214 071
Summer DJF MT (1961-1990C) 10.1 30 9.4 30

DJF MP (1961-1990; mm) 92 30 127 29

DJF Weighted meaét80 (%o; using available years) —6.8 11 —-10.1 16

DJF Weighted meadD (%o; using available years,) —59.0 11 —80.6 15

DJF meand (using available years,) —-4.3 11 0.7 15

DJF Meteoric Water Line (MWL) sD=6.1¢%0)-16 47 094 sD=6.7¢%0)-13 55 0.73
Winter JJA MT (1961-199CC) 51 30 5.7 30

JJA MP (1961-1990; mm) 96 30 125 30

JJA Weighted meabl80 (%o; using available years) —9.9 11 —11.8 17

JJA Weighted measD (%o; using available years,) —76.2 12 —86.1 16

JJA meand (using available years,) 1.3 11 8.6 16

JJA Meteoric Water Line (MWL) sD=6.2¢1%0)-16 45 091 sD=9.0¢0)+20 55 0.87

with seasonally varying vapour pressure characteristics. Fosimilar gradients. An alternative explanation is that the low
Ushuaia in particular, the MWL is distorted relative to the slope of all the local MWLs (except for Ushuaia in winter),
GMWL by the influence of two quite different end mem- combined withd < 10, reflects partial evaporation of falling
bers for moisture source character. Deuterium excess valaindrops in the rainshadow area in the lee of the Andes
ues support the interpretation of a seasonally changing moistRozanski, 1995; Gat, 1996; Friedman et al., 2002b). This
ture source. Measured monthly, mean d-values vary throughwould occur throughout the year, but to a greater extent in
out the year from relatively high values in austral winter to the summer months, enhancing the seasonal contrast in slope
relatively low ones during austral summer (Table 1). Meanat Ushuaia.

summer d-values are4.3 and 0.7, whereas mean winter d- The implications for the reconstruction of the palaeo-
values are 1.3 and 8.6, for Punta Arenas and Ushuaia, respeMWL from combinedsD and §180-values from Patago-
tively (Table 1). On an annual basis, the deuterium excessian peatlan@&phagnuncellulose are that, where sufficiently
at Punta Arenas is significantly lower than that at Ushuaiaresolved records can be derived, lower gradients than the
Mean annuald is —0.5 (2 =5), whereas mean annudl =~ GMWL in the reconstructed palaeo-MWL should not be un-
at Ushuaia is 4.4 (Table I = 11). d-values in precipita- expected if the isotopic composition of precipitation in the
tion are lower during the summer in mid-latitude coastal re-last ~ 20 to 30yr provides a good analogue for changes in
gions as a result of the sourcing of moisture from a higher-the late Holocene. Previously, it might well have been argued
humidity vapour source. Higher relative surface air humidity that such a gradient in tfephagnuntellulose isotope data
reduces the kinetic fractionation 8H'H®0 as compared indicated isotopic enrichment by kinetic fractionation (evap-
with tHH180, thereby lowering the deuterium excess (Mer- oration) of the moss source water before incorporation into
livat and Jouzel, 1979). An adaptation of the model giventhe plant via photosynthesis. Now, we should recognise that,
by Clark and Fritz (1997) is given by the grey dashed lines infor this region, a slope ok 7 for the reconstructed palaeo-
the upper left panels of Fig. 3 for each site. The upper (lower)MWL would be consistent with modern measurements of
dashed line shows the influence of moisture derived from ameteoric waters.

drier (more humid) vapour source and demonstrates how a

seasonal change in moisture source conditions canyield gr&z 4 Changes insD and §180-values of precipitation

dients that are shallower than the GMWL. Summer moisture over time

from sources with higher relative humidity plots closer to the

lower dashed line. Winter moisture from sources of lower rel- Figure 4 shows the time series of amount-weighted average

ative humidity plots closer to the upper dashed line. Whilst 0 215D ands180-values for both GNIP locations (Punta

fﬁasiti]le Ifor IUshuaia, (r)bnehdrawback of this explanatir(])n iSArenas, Fig. 4b and Ushuaia, Fig. 4e) along with the vari-
that the local MWLs foboth seasons at Punta Arenas have 4iions in mean annual precipitation (MAP) (Fig. 4c and f)
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and precipitation values (MMP; grey bars) for 1961-1990 at Punta
Arenas(A) and UshuaigB), compared with MMT (open circles)

and MMP (grey squares) for 1981-2010 (see Table 1 for n-values).Fig' 3. Modern isotopic and climate data from Global Network

of Isotopes in Precipitation (GNIP) (International Atomic Energy
Agency—World Meteorological Organization (IAEA/WMO), 2004)
stations at Punta Arenas, Chile, and Ushuaia, Argentina. For each

. . site: Upper left graph 8D and §180-values in meteoric waters
and mean annual surface air temperature (MAT) (Fig. 4afor 1990-2008 (Punta Arenas) and 1982-2002 (Ushuaia). Lo-

and _d) Sm(,:e 1888 and 1931, respectively. The 'r_lcomplet%al meteoric water lines (MWL) are indicated with solid lines:
a_nd intermittent nature of th_e (.BNIP.d:?\ta, from which occa-jp - g ¢ ¢180)— 16 at Punta Arenas, asD = 6.4 $180)— 14 at
sional monthly values are missing, limits the number of datayshyaia. Global MWL is given as black dashed line (Craig, 1961).
points ton =5 for Punta Arenas and = 11 for Ushuaia.  upper (lower) grey dashed lines indicate meteoric waters from
Nevertheless, a unidirectional trend towards higlgevalues  drier (more humid) moisture sources. Upper right graph = variation
(—10.4 %0 to —8.3 %o in §180) is observed for Punta Are- in isotopic composition of meteoric waters by season (blue
nas (1996 to 2006), associated with a sequence of years wittircles, June-August; green circles, September—November; red
anomalously high MAT and MAP compared with the 1961~ circles, December—February; yellow circles, March-May). Sea-
1990 period. Any temporal trend, however, is not statisticallySonal MWLs are indicated. For Punta Arenas: June-August,
significant given the paucity of data. By contragvalues 90 =6:2 67°0)—16; December:FebrualrgD:B.l' ¢7°0) - 16.

at Ushuaia do not show any evidence for an increasing trencEOr Ushuaia: June-AugusgD=9.0 ¢~"0)+20; December—

. , ebruary,sD=6.7 ($180)—13. Lower left graph=monthly air
MAT data are sadly lacking through the period 8gfvalues temperature values and oxygen isotopic composition of monthly

at Ushuaia. MAP data, however, show evidence for a Se'|ore<:ipit::ttion (IAEA/WMO, 2004). Lower right graph = monthly to-
quence of years that were wetter than the 1961-1990 aveky) precipitation values and oxygen isotopic composition of monthly
age. precipitation (IAEA/WMO, 2004).

Seasonal data provide a more continous and complete data
set. Seasonal time series are presented for Punta Arenas and
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Fig. 4. Modern isotopic and climate timeseries from GNIP/WMO stations at Punta Arenas, Chile, and Ushuaia, Argentina. For Punta Arenas
(top graphs)(a) mean annual surface air temperature anonfad) ¢elative to the 1961-1990 medh) mean annual amount-weightép

values (open diamonds) aa#20-values (open circles) in meteoric waters for years with complete twelve months of data between 1990 and
2008.(c) mean annual precipitation anomaly (mm) relative to the 1961-1990 nigamean DJF surface air temperature anoma(y)(
relative to the 1961-1990 meafn) mean DJF amount-weightéd-values (open diamonds) and®0-values (open circles) in meteoric
waters for years with complete DJF sequences of data between 1990 andip@@8an DJF precipitation anomaly (mm) relative to the
1961-1990 mean. For Ushuaia (bottom grapfd):mean annual surface air temperature anom#B) felative to the 1961-1990 mean.

(e) mean annual amount-weightéB-values (open diamonds; linear regression, solid Iine)aalﬁd)-values (open circles; linear regression,
dashed line) in meteoric waters for years with complete twelve months of data between 1982 afff) 2G£#h annual precipitation anomaly

(mm) relative to the 1961-1990 medj). mean DJF surface air temperature anomag)(relative to the 1961-1990 megk) mean DJF
amount-weightedD-values (open diamonds) andto values (open circles) in meteoric waters for years with complete DJF sequences of
data between 1982 and 20@B.mean DJF precipitation anomaly (mm) relative to the 1961-1990 mean.

Ushuaia in Fig. 4g—I. DJF precipitation at Punta Arenas ex-whilst JJA values trend in the opposite direction (Fig. 5b),
hibited a marked increase MBOp—values from—11.2%0 to  although neither relationship achieves statistical signficance
—2.1%o over the interval 1991 to 2004 (Fig. 4h). The latter based on this amount of data. A fall in D§¥0,-values as-
value was associated with one of the warmest years duringociated with increasing amounts of precipitation would be
the period of the isotope record. A comparison of the DJFconsistent with expectations if annual temperature variability
8180-values with those for JJA reveals some interesting dif-was relatively low, the seasonality of that precipitation had
ferences (Fig. 5). The data appear to indicate a divergenceaot changed and there was minimal change in the isotopic
in the mears180-values of summer and winter precipitation. composition of the surface ocean and the conditions at the
Whilst a linear regression for the JJA data is not significant,moisture source. A link between rising precipitation amount
the increase in DJF'80,-values at Punta Arenas is statisti- and lowers'80p-values would also be consistent with the lit-
cally significant (2 = 0.53, P < 0.05). erature (Gat, 1980; Rozanski et al., 1993; Aragpd\rag@as
dp-values at Ushuaia during DJF show some evidence foret al., 2000; Stern and Blisniuk, 2002).
a general decrease between 1982 and 2002 (Figs. 4k and 5b),
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] ) ] ) Fig. 6. SeasonalA) and annual(B) amount-weighted averaged
Fi%.S.Compquson of seasonal trends in the mean amount-weightedieterium excess values for Punta Arenas (closed circles) and
87°O-values in precipitation for Punta Arengs) and Ushuaia  yghyaia (open triangleg)) seasonal d-values, blue = winter (JJA):
(B). For Punta Arenas, red dots=DJ £ 0.53; P < 0.05); blue  1eq = summer (DJF)(B) annual d-values in black symbols. For
dots = JJA(? = 0.01; P >> 0.1). For Ushuaia, red dots =DJF(=  pynta Arenas, DJF2=0.64, P < 0.005; JJAs2 = 0.08, P > 0.1.

0.02; P > 0.1) ; blue dots = JJAf = 0.03; P > 0.1). For Ushuaia, DJF:2 = 0.02, P > 0.1); JJA:r2 = 0.01, P > 0.1.

Variations in the deuterium excess values of DJF and JJAwvind strength increased. At the same time, the relative hu-
precipitation for 1982 to 2008 are shown in Fig. 6 for Punta midity of the surface atmosphere above the Southeast Pa-
Arenas (closed circles) and Ushuaia (open triangles). DJFific increased. Increased dominance of this relatively humid
values (shown in red, Fig. 6) for both sites were consistentlymoisture source would provide a plausible explanation for
lower than JJA values (shown in blue, Fig. 6), indicating a falling DJF deuterium excess values at Punta Arenas.
higher average humidity in their moisture source regions in However, this trend does not on its own explain the re-
austral summer. d-values of both DJF and JJA precipitation atent rise in summertimé,-values at Punta Arenas. Precipi-
Punta Arenas declined between 1990 and 2005. Converselyation on the windward side of the Andes in the mid-latitudes
mean d-values in precipitation at Ushuaia increased over théas increased in response to strengthened zonal flow dur-
period 1982 to 2002. However, none of these trends is statising the late twentieth and early twenty-first centuries (Gar-
tically significant, with the exception of that for DJF at Punta reaud, 2007). On their leeward side, an enhanced isotopic
Arenas (2 = 0.64; P < 0.005). rain shadow effect should have resulted from increased rain-

Rising dp-values associated with a decline in deuterium out of the heavier isotopes on the windward flank of the An-
excess in DJF at Punta Arenas can be explained by referenates (Rozanski, 1995; Stern and Blisniuk, 2002). The mois-
to NCEP/NCAR reanalysis data. Figure 7 shows 1981-201Qure that penetrated to the leeward side should therefore
anomalies with respect to the 1961-1990 average for: (ahave become relatively more depleteds#fO, similar to an
1000 mb relative humidity; (b) the 850 mb zonal wind com- enhanced continentality effect (Gat, 1980; Rozanski et al.,
ponent; and (c) the 850 mb meridional wind component. In1993; Aragas-Aragas et al., 2000). Theoretically, however,
the period spanning the measured stable isotope data, zontilis would have resulted in fallingy-values at Punta Arenas,
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oy S s In the study of modern waters by Stern and Blis-
TR HE P o tron niuk (2002), however, an upturn #p-values was observed
further downwind from the main isotopic rain shadow. This
was attributed to a greater influence of northerly or South
Atlantic air masses. Figure 7c¢ shows that increased penetra-
tion of air from a more northerly (negative meridional com-
ponent) direction has affected the study area. An alternative
explanation, then, is that during the period 1981-2010, com-
pared with 1961-1990, summer precipitation at Punta Are-
nas was increasingly derived from a more humid Southeast
Pacific vapour source, carried by stronger westerly winds and
o R B B T subsequently mixed with an increased flow of warm air from
the north, consistent with the documented southward shift
in the mean westerly wind belt over this period (Thompson
s T T and Solomon, 2002; Marshall, 2003). The topographic pro-
KOWEEL. Pl " files shown in Fig. 1 indicate that a stronger westerly wind
component for the air masses affecting Punta Arenas would
also have exposed them to a greater extentt@ km fetch
of open sea due west of the city. If this sheltered stretch of
water provided an additional moisture source for precipita-
tion at Punta Arenasp-values could also rise, counteracting
the isotopic rain shadow effect. Any effect on the deuterium
excess values would depend on actual wind speeds, relative
humidity above the water surface and local sea surface tem-
Dec fo Febs 1981 to 2010 minus 1981 to 1999 peratu res
The lack of a similar rise ip-values at Ushuaia in the
1990s or 2000s can be attributed to differences in moisture
source, and/or orographic and geographical setting (Fig. 1),
o S between the two sites. The generally higher deuterium ex-
O ) o e somems s cess values for Ushuaia indicate a less humid vapour source,
or one over which the relative humidity and surface air tem-
perature have remained constant, but wind speeds have in-
creased. This mismatch between the two sites poses a sig-
nificant challenge for future studies and requires that more
instrumental stable isotope data are collected to enhance the
existing GNIP dataset.
The modern isotopic context presented here implies that
careful consideration should be given to the interpretation of
Dee: to Febs 1981 o 2010 minus 1961 1o 1980 hydrOClimatiC and palaniSOtope records from the peatlands
e of Tierra del Fuego. Isotope theory and limited instrumen-
Fig. 7. The 1981-2010 anomaly relative to the 1961-1990 averag tal data suggest a link between the isotopic composition of
o (4 1000md e iy O0) re 350m cone G e e s oo s soeomes
component (ms-), and(C) the 850 mb meridional wind compo- patterns are noticeably different from those that would be

nent (m s1). Positive values are from the west for the zongl ( . .
component and from the south for the meridiongl ¢omponent. recorded in the bogs of NE North America and NW Europe

Basic images are provided by the NOAA/ESRL Physical Sciencesby Virtue of the interaction of the SH Westerlliges with An-
Division, Boulder Colorado frorhttp://www.esrl.noaa.gov/psd/ dean topography. The modern measuwBdainds-°O-values
of precipitation, whilst from relatively short records, suggest

strong intra-regional variations. Were these fairly short-term
trends to be captured in the annual incrementSgiagnum
in marked contrast to the observations. The measured risgrowth from nearby peat bog sites, the bogs near Punta Are-
in §p-values could have resulted from the effects of adiabaticnas would be expected to exhibit markedly different records
heating along a line closer to the dry lapse rate than that expegffom those near Ushuaia. The precise nature of those differ-
rienced previously, or from enhanced evaporation of fallingences will, of course, depend on the specific topographical
raindrops in drier air (Gat, 1996; Friedman et al., 2002a, b). context of the peat bog site and its similarity to that of the

Dee to Feb: 19871 te 2010 minus 1961 to 1990
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GNIP stations from which the modern isotope data have been
derived. However, the expectation of regional differences in 40 -
the proxy records is valid. 50
It can be hypothesised, then, that where suitable peat boc 601
sites are selected, it should be possible to associate mec :2
anistically changes in the southern westerly wind belt (lati- 004
tude and intensity) to variations in its hydroclimatic and sta- 100
ble isotopic “footprint” as recorded by a spatial array of peat 110 4
bog sites over the late Holocene, in a similar fashion to that A o o0 1900 200 2500 00 300
which has been undertaken already using spelothem archive Age (cal. yr. before AD 1950)
(cf. McDermott et al., 2011). What is clear is the value of

deuterium excess data. Significant extra-regional changes igjg g peatland hydroclimatic (AND-1; Mauquoy et al., 2004) and
the isotopic pathway from moisture source to precipitationstaple isotopic records (Harberton Bog; Pendall et al., 2001) from
should be detectable from variations in the deuterium excesstierra del Fuego. Blue line and triangles = palaeo stable isotope
such that a southward latitudinal shift and zonal intensifica-record from Harberton Bog. Black line = bog surface wetness recon-
tion of the westerlies should induce a fall in deuterium excessstruction based on plant macrofossil data from Andorra Bog (more
values in sites near Punta Arenas. Where past changes hapesitive values indicate a drier bog surface).

involved variations in the intensity or latitude of the wester-

lies, the record of changes in a single isotope ratio &&p

alone) may be insufficient to resolve ambiguities in the re-lower §,-values. The lack of any supportisg80 measure-
constructed atmospheric changes. ments prevents estimation of palaeo-d-values and hence past

changes in moisture source region.
It has been argued, based on the palaeoecological records
3 Peatland palaeoclimate records from from Andorra Bog, that SH climate changes were syn-
Tierra del Fuego chronous with, and opposite in direction to, those in the
Northern Hemisphere (Mauquoy et al., 2004; Chambers et
Despite the potential for palaeoclimatic investigation of the al., 2007). The basal stratigraphy of a second profile from
Sphagnunbogs in Tierra del Fuego, relatively few records the same site (AND-2) records anomalously dry surface
have been published to date. Palaeoecological records of esonditions,'*C wiggle-match dated te- 2820-2744 cal BP
timated changes in past water table depth are available froffChambers et al., 2007). This date range is also synchronous
macrofossil analyses of two peat profiles (AND-1 and AND- With an abrupt climate shift recorded in European mires (van
2) from the Andorra Valley,~ 10km to the northeast of Geeland Renssen, 1998; Speranza et al., 2002). The data we
Ushuaia, Tierra del Fuego, Argentina {85 S, 6818 W, review here, however, differ in the range of mutiproxy evi-
ca. 180ma.s.l.) (Mauquoy et al., 2004; Chambers et al.dence available, the precision of the age/depth models and
2007). Palaeoisotope records from peat samples, largelhe sampling resolution. Future analyses of raiSgthag-
dominated bySphagnum magellanicymave been published num bogs in Chile and Argentina need to be directed to-
from Harberton Bog, east of Ushuaia (58 S, 6710 W, wards macrofossil, testate amoebae and stable isotope anal-
20ma.s.l.) (White et al., 1994; Pendall et al., 2001). Theyses (boths*80 and §D), supported by high densit}C
records from AND-1 and Harberton are shown in Fig. 8. Thechronologies. Once these data are available, it will be possi-
temporal resolutions of the data from AND-1 and Harbertonble to identify with more certainty whether long-term South-
Bog are sufficiently different to preclude a direct comparisonern Hemisphere climate was in phase or antiphase (bipolar
of hydroclimatic and palaeo-isotope variation at these sitesseesaw) with the Northern Hemisphere, and indeed how cen-
Eleven1“C ages are available for Harberton Bog, spanningtennial to millennial scale variations in these parameters were
the period after 3500 cal BP, but six of these are conventionaset in the context of the general drying reported for southern
dates with low precision (as poor a235 yr). All of thel4C South America over the past500 yr (Neukom et al., 2010).
dates (13) for the AND-1 peat profile were measured by Ac-
celerated Mass Spectrometry (AMS), but their time span is
much shorter and covers the lastL400 cal BP. Nonetheless, 4 Conclusions
the data tentatively indicate that periods of drier (wetter) bog
surface conditions at Andorra Bog were associated with rel[iModern GNIP data indicate that the response of the isotopic
atively higher (lowerpD-values inSphagnummoss at Har-  composition of precipitation in southern South America to
berton Bog. Both bogs fall within the current climate space observed variations in the southern westerly wind belt in the
represented by the modern GNIP data from Ushuaia andast ~ 20-30yr has been complex and geographically spe-
show behaviour consistent with the pattern seen in the instrueific. At Punta Arenas and Ushuaia, isotope values in pre-
mental period, with increasing precipitation corresponding tocipitation have varied in response to quite different trends in

=
3D sphagnum values
(%ovs VSMOW;
Pendall et al., 2001)
(Mauquoy et al., 2004)

N N I
BSW anomaly (o units)
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local surface air temperature and total precipitation amountBarber, K. E. and Langdon, P. G.: What drives the peat-based

A recent fall in deuterium excess values associated with ris-

palaeoclimate record? A critical test using multi-proxy climate

ing (Sp_\/a|ues at Punta Arenas in austral summer is consis- records from northern Britain, Quaternary Sci. Rev., 26, 3318-

tent with the observed southward shift and intensification of

the zonal westerlies, accompanied by a smaller increase ifa™oer. K. E., Chambers, F. A, Maddy,
the influence of air masses from the north. More substantive

discussion of any further relationships is hampered by the
incompleteness of the GNIP database for these locations.
Peat bogSphagnuntellulose isotope data should be able
to detect the changes in the isotopic composition of precip-
itation identifed in the GNIP data, but currently published

3327, 2007.

D., Stoneman, R. E.,
and Brew, J. S.: A sensitive high-resolution record of Late
Holocene climatic change from a raised bog in Northern Eng-
land, Holocene, 4, 198-205, 1994.

Barber, K. E., Dumayne-Peaty, L., Hughes, P., Mauquoy, D., and

Scaife, R.: Replicability and variability of the recent macrofos-
sil and proxy-climate record from raised bogs: field stratigraphy
and macrofossil data from Bolton Fell Moss and Walton Moss,

records have insufficient temporal resolution to address this Cumbria, England, J. Quaternary Sci., 13, 515-528, 1998.
guestion. It is suggested that changes in the past 3000 yr, Biester, H., Kilian, R., Franzen, C., Woda, C., Mangini, A., and

associated with patterns of shifting latitudinal position and
intensity of the westerlies, should be reflected in variations in
the isotopic composition of th®phagnunin sites near Punta

Arenas and Ushuaia that depend mainly on any associateg_
change in moisture source, detectable from the deuterium ex-)
cess. Changes in the hydroclimatic regime will necessarily be

driven by topographic context and by the relative amounts of

Scholer, H. F.: Elevated mercury accumulation in a peat bog of
the Magellanic Moorlands, Chile (8%) — An anthropogenic
signal from the Southern Hemisphere, Earth Planet. Sc. Lett.,
201, 609-620, 2002.

orck, S., Rundgren, M., Ljung, K., Unkel, I., and Walliﬁ,.:

Multi-proxy analyses of a peat bog on Isla de los Estados, east-
ernmost Tierra del Fuego: a unique record of the variable South-
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