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Abstract. Mass balance variations of Glaciar San Rafael, thel Introduction
northernmost tidewater glacier in the Southern Hemisphere,

are reconstructed over the period 1950-2005 using NCEPRecent observations from Patagonia indicate widespread
NCAR reanalysis climate data together with sparse, locakhinning and retreat of the outlet glaciers that drain the Patag-
historical observations of air temperature, precipitation, ac-gnian |cefields (Rignot et al., 2003; Rivera et al., 2007), one
cumulation, ablation, thinning, calving, and glacier retreat. of the |ast remaining large reserves of ice outside of the polar
The pomblned observathns over the past 50 yr indicate th?ﬁegions (Dyurgerov and Meier, 1997). This retreat is likely
a total mass loss 022 km?® of ice eq. Over that period, ex- 40 yr (Rasmussen et al., 2007). Many of these outlet glaciers
cept for a short period of cooling from 19982003, the cli- terminate in fjords or lakes, and their response to climate is
mate has become progressively warmer and drier, which hagomplicated by their sensitivity to non-climatic influences
resulted primarily in pervasive thinning of the glacier surface g\,ch as terminus geometry, sediment delivery to the termi-
and a decrease in calving rates, with only minor acceleratior’hu& ice-front melt rates, and water depth (Meier and Post,
in retreat of the terminus. A comparison of calving fluxes 1987: powell, 1991: van der Veen, 1996: Warren and Aniya,
derived from the mass balance variations and from theoretq ggg: Motyka et al., 2003; O’'Neel et al., 2005; Pfeffer, 2007;
ical calving and sliding laws suggests that calving rates areRjgnot et al., 2010). Hence, retreat histories of such tidewater
ometry is more important than balance fluxes to the termi-jce_front dynamics.

nus in driving calving dynamics. For Glaciar San Rafael, Results from numerical models of the response of the

regional climate warming has not yet resulted in the signifi- ; ' . . A
cant chanaes in alacier lenath seen in other calvin IaCierSPatagonlan Icefields over glacial to interglacial timescales
. 9 9 reng ing g show that (1) glacier mass balance is sensitive to changes
in the region, emphasizing the complex dynamics between o : X
. X ; . . In large-scale atmospheric circulation, and (2) estimates of
climate inputs, topographic constraints and glacier response bal f tid laci hiahl " h
in calving glacier systems mass balance o tidewater glaciers are hig y sensitive to the
' parameterizations used to model calving (Hulton et al., 1994;
Hubbard, 1997; Cook et al., 2003). Today, as during much
of the Quaternary, strong westerly winds and the orographic
influence of the north-south trending Andes result in high
precipitation on the western side of the Andes and relatively
low precipitation on the lee side. Conditions were more arid
during the early Holocene when the westerlies were weaker

Correspondence tavl. Koppes (Mayr et al., 2007), and may have been up taC6cooler
BY (koppes@geog.ubc.ca) due to cooler ocean currents (Lamy et al., 2004). To better
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understand how these cooler, more arid conditions may have ] _ W BEW 73w
affected the mass balance of the icefields, a closer look at the o L1
response of these outlet glaciers to recent climatic changes it
needed.

In this study we use a glacier mass balance model and
NCEP-NCAR reanalysis data (Kalnay et al., 1996; Kistler s
et al., 2001), constrained by sparse observations of local
climate and glacier change to reconstruct the mass balanci
variations of Glaciar San Rafael, the only tidewater glacier
that drains the Northern Patagonian Icefield. The icefield,
also known as the Hielo Patagonico Norte (HPN — Fig. 1)
extends from approx. 4650 47.5 S, covering an area of
~4200 knt, and the highest peak, Monte San Valentin, rises
to 3910 m. Of the 41 glaciers draining the HPN, 20 of them  a7s peess
end in freshwater lakes or fjords. San Rafael is the only
glacier in the HPN that calves into seawater; it is also the
lowest latitude ocean-terminating glacier in the world. Our
primary goal in reconstructing the mass balance history of
Glaciar San Rafael is to document ongoing glacier and cli-
mate changes in Patagonia, one of the largest and most ser
sitive remaining areas of temperate ice and a potentially sig- \
nificant contributor to sea level rise (Rignot et al., 2003); it ... [§
is also a region where little attention has been paid to glacier N\
mass balance changes prior to the advent of cryospheric re
mote sensing in the late 20th century. Our secondary goal is
to demonstrate how sparse glacier observations can be usea

to constrain a glacier mass balance history, based on globad, 1 | ocation of Glaciar San Rafael in the Campo de Hielo
climate reanalysis data, in regions where the local and repatagonico Norte (HPN), Chile. Solid-line marks map extent of the
gional climate history is not well documented, in order to glacier; dashed-line indicates present-day equilibrium line (about
understand how the glacier response to recent (50 yr) climat@300 ma.s.l.). The glacier calves into Laguna San Rafael (LSR),
conditions might pertain to both earlier glacial conditions andwhich is connected to ocean waters through the Rio Tempano. The
future climatic change in the region. A further goal is to com- star shown in the inset map is the location of the NCEP-NCAR grid
pare our observation-driven model results to a suite of calvPoint SR1 at 46.67S, 75 W.

ing “laws” to help interpret the dominant drivers of tidewater

calving.

3 Glacier observations
2 Regional climate history

The HPN is located in the “roaring Forties”, a region charac-GIaCIar San Rafael descenQS steeply from the HPN through
several icefalls, and calves into Laguna San Rafael, a brack-

terized by a cool, wet climate throughout the year, with fre-: : ;
o . ’ .. ish sea-level lagoon that is connected with the ocean by way
quent precipitation-bearing storms. Ice cover in the region is . . . .
; . LT f the Rio Tempanos (Fig. 1). A prominent arcuate moraine
sustained by this extreme precipitation; Escobar et al. (1992 . .
. L ounds the western side of the lagoon, while the eastern mar-
estimated present-day annual precipitation of 6.7 m water

equivalent averaged over the broad plateau of the HPN. Segln s an abrupt escarpment formed_ by the L'qm.'

. - S megafault. San Rafael is one of few tidewater glaciers in the
sonal variations in precipitation and temperature are smaIISouthem Hemisphere that has been periodically. if sparsel
summers are wet and windy (Fujiyoshi et al., 1987) and pre- b P Y. TSP Y.

cipitation can fall as snow year-round (Kondo and Yamada,monltored over the past few decades; a summary of all ob-

1988). Although seasonal variations are small interannuarervations made on or near the glacier in the past 50yr is
>c). Alihougn seas ' isted in Table 1. Aniya (1988, 1999), Warren (1993), War-
variations in precipitation can be large (Enomoto and Naka-

jima, 1985): Warren and Sugden (1993) suggested that thed&" etal. (1995) and Rivera et al. (2007) documented both the

. . . S retreat of the ice front over the past century and recent thin-
large interannual variations in precipitation exert a strong

control on glacier dynamics. They also noted that decadal""Y: While the termini of many of the calving glaciers drain-

S o ing the western edge of the HPN have, until the most recent
mean temperature and precipitation are positively correlated . S . :
) . o tlecade, remained near their Little lce Age maxima, Glaciar
when the climate is warmer, it is also wetter.

San Rafael has steadily retreated more than 8 km since the
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Table 1. Summary of all climate, mass balance, surface and terminus observations made on or near San Rafael Glacier, 1950—2005.

Observation type Year Measurement Source
Terminus position 1959 Aerial photo Koppes et al. (2010)
1975-2001 Landsat, ASTER Rivera et al. (2007)
1993 Mapping Warren (1993)
2005, 2006 Mapping Koppes (2007)
Terminus ice velocity 1983 8kmal Naruse (1985); Kondo and Yamada (1988)
1994 4-6kmal Rignot et al. (1996)
2001 2.8-3kmal E. Rignot (personal communication, 2003)
2007 6kmal M. Willis (personal communication, 2010)
Calving flux 1993,1994 0.73knT3a! Warren et al. (1995)
2001 1.2km3a1 E. Rignot (personal communication, 2003)
2005,2006  0.75knt3a~1 Koppes (2007)
2007 2.6km3al M. Willis (personal communication, 2010)
Surface thinning 1975-2001 1.8t1mal Rivera et al. (2007)
(ablation zone) 1981-1998 1-2mal Aniya (1999)
2001-2007 2.3mal Willis et al. (2010)
19452005 2mal this study
Ablation 1983 6.8 cm dayt Ohata et al. (1985a)
Accumulation 1985 8-10malw.eq. Fujiyoshi et al. (1987)
(icefield plateau) 1990 8-10matl Escobar et al. (1992)
2001 48mal Carrasco et al. (2002)
Net mass balance 1983 —24.8mice eq., terminus Ohata et al. (1985a)
1985 +3.5mw.eq., 1300ma.s.l. Yamada (1987)
1997 +2.2m.w.eq., lee side of HPN, Matsuoka and Naruse (1999)
1500 ma.s.l.
Equilibrium line alti- 1986 1250 ma.s.l. Aniya (1988)
tude (est. from sum- 1994 1200m a.s.l. Rignot et al. (1996)
mer snowline) 2002 1013ma.s.l. Rivera et al. (2007)

Surface wind speed 1983 4-5 ms terminus Kobayaski and Saito (1985)

end of the Little Ice Age, which terminated approx. 1900 AD corresponds to the peak in orographic precipitatian; this
(Araneda et al., 2007; Koppes et al., 2010). is discussed further in Sect. 4.2.

3.1 Surface geometry and topography 3.2 Surface velocity

We used data from the Shuttle Radar Topography MissiorSurface velocities of up to 8 knta have been observed near

in 2000 (SRTM-2000) to construct a digital elevation model the terminus of Glaciar San Rafael, using velocity stakes
(DEM) of Glaciar San Rafael (Fig. 2). We also mapped the measured over the month of December (summer) and extrap-
bathymetry of Laguna San Rafael using ship-board sonar irolated to annual velocities that are assumed to be relatively
2005 and 2006 (Koppes, 2007; Koppes et al., 2010) (Fig. 3onstant throughout the year (Naruse, 1985; Kondo and Ya-
to construct the submarine terminus cross-sectional areanada, 1988; Warren et al., 1995; Willis et al., 2010), mak-
Analysis of the glacier DEM, which has horizontal resolution ing it one of the fastest flowing glaciers worldwide. Rig-
of ~50 m, indicates that the present-day area of the glacier isiot et al. (1996) used synthetic aperture radar interferom-
728 kn? (Fig. 2); it drains~19 % of the HPN icefield. Al- etry (INSAR) and feature tracking methods to measure the
most 40 % of the surface area of the glacier lies within thelongitudinal surface velocity profile in 1994. Measurements
“ELA zone”, between~1075-1460 m, as modeled from the from 1994 show centerline velocities that decreased from 4—
reanalysis data (see Sect. 4.1). Figure 7 shows the currefitkma ! a near the terminus, to 1.3 km4%6 km upglacier
area-altitude distribution of the glacier. The ELA zone also from the terminus, to 1.1kntd near the equilibrium line
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terminus ice front area of 0.42 Knderived from the lagoon

[~

T
oy,

H P ofael bathymetry, imply that the calving flux derived from satel-
7 Glacier e 34 245 lite remote sensing in 2001 wasl.2 knf a1, and in 2007
, i YOy 4 e was up to~2.6kmfa~t (M. Willis, personal communica-
A N e SR tion, 2010).
LSR J‘? P s )}w&\‘\\;’(\, ¥ )
Ll - \ : “?ﬁg) 5 3.4 Retreat history

Glaciar San Rafael has been in stop-start retreat throughout
the 20th century. Since 1978, the glacier has retreated into
a narrowing valley that crosses the Andean range front, and
the terminus has changed from an extensive piedmont lobe
approx. 7 km wide, to a narrow2 km calving front. Fig-
;";;l ure 3 shows a compilation of terminus positions that we de-
| LR R ot rived from: (1) aerial photos taken by the Chilean and US
M@‘%ﬁ ,/ﬂ’ﬂd o f Air Forces in 1945 and 1959; (2) Landsat and ASTER im-
ages collected since 1979; (3) field observations, including a
Fig. 2. Digital elevation model of Glaciar San Rafael obtained from series of palnt.r_narks on the northern fjord wall that_mark_ed
SRTM-2000 data. Dashed blue line represents the mean ELA. 100ih€ yearly position of the northern edge of the calving cliff
m contours are indicated in thin black lines. Measurements of dailyfrom 1983 to 2002; (4) measurements using ship-borne radar
temperature and precipitation were collected at CONAF field stationin 2005 and 2006; and (5) observations collated by War-
LSR, along the Andean rangefront. ren (1993). Anecdotal evidence from the Chilean Park Ser-
vice, as well as these observations, suggest that although
Glaciar San Rafael has experienced short-term, seasonal ad-
(~1200ma.s.l., 17 km upglacier from the terminus). Ad- vances of the terminus, it has not experienced a multi-year
ditional INSAR measurements from Radarsat images takeme-advance at any time during the past 50yr. Given the evi-
in 2001 show surface velocities near the terminus decreasedence, we assume that the terminus was either stable or re-
to 2.8-3kma? (E. Rignot, personal communication, 2003) treating between years in which the terminus position was
and 2.6 kmal in 2007 (M. Willis, personal communication, mapped, and we interpolate the rate of retreat between the
2010). We note that these velocities were measured by trackknown locations of the terminus over time using a cubic
ing features on the glacier surface, and hence include botlspline (Fig. 4).
longitudinal strain rates and crevasse opening rates; true ter- Prominent trimlines along the valley walls provide a his-
minus velocities could be smaller, and the ice flux deliveredtory of ice thickness change during this period. Rivera et
to the terminus calculated using these velocities would beal. (2007) compared Landsat MSS and ETM+ images from
correspondingly smaller; hence, these ice velocities repre1975 and 2001 and estimated an average thinning of the ice-

%

sent an upper bound for modeling calving rates. field surface of 1.8 1.0ma! around the outer margins of
the HPN (including the terminal zones and lateral margins
3.3 Calving of the ablation areas of the outlet glaciers), with most of the

outlet glaciers either maintaining stable terminus positions or
Glaciar San Rafael remains an actively calving glacier;in slow retreat. Similar rates of thinning (1-2 m'a over the
calving events from both above and below the water-ablation zone of San Rafael were estimated by Aniya (1999)
line occur every few minutes. Warren et al. (1995) ob- between 1981 and 1998 using photogrammetric methods, as
served calving events during the summers of 1993 andvell as by Willis et al. (2010;~2.3mal) between 2001—
1994 and estimated that the mean summer calving flux wag007 using repeat ASTER satellite imagery. In July 2005,
~2 x 10-3kme day 1, with an annual flux of 0.73kAa~1,  we measured a prominent trimline 120 m directly above the
assuming that calving rates do not vary appreciably acrosgerminus ice cliff using a laser rangefinder. An early photo
the seasons. We are confident in such an assumption, daaken by the Chilean Air Force shows that the glacier surface
our observations of calving events during midwinter 2005was at this trimline in 1945; thinning in the vicinity of the
and again in autumn 2006 indicated similar calving fluxespresent-day terminus has therefore averagdn a* since
of 0.75kn?al. Both estimates are slightly less than esti- 1945.
mates from INSAR-derived velocities in 2001 and ASTER-  In 2005-2006, the glacier terminated in an ice cliff 2-km
derived velocities from 2007 near the terminus: terminus ve-wide (see Fig. 3). We used a laser rangefinder to determine
locities of 2.8kma? in 2001 (E. Rignot, personal commu- that the top of the ice cliff varied from 30 to 70 m above water
nication, 2003), and up to 6 knT& (Willis et al., 2010) dur-  line. Our bathymetric measurements indicate that the glacier
ing a two-week period in 2007, coupled with a 2001-2007 terminates in water up to 256 m deep near the centerline, with
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Fig. 3. Terminus positions of Glaciar San Rafael from 1945 to 2006, and bathymetry of Laguna San Rafael. The terminus was relatively
stationary between 1945 and 1959, and again between 2001 and 2006. Bathymetry was mapped using ship-board sonar in 2005 and 2006.

2005 using the interpolated terminus locations and our new

09 4 % high resolution map of the bathymetry of Laguna San Rafael
08 2 (Fig. 3), assuming that the average ice cliff height of 40 m
35 o . . . . A .

- 2 above water line did not change appreciably during this time.
T e 8 Results in Fig. 4 show a marked change in terminus area (and
= ' 25 2 sharp decrease in the annual rate of retreat) when the calving
s . , B front retreated into the narrowing valley in the early 1980s.

0.4 <

03 % 3.5 Ablation

02 i é

o 05 5 Measurements by Ohata et al. (1985a, b) from a network of

. . a 17 stakes set along a transect extending from near the termi-

B R T T S S R nus of Glaciar San Rafael up to 1050 ma.s.l. indicated that

N N N N N N N N N N L 9P

the average rate of ablation near the terminus during Decem-
ber 1983 was 6.8 cmday in ice eq., with daily-average ice

Fig. 4. History of the ice-front arealterm (grey line) calculated ~ @blation decreasing with elevation at a rate of 6 cnrkm

from the bathymetry of Laguna San Rafael, known terminus posi-YV& Use concurrent temperature measurements made at La-
tions (black dots), and interpolated terminus positions (black line)guna San Rafael in December 1983 by Enomoto and Naka-
(see Fig. 3). For the calculation of changestigrm over time we  jima (1985), together with temperature lapse rate profiles
assume that, on average, the cliff height across the terminus wag (z) from the NCEP-NCAR data for the same time period
40 m above the water line. (Sect. 4.1), to establish a relationship between daily-average
ablationa(z) temperaturef (z), considering onlyT' (z) > 0

°C:

Year

water depths decreasingtd40 m on either side of a narrow
central trough; the 2005 area of the termirtigrm above
and below the waterline is 0.42 KnfFig. 4). We estimate wherea(z) is in cmday ! ice eq. It should be noted that the
the annual history of the terminus ardam, from 1950 to  ablation stakes used to derive Eq. (1a) were all drilled in ice

a(z) =0.66T(z) [ice] (r>=0.40,n=49, p <0.0001) (1a)
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(Ohata et al., 1985a) and reflect ablation over a local dailySR1. Located to the west of the glacier, near the coast, grid-
mean temperature range of 5 to°I3 To estimate ablation point SR1 was chosen to best reflect the dominant synoptic
of snow, we follow results of Hock (2003) for similar tem- weather patterns upstream of the study area. Rasmussen et
perate glacial systems in Norway, Iceland and the Alps andal. (2007) used the NCEP-NCAR data to show that the 850-
assume that the positive degree-day (PDD) factor for snow idh1Pa precipitation flux at #55 (calculated from/gsoRHsso

0.6+ 0.1 that for ice. That is, for snow: where Ugsp is the component of the wind from direction
_ 270 and RHsp is the relative humidity) decreased by about
a(z)=0.397(z) [show (1b)  10% over 1948-1998. However, the fraction falling as snow

at 850 hPa (calculated froligsopRHgso whenT < 2°C) de-
In'ogr mass balance mpdel (Sect. 4.2), we track Whethe{:reased by about 20 %; hence, the combined effects of warm-
precipitation on the previous day fell above or below the

daily snowline (whereT' < 2°C), and then choose either ing and drying have caused the 850-hPa snowfall a4

. . . decrease by about 28 %.
Eq. (1a) or E.q..(lb) FO estimate daily ablation .a) ec' Although we show model results from 1950 to 2005 using
cordingly. This is obviously a source of uncertainty in the

model, as we assume that any snow that might have faIIert1he NCEP-NCAR dataset, caution is needed when interpret-

o~ e . ing results from 1950 to 1960 because of inhomogeneities in
whenT < 2°C will be ablated away if in the following days . :
. : : - . the instrumental record in the late 1950s (see Rasmussen et
T > 0°C, and thereafter the ice ablation co-efficient will ap-

ply. This will tend to overestimate the ablation rate, but only al., 2007). For this reason, herein we focus our statistical and

. . model analysis on climate and glacier changes from 1960
during the start of the melt season near the snowline as th? ) . - .
T : S 0 2005; however, we include the entire record available to
showline is rising but the model is estimating snow removal

. 1950 in our model runs, with caveat above, as the terminus
faster than may be actually be occurring. ;
record suggests that the ice front was unusually stable from
1950-1959.

We compared the NCEP-NCAR derived climate data from
The few point measurements of annual mass balance thatR1 with a record of 398 daily temperature and precipitation_
have been collected near San Rafael glacier range fronfi€asurements that we made between March 2005 and April
—24.8mice eq. at the terminus in 1983 (Ohata et al., 1985a),2006 at a Chilean Forest Service (CONAF) guard station, lo-
+3.5mw. eq. at an elevation of 1296 ma.s.l. on the icefieldcated about 7 km from the glacier front on the shores of La-
plateau during 1985 (Yamada, 1987), and +2.2 mw. eq. at aguna San Rafael (LSR, at 46788, 73.86 W). We used two
elevation of 1500 m a.s.I. on Glacier Nef on the lee (east) siddiPPing bucket rain gauges (0.2 mm per tip) and a 2-channel
of the icefield during 1997 (Matsuoka and Naruse, 1999). Al-temperature sensor. Air temperature (measured 1.4 m above

though sparse, these observations provide useful targets féf€ surface) and soil temperature (measured 2 cm below the
tuning both the precipation enhancement fadity) to es-  Surface) were recorded hourly. Figure 5 shows daily-average

timate the accumulation profile (see Sect. 4.1, Eq. 4), andemperature and precipitation measurements at LSR, and
the two ablation PDD co-efficients (Eq. 1a and 1b). Equilib- NCEP-NCAR derived values at the 1000-hPa level at SR1.
rium line altitude (ELA) observations from prior studies are: A linear regression of temperatures over the period of record
1250 ma.s.l. in 1986 (Aniya, 1988), 1200 ma.s.l. in 1994 Yields:

(Rignot et al., 1996) and 1013 ma.s.l. in 2002 (Rivera et al.,
2007). These provide additional constraints for tuning the

3.6 Surface mass balance and equilibrium line altitudes

Tisr=0.73Tsr1+5.5

mass balance model (see Sect. 4.2). (r*=0.77:n =398 p < 0.0000) (2)
whereT, sR is the daily-average air temperatuf€y at La-
4 Glacier mass budget model guna San Rafael, aritkr1 is the daily-average 2-m air tem-
perature at SR1.
4.1 Reconstructing local surface mass balance The correlation between the temperatures measured at
1950-2005 LSR and NCEP-NCAR derived surface temperatures at SR1

(Eq. 2) show a good fitrf = 0.77), with temperatures at
The NCEP-NCAR Reanalysis climate database is derived.aguna San Rafael on averagéG warmer than at SR1
from historical observations of various meteorological vari- (Fig. 5a). In contrast, the precipitation-correlation over the
ables made at the surface, from radiosondes and from satekame period is weak, accounting for less than half the vari-
lites (Kalnay et al., 1996; Kistler et al., 2001). The databaseance {2 = 0.48) (Fig. 5b); although the NCEP-NCAR values
consists of 6-hourly estimates of meteorological variables atapture the timing of storm events well, the magnitude of the
standard atmospheric pressure levels on & glébal grid larger storms is generally underestimated, in part due to re-
extending back to January 1948. The nearest NCEP-NCARiance on model derivations (precipitation is a ty@evari-
surface gridpoint to Glaciar San Rafael, at 46.8775 W, able, so there are no direct measurements used to constrain
is shown as a star in Fig. 1 and henceforth referred to ashe reanalysis values; Kistler et al., 2001). The correlation
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uncertainties) are determined as the means of coefficients
L from each repetition of the model fitting procedure in the
cross-validation experiment (cf. Hofer et al., 2010). The
maximum estimated uncertainties using our cross-validation
r?=0.77 scheme wagt0.7°C for Tayg and £4 mm day1 for P sR,
respectively.

We use Eq. (2) and the NCEP-NCAR database to hind-
cast daily-average temperatures at the terminus of Glaciar
San Rafael from 1950 to 2005. We also use the NCEP-
NCAR upper air temperatures from 1000, 925, 850, 700,
and 600 hPa levels to reconstruct daily variations in the at-
mospheric lapse rate at SR1. The average lapse rate over
the period of record was 5:50.9° C km~1, similar to lapse
rates measured by Kerr and Sudgen (1994). We used the
daily temperature at LSR (calculated using Eq. 2) and the
° daily lapse rates from SR1 to reconstrict) from sea level
e to the top of the glacier. Daily’(z) profiles are needed to
° partition the snow-fraction of precipitation and to estimate
o ©0 0 o =048 ablation (Sect. 3.5) over the glacier surface.

Figure 6a shows variations of mean annual temperature
= variations at Laguna San Rafael over the period 1950-2005,
derived from the NCEP-NCAR record. Mean annual temper-
& atures at the glacier front varied only 2@ about a mean of
8.9°C, consistent with the strong maritime influence on the
climate of the region.
40 50 We use Eg. (3) to estimate daily precipitation at Laguna
NCEE prscplistoni(mmiday) San Rafael over the same period 1950-2005. Annual precip-
itation there has varied by0.60 m about a mean of 3.60 m
Fig. 5. Comparison of 398 daily-average measurements of tem~jg_gp). Precipitation, which was relatively high during the
perature(a) and preglpltatlor(b? made at Laguna Sa.n Rafael from period 1960-1975, decreased by more than 13 % during the
March 2005 to April 20(_)6, wlth NCEP-NCAR. derived \_/a}lues at eriod 1976 to 2005.
2m above ground at gridpoint SR1. Correlation co-efficients arep . . T
0.77 and 0.48, respectively. To estimate daily pr_eC|p|tat|0n inthe fqrm of snowfall over
the surface of the glacid? (z)over the period 1950-2005, we
scaledP_sr by an orographic enhancement factgr) that

is improved by including the zonal wind spebidr; (ms™1)  varies spatially, so that:
modeled at 10 m above ground to reflect the magnitude ofp ;) — k(;) P 55 (4)
storm intensity:
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The enhancement factdr(z) is not well constrained;
P sr=0.78Psr1+0.9|Usr1 +0.82 sparse observations and model results suggest that precip-
(r2=0.50;n = 398 p < 0.0001) (3)  tation on the plateau of the Northern Patagonian Icefield,
~10 km upwind of the Andean crest, is 2.5 to 5 times that on
where P sr and Psgrj are daily precipitation in mm at La- the outer coast to the west of Laguna San Rafael (Fujiyoshi
guna San Rafael and the NCEP-NCAR gridpoint SR1, re-et al., 1987; Escobar et al., 1992; Carrasco et al., 2002); ob-
spectively. We note that wind speeds measured near the teservations from the Southern Alps of New Zealand, a sim-
minus of San Rafael in 1983 were4-5ms ™ (Kobayashi ilar north-south trending mountain belt protruding into the
and Saito, 1985), while NCEP-NCAR derived winds at SR1 Southern Westerlies, also indicate that precipitation increases
are typically 23 times stronger (10-15 s for the same  to a peak 20 km upwind of the divide that is 4-5 times that
period. on the western coast (Wratt et al., 2000). To test the sensitiv-
We calculate the uncertainties in our statistical down-ity of the enhancement factétz), we ran our accumulation
scaling approach using the leave-one-out cross-validationmodel using a range of static values fréms 3tok =5 at all
method, wherein multiple monthly blocks of data were re- elevationz (see Sect. 4.2).
moved from the local calibration dataset §r and 7T} sRr) We also ran a scenario wherein we assénmereases with
and a new linear regression with the NCEP-NCAR datasetltitude according to a simplified 1-D orographic model. We
(Egs. 2, 3) was performed in order to estimate errors fromimplemented Smith and Barstad’s linear numeric orographic
the least squares regression. The regression coefficients (amdecipitation model over the centerline topographic profile
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Fig. 7. Year 2000 AD area-altitude distribution of Glaciar San
Rafael, in 100-m. altitude intervals, derived from SRTM data, and
spatial variation in the precipitation enhancement faktey (black
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3.5 at 1200 m a.s.l. to match values estimated by Fujiyoshi et

al. (1987) and Carrasco et al. (2002) near the equilibrium line
8001950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 Of the gIaCIer' The most reaIIStIC response’ WhICh produced

Year a peak enhancement factor that best fit observations, was ob-
tained with the following input parametersc=15ms?,

Fig. 6. Reconstructed annual temperat(@gand precipitatior(b) 1t = 7c = 1000 S, Hyy, = 3000 m, andNVy, = 0.005s 1. Fig-

anomalies at Laguna San Rafael for the period 1950 to 2005. Localire 7 shows modeled spatial variationsk¢f).

values were calculated using NCEP-NCAR data and the relation-

ships established in Egs. (1) and (2). Anomalies shown are differ4 2  Syrface mass balance model

ences from the mean value for the period: mean annual temperature

was 8.9°C; mean annual precipitation at LSR was 3.60mw.ed. At each elevatior, the annual surface mass baIarﬁ{e)
is the algebraic sum of accumulatiéfy) and ablatiora(z)

That is:
of the glacier surface (Smith and Barstad, 2004; Roe, 2005).

Whereas the factor varies as a function of glacier surface p(;)=¢(z) —a(z) (5)
elevation(z) in this orographic model, it is also possible

to calculate it as a function of distance from the coast and We derive daily accumulation and ablation for each ele-
rangefront(x), because the elevation of the glacier surfacevation z over the glacier surface and sum the balances at
itself is a function of that distance (see Fig. 2). Cloud micro- each elevatiory to calculate the annual total surface mass
physics in the model are represented by characteristic timéalance. Following previous work we assume that any pre-
delays for hydrometeor growth and fallout. The large-scalecipitation P (z) that falls whenf' (z) > 4+2°C is rain that runs
atmospheric flow is computed as a function of wind and tem-off the glacier surface without refreezing. Conversely, when
perature, and the amplitude and pattern of precipitation ard’(z) < +2°C, precipitation falls as snow and accumulates
then calculated as a function of that flow. Tunable modelon the glacier surface (Rasmussen and Conway, 2001; Roe,
parameters include the horizontal wind spee)] (neteoric  2005). We calculate accumulation over the entire glacier sur-
fallout rate ), conversion time1;), moisture scale height face daily, using Egs. (3) and (4) and the temperature lapse
(Hm), and moist static stability for upward convectia¥). rate to discriminate between rain and snow, and sum the
We tuned the orographic model so that the average precipdaily accumulation to calculate the annual accumulation at
itation at the coast¥1.8mal) (Carrasco et al., 2002) in- each elevatioriz). Model results for the mean annual mass
creases by a factor of two to match observations at Lagun&alance profiles (Fig. 8) and the equilibrium line altitude of
San Rafael{3.6 mal), ~20km inland, and by a factor of Glaciar San Rafael for the period 1960-2005 (Fig. 9) show

-600

Precipitation anomaly (mm/a about mean)
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10009 m(z) : : o
of an orographically-enhanced peak in precipitation in this
b(z) zone.
500 1 a2
4.3 Terminus mass budget
0_25 20 A5 40 &5 © 5 40 48 The fundamental equation describing fluxes near the termi-

nus of calving glaciers is:

dL _ QOpal+ Qthin— Qcalv ©)
Fig. 8. Mean annual surface mass balan¢g), accumulatior(z) dt Aterm
and ablatioru(z) derived from the mass balance model for the pe-
fiod 1960—2005, versus elevation. Mass balance is calculated usinghere 2 is a change in the length of the glacig@pa is
an orographic precipitation enhancement fakta) from Fig. 7and  the surface mass balané€z) integrated over the area of
input scenario #4 (Table 2). the glacier, andin is the volume of ice lost due to thin-
ning. The flux of ice away from the terminycayy includes
both calving and mass loss due to submarine melting and
that the annual ELA (i.e., whefgz) = 0) ranges from 1050— surface ablatipn 'av'eraged over the area of the terminus face
1460 ma.s.l., with a mean ELA of 1295ma.s.|. Aterm- A glacier is in balance whe@cay equalsQpal, and
the ice thickness and length are not changing. For a shrink-

sn-(ln—\?v?allcoz(rzgﬂ:]rgu?ﬁe Oteg/?—,\%fr?hgf etr;]zanéﬁz]e?l) ng ing glacier, the ice volume decreases both through glacier
N ~shortenin =—dLy and through surface lower-
1400 ma.s.l.), as indicated by observations (Fujiyoshi et al., 9Qtem dr ‘term g

o _dhy, ; L
1987; Escobar et al., 1992; Carrasco et al., 2002) may also bi'Y Qlt(h'” - tdz A‘_h'”' Gla(_:t|_er retrr?gffi—t can Ee m(i_a sutreg
a major driver in our mass balance model. As can be seen i [Om KNOwn (erminus positions andierm €an be estimate

Fig. 8, the accumulation, and hence mass balance, gradie om bathymetry, glguer thmnm% a.nd the area of thin-
for this glacier shows a pronounced kink-at700ma.s.l. "9 Athin can be estimated from trimlines, and surface mass
This kink in the mass balance profile may be due in partbalanceQbal can be estimated from precipitation and te_m_-
to limited variability in temperatures in this maritime cli- perature data, and so we rearrange Eq. (6) to solve explicitty

mate, where the range of elevations over which the transitior]" i€ calving fluxQcai, which is the volume of ice passing
from solid to liquid precipitation occurs is narrow; it may through the terminus per unit time:

also.reflect the fact that a Iarge p.ercentage of the cumulgtivgcalv: Obal+ Othin+ Oterm @)
glacier surface area occurs in this same range of elevations.

An orographically-induced peak in precipitation at the ELA (see Fig. 10). Variability in the calving flux, averaged over
would unrealistically tip the balance towards net accumula-the terminus cross-sectional arégrm, represents temporal
tion if too large, or net ablation if too small. As the area- changes in the cross-sectionally averaged calving velocity,
elevation distribution of this glacier is so heavily weighted in which primarily arise from changes in sliding speeds for fast
a zone across the broad plateau of the icefield at the elevatiomoving glaciers like San Rafael.

of the ELA that accounts for almost 40 % of the glacier sur-

face, any estimates of the cumulative balance over the past

50yr are extremely sensitive to the location and magnitude

-1
net mass balance (ma w.eq.)
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and treat glacier flow resistance as a product of lateral and
2 Psnow basal drag.

Bathymetric transects along previous ice fronts, combined
with an observed average height of the ice cliff above water-
line of 40 m (Hop) allows us to determine the thickness of the
ice front at the terminusHr), using a height above buoy-
ancy criterion (Van der Veen, 1996), assuming the ice front
is at flotation:

HT=U_T—"pi_WHw+Ho ©)

1

where psyw and pj are the densities of seawater and ice, re-
spectively. Water depthHy) hence is a primary control on
ice front thickness at the terminus, and thinning will result in
retreat until shallower water is reached. Once the ice thick-
nessHt and change in the glacier surface sl@pis known,
Qace l the driving stress in the downslope direction can be quanti-

fied:
Qani T
o T D = pig Hrsind (20)

This driving stress is opposed by basal resistance, which can

Qterm  Qunin be easily altered using only a single tuning paraméter
Qbal = Qacc - Qapy l c
Qcal H,
calv é— T8 =1p (1_/0w W) (11)
piHT

< | ——
wherepyw Hy is the basal water pressure, and assuming that
(a) s = 0 when the ice pressupg Ht equals the basal wa-
ter pressure, and (ks = tp whenpwz =0. C was tuned
to calibrate the calving model to observed surface velocities
in 1983, 1994, and 2001 (Naruse, 1985; Rignot et al., 1996;
E. Rignot, personal communication, 2003); agreement was
4.4 Calving model closest wherC =0.6. This is double the value af corre-

lated using data from Columbia Glacier (Benn et al., 2007),
A second means of deriving the calving flu2:a, can be  which could in due in part to Columbia Glacier's more grad-
acquired by applying a suite of empirically and theoretically ual slope (1.15 versus 2.67 at Glaciar San Rafael) (Ven-
derived “calving laws” (Benn et al., 2007) using the observedteris, 1999).
bathymetry of the fjord, where former locations of the calv- The annual velocity at the terminus was then calculated
ing margin are also known. In such an approach, the calvingassuming a rectangular bed, using the sliding law developed
rate is quantified by combining the retreat r%éeover time in Benn et al. (2007). Mean values of basal drag, driving
with modeled terminus velocitidgice, and then compared to  stress and ice thickness were used to estimate the average
ice front cross-sectional areagmto compute a calving flux  sliding velocityUg at the terminus:
at annual time steps. Here, the calving veloclfy, is de-

Qcalv = Qbal + Qthin + Qterm

Fig. 10. lllustration of fluxes and areas relevant for estimating the
mass budget of calving glaciers.

n
fined as the difference between the average down-glacier icg/; — 24 <1_ ™~ TB) wntl (12)
velocity at the terminus and the change in terminus position n+1 Ht
in the L-direction over time: using a flow parametesA calculated from Arrhenius’ Law
Up=Ur—dL/dt (8) andn = 3 from Glen’s flow law (Nye, 1965).

For extremely fast-moving, calving glaciers such as
By treating calving in this manner, quantifying the rate of Glaciar San Rafael, we follow the practices of prior stud-
ice discharge over annual timescales requires only knowlies in assuming that internal deformation (creep) rates are
edge of yearly terminus position and an average ice velocsmall when compared te 3 kmyr—1 surface velocities, par-
ity at the terminus. However, the controls on ice velocity ticularly near the terminus where glaciers are noted to speed
are substantial, and still poorly understood (e.g., Warren andip (see Howat et al., 2005; Venteris, 1999). For our pur-
Aniya, 1999; Benn et al., 2007). To reduce unnecessary composes, we take the approach stated in Benn et al. (2007) and
plexity, for this model run we ignore longitudinal stretching assume a uniform vertical velocity distribution and constant
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Table 2. Summary of modeled ice fluxes through Glaciar San Rafael, 1960—-2005. Scenarios used in moddl xatdation flux using
Eq. (1a) only;x2 =ablation flux calculated using Egs. (1a) and (M), = enhancement factor used in Eq. (4)caly IS calculated as in
Eq. (7) as the sum aDhin, Opal and Oterm- Othin and Qterm did not vary from case to case.
Cases Qabl Qacc Obpal Qcalv
average average 1960-1976 1977-1989  1990-2005 1960-1976 1977-1989  1990-2005
1960-2005 1960-2005
kmd a1 km3 a1 kmd a1 kmd a1 kmd a1 km3 a1 km3 a1 km3 a1
#1l:0l,k=3 4.40 3.91 0.1 —1.38 —0.38 0.47 —0.96 —0.02
#2:02,k=3 4.26 3.91 0.24 —-1.24 —-0.23 0.61 —-0.83 0.13
#3:02,k=5 4.26 6.52 3.15 1.02 2.34 3.52 1.43 2.7
#4: 02, k(z) 4.26+04 497+19 1.4+0.76 —0.2940.21 0.7%£0.41 1.7A41.03 0.740.41 1.14+0.66
Othin 0.32 0.76 0.43
Oterm 0.05 0.09 0.04
7 -
6 - Qacc
. A A N
A <
Qabl ' 4 .
T 4 ‘
[sp)
E
=~ 31
(]
§
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Fig. 11. Histories of annual accumulation (blue line), ablation (red line) and surface mass b@gfdblack line) from 1960-2005. The
three fluxes are derived from input scenario #4 (Table 2). The upper and lower ranges of surface mass balang,fluers/ed from
the various inputs cases for accumulation flugkgc and ablation fluxe® 4 listed in Table 2, are represented by dashed grey lines. A

piecewise linear fit was chosen to indicate averages during the periods 1960-1975, 1976-1990 and 1991-2005.

basal drag across the bed, allowing us to assUmequals  Qpa= Qacc— Qanl iN W. €q. over the glacier for the period

the surface velocityyt (Howat et al., 2005); although we 1960 to 2005, summarized in Table 2 (Fig. 11). On the as-
note that this approach will tend to overestimate the downssumption that the uncertainties for each of the model vari-

lope ice fluxes. ables in Eq. (1)—(5) (i.e., ablation co-efficientsz), a(z),

P, T) are all uncorrelated, the uncertainties for each vari-
5 Results able were propagated as the mean square error of each linear

5.1 Surface mass balance

best fit correlation, and summed to produce the total error.

The results of the various model runs, and the corresponding
The degree-day ablation model (Eg. 1a and 1b) and preuncertainties in the range of inputs, are also summarized in

cipitation model (Eq. 4) were run to calculate annual ab-Table 2.
lation Qap, accumulationQacc and surface mass balance
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Figure 11 shows annual accumulatiOqce ablationQgp) retreated into the steadily narrowing but deepening outlet
and resultingQpa calculated over the glacier surface, and across the Andean range front.
linear best fits for the periods 1960-1975, 1976-1990 and The volume of ice lost from the glacier snout due to retreat
1991-2005. Average ablation over the period 1960 to 2005 isluring this period Qerm) and its variability over time can be
4.6knm?a~t. Anomalously low ablation from 1999 to 2003 calculated from the subsurface fjord bathymetry (Fig. 3), the
was a result of anomalously low annual temperatures (se@eight of the above board glacier surface, and the retreat rate
Fig. 6a). Although accumulation (snowfall) depends on the(Fig. 4). The terminus has retreated 4 km during the period
joint distribution of precipitation and temperature, the pattern1959-2005, with no documented re-advances over this time.
of accumulation varies most closely with that of precipitation If we assume an average ice cliff height of 40 m above a con-
(see Fig. 6b); accumulation was relatively high during 1960—stant water level has persisted since 1959, the volume of ice
1975 and decreased by more than 14 % during 1976—2005. |lost from the terminus during retreat averaged 0.08 &t

Scaling the precipitation at Laguna San Rafael as giverPver 1959—2005, with a maximum loss of up to 0.1 Plem’
in Eq. (4) by a constant = 3 over the area of the glacier during a phase of rapid retreat in the early 1980s. A second
(Table 1, case 1, 2), implies the averagacc today is  Phase of rapid retreat occurred around 1990, with losses of
~4.0kn? a~1; using constant =5 (Table 1, case 3) implies Uup to 0.12 kma—l. These two periods of rapid retreat fol-

Qaccis ~6.7knBa~L; usingk(z) (Table 1, case 4) implies lowed years when the balance flu2da) was most negative,
Qaccis ~5.1knmPa~® (Fig. 11). The range of accumulation and hence less ice was arriving at the terminus. Both periods

values from the various model runs (i.es= 3, 5,k(z)) and  Of rapid retreat ended when the terminus retreated into the

the range of ablation values are used to generate the full rang@arrowing outlet valley. Most notably, the mass loss from
of possible annual balance fluxes, indicated by the grey shadthe terminus during any year of rapid retreat is only between
ing; the annual surface mass balar@g. over the period 4% and 32% of the mass deficit from the surface balance;
1960 to 2005 from case 4 (see Table 2) is indicated by thdn other words, at least 2/3 of the mass deficit during these
black line. The best fit{= 0.76) between observations and Years must be lost to thinning of the glacier itself.

modeled surface mass balance and annual ELA occurs when

usingk(z) and both snow and ice degree-day coefficients in5-3  Thinning flux

the ablation model (case 4) (see Figs. 8 and 9); we hence- o . o

forth used the results of that model run to competg to If we assume thinning rates estimated from satellite images

the other fluxes in the terminus mass budget (see Fig. 11). @nd photos (Aniya, 1999; Rivera et al., 2007; Willis et al.,

Surface mass balance was positive in the 1960s, negativ%mo) and from the trimlines near the terminus averaged

B 1 i -
in the late 1970s-early 1980s and again in the late 1980s, an 2.3:£na near the current terminus, a_md .approached L
ma - across the lower reaches of the icefield plateau, the

was relatively positive from 1999 to 2003, mainly due to re- total volume of ice lost via thinning at the glacier surface

duced ablation during the latter period (Fig. 11). Average an- . . . X §
nual surface mass balance over the period 1960 to 2005, usz """ during 1950-2005 approachef 1%mwith an aver
age annual volume loss of 0.35Rar!. San Rafael glacier

ing k(z) in case 4, was +0.71 kha 1 w. eq. In other words,
. . . . hence appears to have lost mass through surface lowefing
if the glacier had terminated on land and did not calve, other, .
. . : : times, on average, the rate it lost mass through retreat of the
things being equal we would expect it would still be expand- ; . .
. : . calving front. In other words, and similar to observations
ing to capture more surface ablation area in order to react? ; . . . X
equilibrium with the present-dav climate rom neighboring glaciers of the North Patagonian Icefield
q P y ' (Rivera et al., 2007), Glaciar San Rafael appears to be re-
sponding to the warmer and drier climate of the past 50 yr by
5.2 Length changes thinning much more strongly than by accelerated calving and
frontal retreat.
An important non-climatic control on any length changes of Much of this thinning is most likely due to ice motion in
a calving glacier is the area of the ice front in contact with the ablation zone drawing down the glacier surface. Thinning
fiord water and subject to submarine melt, as documented atan also result from accelerated surface mass loss due to ab-
Le Conte Glacier (Motyka et al., 2003) and more recently lation rates exceeding accumulation. Most likely, thinning
in west Greenland (Rignot et al., 2010). Any decrease inrates have varied significantly over the past 50yr, and may
the cross-sectional area of the submarine ice front should dihave been particularly high during the last two decades of the
minish the volume of ice subject to melting and calving and 20th century (when they were last measured in detail), par-
hence decrease terminus retreat, assuming the flux of ice ticularly in the period 1976-1990 when ablation fluxes ex-
the terminus does not vary significantly. Figure 4 shows thatceeded accumulation fluxes by on average 0.5%&rhand
the rate of retreat of the terminus of San Rafael Glacier deby up to 1.2 ki a~1w. eq. in the ablation zone. If we assume
creased as the cross-sectional aréarfy) in contact with  that the calving flux must always be positive (i.8gay > 0
the warm brackish waters of the lagoon diminished in thein Eqg. (7), no ice accretion at the terminu@n, must have
early 1980s and again in the early 1990s, once the ice fronbeen enhanced by excess surface melt of up to 0°&Kkm
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Fig. 12. Histories of surface thinnin@nin (grey line) ice loss from the terminuBierm (dark red line), and calving flug 4y (black line)

from 1960-2005. The calving flug .4, Was derived using the surface mass balance in input scenario #4 (Fig. 11). A piecewise linear fit
was chosen to indicate averages during the periods 1960-1975, 1976-1990 and 1991-2005, as in Table 2 (thin black lines). The filled dots
represent observed calving fluxes used to tune the models (listed in Table 1); the open dots represent calving fluxes modeled using a “sliding
law”, listed in Table 3.

during 1976-1990, whe®py Was negative. There is cer- (1) assume that an average thinning rate of 2 frveas main-
tainly the possibility that there have been years in whichtained across the glacier surface throughout the period 1950—
Othin < 0 when the climate was cooler and wetter, particu- 2005 (to arrive at the average thinning rate of 0.35 kit
larly during the period 1950-1970 and again around 1998-stated above), or (2) assume that the dynamic thinning rate
2003, although there is no observational evidence to indicatequals the product of the retreat rate and surface slope of the
thickening of the glacier during these periods. glacier in the lower reaches of the glacier, and then decreases

. - : lacier to vanishing values at the glacier headwall. Calcu-
Given the potential influence of calving speeds and retreaf P9/ 2¢1€" ! I .
P gsp ated in this latter way, and plotted in Fig. 12, the rate of ice

of the terminus on longitudinal extension in the terminal zone olume lost to dvnamic thinning increased to over Blamt
(e.g., Venteris et al., 1997), the rate of dynamic surface low-. tl:] IS 198)(/) Id iNning Ithcrlats 1980 v rh treat
ering in the terminal zone must also have varied signiﬁcantlyIn € early S and again In the 1ate S, When retrea

during this period, but by how much is unknown, for only accelerated markedly and calving rates increased. The com-

two direct measurements of the surface elevation of the Iowelg'.ned thinning ratg from dyngm|c surface Iovyermg coupled
reaches of the glacier exist, taken in 1975 and 2001 (Riveré’tlv |th| exc$s4$ mellt_mt'r[]hel ablation Zr? ne n;?ﬁt I|I<|er '”‘ge?‘se‘j
et al., 2007). To first order, the rate of dynamic surface low- E_amo_sd ma~in the lower reaches of the glacier auring
ering at any point on the glacier is a function of the changet IS period.

in glacier length and the local surface slope, i.e., longitudinal

profile of the glacier surface; following this logic, thinning 5-4 Budgeting the calving flux

rates decrease upglacier from the terminus. Most glaciers

with large volume losses exhibit a thinning pattern that in- We modeled the calving flux in one of two ways. In our
creases with altitude (Schwitter and Raymond, 1993). Sincdirst scenario, we used the mass budget model to estimate the
we have little data to constrain the variability in dynamic flux of ice delivered to and calved from the terminus over
thinning rates over this period, and noting that the parabolictime Qcay using Eqg. (7) and compared this flux with the
longitudinal glacier surface profile is roughly maintained but annual rate of retreat. For a calving glacier in steady-state,
shifts upvalley during retreat, we can calculate the rate of icewhere Qinin = 0 and Qierm =0, any Qpa > 0 must be lost
volume decrease represented by surface lowering and infehrough the glacier snout via calvii@ca). Since the vol-

the temporal variability in the rate of thinning by combining ume of San Rafael glacier has decreased through both short-
the retreat history and trimlines on the valley walls and eitherening (retreatQierm) and surface lowering (thinnin@nin)
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Table 3. Modeled velocities at the terminus using sliding, lateral drag and bathymetry developed in Benn et al. (2007) and Egs. (8-12),
for years with known terminus positions and bathymetric data, and observed terminus velocities for years with available data (Kondo and
Yamada, 1988; Warren et al., 1995; Rignot et al., 1996; E. Rignot, personal communication, 2003). Calving speeds calculated according to
definition in Eq. (8). Calving fluxe® 4y calculated as product of calving speed and ice front dkggn.

Year Modeled Observed Fjord Max Mean Retreat Calving Calving
terminus  terminus  halfwidth water water rate speed flux
velocity velocity w depth  depth
(kmal) (kmal) (m) (m) (m) (mal) kmal) «mial

2001 3.40 08 1053 254 164 80 3.33 1.49

1998 3.25 1117 267 152 50 3.20 15

1994 3.32 4-6 1117 249 141 69 3.25 1.79

1992 3.51 1117 27 166 133 3.37 1.75

1989 4.72 1170 281 177 201 4.52 2.49

1986 5.01 1383 265 177 12 5.00 2.75

1983 6.17 5-8 1319 217 139 96 6.07 3.34

1976 7.91 1362 237 157 139 7.77 6.68

1965 6.01 1362 205 129 47 5.97 5.37

1959 8.95 1489 259 131 5 8.94 8.05

over the past 50 yr, the calving flug¢ay also takes into ac- siderable distance into Laguna San Rafael and had substan-
count these ice mass loss&¥fi+ Owmin+ Oterm), @s given tially lower values of lateral drag. As the glacier receded to
in Eq. (7). Using this approach and our mass budget modeits present day position in the narrowing fjord, velocities de-
with best fit scenario (case 4, where precipitation scales wittcreased to~3.3km al. Retreat rates are relatively insignif-
k(z) and using the ablation co-efficients prescribed in Eq. laicant (<200 ma') compared with the large velocities mod-
and 1b), the calving flux during the period 1960 to 2005 av-eled at the terminus of the glacier, thus calving speeds were
eraged 1.01 krha 1 (black line in Fig. 12), similar to fluxes almost equal to down-glacier velocity (see Eq. 8). The re-
calculated using INSAR in 2001. sulting calving fluxes (the product of the calving velodify

As seen in Fig. 12 and Table @4y as modeled using the multiplied by the terminus cross-sectional aragm) follow
mass budget has also varied significantly during the past hai@ similar trend to the results from the mass budget model
century. For examplecar averaged 1.8 kiha~! during the in Sect. 5.4, however, the magnitude of the calving fluxes
period 19601975, and decreased to less than akin  range from~6 km® a~! during 1960-1975, to 2.85 khar*
in the 1980s, a decade when surface melt rates increasediring 1976-1990, to 1.63 kha~* as of 1990 (open dots in
and snow accumulation decreased so that all new accumuFig. 12), exceeding those of the mass budget model (black
lation was lost through ablation and all calving resulted in line in Fig. 12) by between 40 % and 300 %.
net volume loss from the glacieQcay Slowly increased in - The widely divergent results between the mass budget
the late 1990s to over 3kha *, and decreased again in the model and the sliding law model is an intriguing resuilt of
first years of the 21st century. The corresponding calving vethe study. It should be noted that calving laws are notori-
locities range frome1kmar® to >7kma* over the 1960—  ously inexact, and have often been tuned to a single glacier
2005 period, in agreement with observations (Naruse, 1985ystem, where causal relationships may not translate to other
Kondo and Yamada, 1988; Rignot et al., 1996; Willis et al., systems. One possible reason for this is that stretching rates

2010), and averaged 1.86 km'a and crevasse formation are not taken into account in either
the calving laws or observed calving rates based on surface
5.5 Calving fluxes modeled using the sliding law feature tracking to derive downslope ice speeds (but should

not effect calving fluxes measured based on iceberg volume,
The modeled annual velocities at the terminus using the secas calculated by Warren et al., 1995 in 1993), and hence both
ond calving model, where the calving flux is driven by sliding approaches may grossly overestimate the actual flux of ice
at the terminus, withC = 0.6 and constrained by the known (see Venteris, 1999). This would result in the mass budget
terminus positions and water depths from Figs. 3 and 4, arenodel (which is tuned to the sparse observations of ELA, ac-
listed in Table 3. The modeled velocities agree well with cumulation and ablation, but not calving) producing calving
the observed surface velocities at the terminus from 1983fluxes that are less than (1) the observed rates of calving and
1994, and 2001. Terminus velocities were very large betweerf2) the modeled calving rates based on the sliding law, as we
1959-1979 (6-9 km&) when the glacier extended a con- see and have show in Fig. 12.
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The results from the “sliding law” model in Table 3 indi- 5.6 Calving vs. retreat rates
cates a relatively robust correlatior? = 0.76) between the
half width of the fjord channel and the modeled glacier ve- Several studies have suggested that pronounced longitudinal
locity, suggesting that modeled ice velocities are driven pri-stretching of glacier ice in the terminal zone may be a funda-
marily by changes in the channel width, where wide chan-mental feature of rapidly calving tidewater glaciers, promot-
nels allow for substantially lower values of lateral drag. In ing calving rates in excess of the balance flux of the glacier
assuming plug flow in Eq. (12), it follows that the sliding ve- and resulting in retreat (e.g., Meier and Post, 1987; Venteris
locity is most sensitive to changes in both ice thicknBss  etal., 1997; Benn et al., 2007). If terminus retreat varies with
relative to water depth and the glacier channel half-widith  increases in ice delivery to the terminus, as has been observed
By comparison, the sliding model also indicates a negligibleat other calving glaciers in the past decade (e.g., Howat et al.,
dependence on water depths: modeled calving velocities di®@005; Luckman et al., 2006), retreat rates should increase in
not correlate with either mean water deptf £ 0.0008) or  concert with increases in this calving flux. Our mass budget
maximum water depth-¢ =0.014). model results suggest the contrary, however; retreat rates ap-

Sensitivity analyses, carried out using the 2001 modeledpear to have increased during periods when the calving flux
calving velocity for its relatively good fit with observations decreased in the early 1980s and 1990s, while a short period
(E. Rignot, personal communication, 2003; Willis et al., of rapid retreat in the first few years of the 21st century ap-
2010), suggest that the calving velocity is particularly sus-pears to coincide with an increase in the calving flux. This
ceptible to changes in tuning parametgrin Eq. (11). Peak relationship holds whether the calving flux is modeled using
calving velocities occur whe@ > 3, where terminus veloci- an ice mass budget (Sect. 5.4) or using terminus velocities
ties approach 16 knta and any further increases hhave  and ice front bathymetry (Sect. 5.5).
very little consequence. Similarly, wh&happroaches 0, the While we expect calving and terminus retreat to vary
calving velocity also decreases rapidly, until it approacheswidely from glacier to glacier as each are dependent upon
zero. Raising the height above waterlindpf, adding to  other factors, including the balance flux to the terminus and
the vertical ice face at the terminus, also decreases ice vethe rate of thinning (see Eqg. 6), that the rate of retreat for San
locity. Although an increase in ice thickness should en-Rafael does not appear to co-vary with the calving flux in
hance the driving stress, itincreases basal drag more substaour models, and in fact, contrary to expectations appears pre-
tially. While the driving stress is tempered by a low slope dominantly out of phase witlcay. These results appear
angled, the loading of ice onto the terminus will increase robust, but do suggest that several of our inputs, assump-
the downward pressure, increasing basal shear and loweringons and sensitivities need revisiting. In particular, caution
flow rates. Increasing the surface slope of the glacier, asis needed with regard to (a) assuming that surface lower-
suming there are no other changes to the system, results img occurs exclusively due to dynamic thinning, (b) focus-
a power law increase in terminus velocity and hence calv-ing the concentration of orographic precipitation around the
ing rate. Small increases in slope of the glacier would resultELA zone when using the surface mass balance to drive the
in significant increases in the terminus velocity, allowing for model of ice fluxes, and (c) deriving basal sliding velocities
rapid surges and appreciable increases in calving. This, howand terminal ice fluxes from remotely sensed surface veloc-
ever, assumes that the same thickness of ice, and therefore titees, which do not take into account longitudinal stretching
same downward acting forces will drive glacier flow. In re- and crevasse opening.
ality, we would expect to see significant thinning associated
with any increase in glacier slope, which has the potential to
further enhance calving velocities. 6 Implications for future behaviour

The modeled calving fluxes using Benn et al.'s “sliding
laws”, although greater than both observed and modeled he geometry of Glaciar San Rafael, with a broad, relatively
mass balance fluxes, indicate a high degree of correlatioflat accumulation area and ELA zone funneled into a narrow
between channel width, flow speed and calving rate. Thisconstriction across the hanging wall of the Liquiﬁéqui
behavior is key to understanding why most stable tidewa-fault and into Laguna San Rafael, renders the glacier ca-
ter glaciers have termini located at topographic narrows, anghable of withstanding a substantially warmer and drier cli-
why calving fluxes at Glaciar San Rafael decreased 2-5 foldmate without necessarily resulting in retreat of the glacier
regardless of model scenario used, when the terminus resnout. The rate of retreat is a function of competing in-
treated into the narrowing outlet east of the Andean rangdluences between both climate and terminus geometry. For
front. However, the difference in the magnitude of the calv- example, in 1986, when the terminus retreated across the
ing fluxesQcaw between the sliding law model and mass bal- rangefront and into the narrow valley constriction, retreat
ance model also suggests that calving dynamics may be moremporarily slowed, although calving speeds most probably
variable than our simple approximation of plug flow and lat- did not. Moreover, although the terminus has not retreated
eral drag, as used in Egs. (10)—(12), would reflect. substantially during the past few decades, the entire glacier

has thinned significantly (Rivera et al., 2007) due to warming
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since the early 1980s. While a negative balance flux will con-changes in terminus position, emphasizing the complex dy-
tribute to increasing the retreat rate, accelerated thinning willhamics between climate inputs and glacier response.
retard it, so the two climatic drivers may be offsetting each  Constrained by a few direct observations of Glaciar San
other at San Rafael Glacier. Rafael's dynamics over the past few decades, we have calcu-
Contrary to what has been observed at other tidewatetated accumulation and ablation rates as a function of surface
glaciers, such as the outlet glaciers of Greenland (Thomas atlevation to reconstruct the changing flux of ice to the ter-
al., 2003; Howat et al., 2005; Stearns and Hamilton, 2007) ominus over the past50yr. Our mass budget approach is
Marinelli Glacier in Tierra del Fuego (Koppes et al., 2009), compared to a reconstructed calving flux using theoretical
negative balance flux and accelerated surface thinning atalving and sliding laws, and suggest that the trends in calv-
Glaciar San Rafael over the past few decades have not (as dfig fluxes are robust, with calving rates decreasing during
yet) resulted in a substantial increase in the rate of terminuperiods of rapid retreat in the late 1970s and 1980s; how-
retreat. However, considering the ice thickness at the ELAever, applying a “calving law” approach increases modeled
is estimated to be only-400 m (Rignot et al., 2003), con- calving rates by 40-300 %. Our approach provides a simple
tinuous thinning rates of 1-2 nta over the broad plateau of reconstruction of the time-varying budget of ice through San
the icefield, where the ELA is located, would remove most of Rafael glacier using sparse empirical data which, when com-
the glacier (and potentially most of the North Patagonian Ice-pared with the history of the terminus retreat gleaned from
field) within a few hundred years. Such substantial changesnaps, aerial photos and satellite images, as well as with topo-
in the balance flux and the ice thickness would also affectgraphic and bathymetric constraints of the lagoon into which
buoyancy at the glacier terminus. Furthermore, continuoust calves, illuminates the relative importance of climatic and
rapid calving rates into water depths €210 m will likely non-climatic controls on glacier retreat on annual to decadal
destabilize the terminus and result in drastic retreat in theime scales.
coming decades.
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