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Abstract. Direct measurements of the decadal response of Tropicakgéto environmental changes are difficult to acquire
within their accumulation zones. In 2013, we used dualdfesgy kinematic GPS to re-measure the surface elevations at
46 sites, from the margin to across the summit of the Quekttagy Cap, first measured in 1983 using terrestrial surveying
methods. In 2015, six additional sites on the western mafigih observed in 1978, were remeasured. Over the past 36,yea
the ice cap summit has thinned by 4410.23 m (), with a maximum ice loss at one site near the margin of G3@.34

m (20) over 37 years. Using geophysical methods that locatedubheykacial bedrock, we estimate the unit-volume of ice in
1983 along a profile from the 1983 margin to the summit and therchange in volume from 1983 to 2013 by differencing the
surface elevations. Over the past 30 years, 21R3% () of the ice unit-volume has been lost suggesting an averaggeeh
mass balance rate of -050.1 m w.e a' (20). Increasing air temperature at high elevations of the Arisldikely a major
driver of the observed changes. Specifically, within thetdh zone, thinning is likely caused by a 1-2 m w.e! increase in
melting and sublimation above steady-state. Within theadation zone, analysis of annual, dry-season summispggests
that surface lowering may be caused by both a slight decieasst snow accumulation and an increase in firnification, rate
though this interpretation yet lacks statistical significa. The role of ice flux changes since 1983/4 remains un@onstl,
awaiting updated measurements of ice surface velocitiesathe ice cap.

1 Introduction

The Quelccaya Ice Cap (QIC,155'S, 7050'W, Fig. 1) is located-5300-5670 meters above sea level (masl) in the southeast-
ern Andes of Peru and is the Earth’s largest tropical glaEietd studies began in 1974 with shallow pits dug at the sitmm
that showed annual snow accumulatior~& m, with apparent annual concentrations of micropartiales oxygen isotopes
(Thompson and Dansgaard, 1975). Layer thicknesses of Ql5mbserved in exposed vertical sides of cliffs near the ice
margin suggested that a useful climatic record was capfartte ice cap (Mercer et al., 1975). Melting was observetiat t
margin, and from 5200 to 5380 masl penitente features stejablation (Hastenrath and Koci, 1981). Above 5400 m aserf
albedo was approximately 80% during the austral winteat@hg net solar energy receipt and limiting ablation (Hasith,
1978). A 15-m core at the summitin 1976300 m above the equilibrium line altitude (ELA), captured thass balance over

8 years from the annual layering of particles and oxygermses (Thompson et al., 1979; Thompson, 1980).
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Figure 1. Landsat 5 TM image of the QIC on 20 June 1984 (LT50030701982WB01, available from http://eros.usgs.gov/). Ice eiten
in 1980 (blue line) and in 2010 (red line) derived from sdelimages by Hanshaw and Bookhagen (2014). Survey netvtakk, braced
quadrilaterals) in 1983 extended from bedrock to acrossuhemit. Rectangle is region shown in Fig. 2 which includegited view of
the survey network.

Crevasse and pit sampling showed annual snow accumula&ituctions of~30% were correlated with 5 El Nino records
from 1964 to 1983, indicating the ice cap climatic recordtuegd ENSO signals (Thompson et al., 1984). Ice thickness me
surements suggested approximately 160-180 m ice thickaras$low modeling estimated an ice core of 600 to 1300 years
length (Thompson et al., 1982). In 1983, existence of a mmillem-scale climate record was confirmed with the recovery
of two cores in the summit region of the QIC, with one to be#trat 163.6 m [Core 1] providing a 1500-year record of
tropical precipitation in Peru (Thompson et al., 1985) alsd @apturing global climatic events including the LittlelAge
(Thompson et al., 1986). In 2003 a complete ice core was szedvand returned frozen to the laboratory (Thompson et al.,
2013). Field studies continue on QIC and since 2003, a sumedther station has been maintained through annual segvici
(Available at http://quelccaya.blogspot.com/), whicls lagso afforded ongoing snow pit studies (Hurley et al., 2015 Oct.
2014, a 21-m-long ice core was collected at the summit.

Retreat of the Qori Kalis outlet glacier (see Fig. 1) betw&663 and 1978 was determined to 4&0-100 m based on
aerial and terrestrial photographs, respectively (Thanes al., 1982). From an initial retreat rate~0%-6 m/yr from 1963 to
1978, subsequent terrestrial photographs in 1983, 1998, 1995, 1998, 2000 and 2005 showed increasing non-lintaof
retreat of the Qori Kalis margin — probably influenced by thenfation of a pro- and sub-glacial lake — reachin@0 m/yr
by 2005 (Brecher and Thompson, 1993; Thompson et al., 200&).photogrammetry also provided direct measurement of
volume change and indicated7-fold increase in the rate of volume decrease from betw8é8-1.978 to between 1983-1991.
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Figure 2. (A) Detailed view of the 1983 survey network (gray, braced gjletérals). Red and blue lines as in Fig. 1. West ice mangin i
2013 (yellow line) from GPS survey in the field. Horizontalage velocity (blue arrows) from 1983 and 1984 field suniyor ellipses
(black) are 2s. Ice cores to bedrock in 1983 (black circle, Core-1, Thompetoal. (1985)) and 2003 (blue circle, Summit, Thompson.et al
(2013)]). Survey monuments (black triangle, QSP-1) areairdck; established in the mid-1970s, they remain as of ZBlEvations of the
QIC surface were measured at the red triangles relative B Q& 1983/4 using terrestrial surveying and again in 2Gi8gidual-frequency
GPS. Likewise, elevations at inverted red triangles werasueed at six sites in 1978 and remeasured in 2®)3Migasured change of the
QIC surface elevation from 1983/4 to 2013 (red triangles) 8878 to 2015 (inverted red triangles). Elevation decre@asall sites on the
glacier over the 30- and 37-year spans. Five sites (cirdedhe western margin are now exposed bedrock with over 60ioe dbst at two
sites. Thinning of the glacier surface extends across thersuwhere the average elevation decreased by 4.4 m. Errsiaba 2.

Comparison of satellite imagery indicates the area of th#ee@IC has decreased by 31% from 1980 to 2010, highly
correlated with the change of area of Qori Kalis (HanshawBwookhagen, 2014; Albert et al., 2014). In 2002, retreat ef th
west-central margin exposed rooted, soft-bodied plarpscgimately 5000 years old, suggesting recent conditidrseoved
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Figure 3. A) Total change in surface elevation from 1983/4 to 2013 (riedigles) and from 1978 to 2015 (inverted red trianglB$)Annual
rate of elevation change, calculated by dividing valueA iy span in years. The five lowest points (circled) are now sgddedrock and
thus both their total change and rate of change are minimlmesaError bars ares2

at QIC had not existed for about five millennia (Thompson t24106; Buffen et al., 2009). Ice core records at the summit,
which had captured the oxygen isotope record in 1983 deggscarere no longer preserving the record by 1991, presumably
due to meltwater infiltration at the summit (Thompson et H#93). This suggests a significant departure from conditain

the summit that had been in place over at least the prewd®)0 years, as captured in long cores to bedrock.

To evaluate changes in the Quelccaya Ice Cap balance, wsitecvin 2013 and 2015 a survey network established in 1983
(Fig. 2A). As part of the field program that recovered the fils¢p ice cores from Quelccaya that year, a series of poles wer
placed in the glacier surface and surveyed to determinedtiedmtal strain rate at the summit, thus constraining a fiovdel
for dating ice in the deep core. The network poles extended the margin to the summit, encompassing both the ablation a
accumulation zones. The elevation and horizontal disptece (from 1983 to 1984) were measured with decimeter pgogcis
relative to two survey monuments on a rock outcrop west ofitheier (Fig. 2). While the poles on the glacier surface ameg
their locations (x,y) are known with better than sub-metecgsion relative to the two monuments in rock. By re-océngyhe
same locations with geodetic GPS, any change in surfacateewince the initial survey could be measured. This plewi
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Figure 4. (A) Vertical profile of the QIC along the 1983 survey networknfr@SP-1 to the eastern margin. Surface elevations in 1983
(blue triangles and line) decreased at all sites by 2013t(radgles and line). Bedrock location comes from gravityasweements (black

diamonds, (Thompson et al., 1982)), mono-pulse radar rfiestdorown triangles, Thompson et al. (1985)), ground patiay radar (GPR,
thick black line, Salzmann et al. (2013)), and length of sdebedrock in 1983 (black, Core-1, Thompson et al. (198&q) 2003 (blue,
Summit, (Thompson et al., 2013)). Eastern portion of thdiler¢black triangles, dashed blue line, dashed brown liad)am a 1978 field
survey (Thompson et al., 1982). The annual ice surface WeEs¢circa 1983-84, blue vectors) plotted in the vertfahe are shown without

vertical exaggerationB( Ice unit-volume (area within profile x 1 m) was calculateshfrthe flow divide at the summit to the western margin.
The QIC unit-volume has decreased by 20 % over thirty yearsr Bars, uncertainties, and ellipses ase 2

a geodetic mass balance for the transect up the ice capfterg.,1983 to 2013); typically such geodetic mass balances ar
based on an old DEM from maps, stereophotogrammetric measunts or orthophotos, and a new DEM from LiDAR.
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2 DataCollection

In late June 1983, 28 stations were laid out across the gl&oim near the western margin to across the summit (Fig. 2).
Stations consisted of 2 m long PVC poles secured 0.5 to 1.2 m into the snow, firn oraoe, protruded-1 m above the
glacier surface. Placed with adjacent stations inteblgsia single chain of braced quadrilaterals branchedwahains near
the summit. In early July 1983, beginning at benchmarks 3%ant drilled into bedrock west of the glacier, 77 distarwere
measured between adjacent poles using an Electronic bestdeasuring (EDM) instrument. The EDM used a near-infrared
signal with a range of 2 km, and an accuracyt mm (2) as verified by calibration. To determine elevations, a are-
second least count theodolite was used to observe anglesthrfazes from both ends of lines, thus measuring so-called
reciprocal vertical angles between adjacent poles. Rec@bivertical angles were observed starting at bedrockaadk
QSP-1, then along the south side of the network through tlhiblglenvide chain of quads at the summit, returning along the
north side and closing back on QSP-1. The mis-closure wa4 0.

Reciprocal vertical angles, corrected for deflection ofwteical (DOV), measure the ellipsoidal height differehetween
points. Beginning at QSP-1 the ellipsoidal height differemare added to calculate the ellipsoidal heights( the pole tops.
The orthometric heightsH) are calculated using

H=h+N, (1)

where the geoid undulation, N, and the DOV are defined by ththEzravity Model 2008 (Pavlis et al., 2012). The length of
the pole above the glacier surface was subtracted to estilmasurface elevation.

Four additional poles were placed near the west marginhsafihe grid network and visible from QSP-1 (see the four most
western, solid red triangles in Fig. 2). The positions as¢hfeur stations were measured directly from QSP-1 in Julyagyain
in early August 1983. In mid-August 1983, the 77 distancehéxquadrilateral network were remeasured. Eleven polessic
this network were then extended by 3 m and guyed in positiontttstand winds and-3 m of snow accumulation expected
during the 83/84 wet season.

In late August 1984, six of these extended poles were reedvietact. They were evenly distributed easterly along the
network and a new temporary network of 14 additional poles gsiablished around these six poles to allow remeasurement
of distances and vertical angles to calculate updatedipositA total of 55 distances and reciprocal vertical anglese
measured. Between the 1983 and 1984 poles, elevations wearsuned at 46 locations with a precisionio0.396 m (2)
or better relative to QSP-1. EDM distances were reduced thlgiiid and adjusted (Wager et al., 1980; Chadwell, 1999) to
estimate ice surface velocities plotted in the horizontahe in Fig. 2A (and the vertical plane in 4A).

A 2012 reconnaissance found the bedrock benchmarks intheir global coordinates were measured in 2013 using
geodetic-quality, dual-frequency GPS and calculatedguBiASA JPLs GIPSY software (Webb and Zumberge, 1997). Po-
sitions of the survey poles originally referenced to QSPeteatransformed into global coordinates with 10 cm uncetyai
These coordinates were uploaded into a handheld GPS reaed¢he dual-frequency GPS receiver was carried to witkn 1
m of each of the former pole locations. GPS data were collleztehis spot and at four additional spots each about 5 meters
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away along different orthogonal directions. Post-proiceswith GIPSY estimated the ellipsoidal heights with a s&n of
+0.30 m (2). The ellipsoidal surface height at the precise locatiothefformer pole was interpolated from a plane fit to the
five points at and surrounding the site. The orthometrictiteigas calculated using equation 1 with a precisioa-d.36 m
(20).

We checked for biases between the terrestrial and GPS soywaymparing measurements between the two bedrock control
points. The EDM-measured distance was 349.982008 m (2) while the GPS-measured distance was 349482010
m (20). The elevation difference was 3.446).036 m (2) for the EDM/theodolite, and 3.4480.030 m (2) for the GPS
measurements. Thus, there are no significant biases betietmo measurement approaches.

Following the 2013 GPS survey and prior to the 2015 field seasoeview of 1970s field logs uncovered six sites near the
western margin surveyed with terrestrial methods in 198&fQSP-1 and -2. In 2015, the present-day elevations of ¥he si
sites were remeasured with GPS providing surface changesisyy 37 years.

3 Geodetic Results

The elevation decreased at all forty-six sites over the 30g/é-ig. 2B) and at six additional sites over 37 years. Atyhi
sites around the summit the average elevation decreasedD4L3 m (2&). From the summit towards the western margin the
surface lowered with an increasing non-linear rate, with $ites at the western margin now exposed bedrock, with ammai
ice loss of 63.4+ 0.34 m (Z) at one site over 37 years (Fig. 3A). The average rate of thiywaries from -0.15: 0.04 ma'!
(20) at the summit elevation of 5670 masl to -282.06 ma! (20) at 5260 masl in the lower ablation zone (Fig. 3B). For
comparison, Brecher and Thompson (1993) observed theceusfaQori Kalis lowering 2.02 nta from 1983 to 1991 over an
elevation range 0£4950 to 5150 masl.

Limited field time in 2015 allowed only two on-ice sites frof13 to be re-observed. The 1983-2013 average annual surface
change at the two sites was -0Z®.05 ma! (20) while the 2013-2015 rate was -0.660.15 ma ! (20), suggesting thinning
continues unabated through 2015.

While the 1983-84 survey network only covers a portion ofdhea of the QIC, it does provide a vertical profile across the
glacier from the margin to the summit (Fig. 4). Using a varieftice thickness measurements made over the past thirtg yea
the elevation of the bedrock beneath the profile can be éstiall. By combining the surface elevations in 1983-84 with t
bedrock elevations we estimate the unit-volume of ice albwgprofile to be 0.367 0.003 x 16 m? (20). Comparing the
ice surface elevation in 1983-84 to 2013, the unit-volummass lost was -0.078 0.001 x 16 m? (2¢). This is a volumetric
decrease from 1983 to 2013 of -2120.3% ().

A geodetic mass balance estimate (Thibert et al., 2008h&QUC is calculated by applying densities of 440 kgabove
5400 m elevation and 900 kg/elow 5400 m elevation to the unit-volume mass lost equan@s7+ 0.004 x 16 m? w.e.
(20). Dividing by the unit-area 0£-3900 n¥, the distance from the western margin to the flow divide tirhes, gives the
cumulative mass balance as -14:@ m w.e. (&). This implies an average annual mass balance rate fromt®38BL3 of -0.5
+0.1mweal (20).
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4 Continuity Relation

A glacier surface can lower in response to decreased massdaglincreased rate of densification/firnification, inseebice
flux out of the accumulation zone, or decreased ice flux inéoatblation zone. A change in surface elevation at any logatio
with time, %, can be expressed through a vertically-integrated coiyinelation as

S -=-g @
whereb, is surface specific mass balance ratejs the density of the surface material, aﬁ;@ is the ice flux divergence
along the flow line (Whillans, 1977). Here we have assumeddiwensional flow, i.e., no transverse flow and negligibleabas

mass balance.

The annual surface specific mass balance fajecan be calculated as

bs = ay — g + Gy — &, (3

wherea, is snowfall,m, is melt,a,. is refreezing, and is sublimation, all as annual rates. Melt and sublimatiendminant
processes within the ablation zone and a sustained indredssr magnitudes will decrease, lowering the surface elevation.
In the accumulation zone, any melt likely refreezes; theeefthe net value of, remains unchanged, though density)(
increases, effectively lowering the surface elevation.ekrdase in snowfall or increase in sublimation directlydosthe
surface elevation.

Ice flux divergence is the difference between the ice fluxrémdeand exiting laterally through opposite faces of a aiti
column. An increase raises the ice surface, while a decteases it. Lacking direct measurements of the horizontaliomo
of ice all along the vertical faces of the column, a good prigxyeasuring the vertical component of ice motion at theaserf
the emergence velocity. Assuming negligible basal motimajce flux divergence is given as
% (w0 @

wherew; is the vertical component of the ice velocity, is the horizontal component of ice velocity a@é is surface
gradient=tan(«), wherea is the surface slope. Substituting Equation 4 into Equaigives the change in surface elevation
over time through the continuity relation (Paterson, 1984grms of the emergence velocity as

%—32%—1—(%—%%). (5)

The emergence velocity in 1983-84 (Fig. 5) is calculatedhftbe components of ice surface velocities and the locakslop
of the glacier surface at each site shown in Fig. 4A. For thestahree points the uncertainties are larger because theysu
spanned one month in 1983 and values are extrapolated toaalaate, and due to uncertainties in measuring the loopésl|
of the ice surface around the stake/pole sites in 1983. 8¢ sibove 5400 masl, stakes/poles were recovered intac8atl
the emergence velocities are calculated over a full year.
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Figure 5. Emergence velocity calculated from observations in 19881884 and plotted versus elevation (blue, solid line). Hngdr error
bars below~5400 m are due to extrapolating observations spanning ongnm1983 to an annual rate. Emergence velocities are aureeas
of ice flux divergence. Negative velocities move mass dowdwaad out of the accumulation zone while positive velositigove mass into
and upward in the ablation zone. The velocities are balafwa) at the ELA that was-5400 m in 1983-1984. Emergence velocity (red,
dashed line) that would account for the 1983 to 2013 thinsimggests an ELA lowering 675 m, assuming no change in mass balance
rate nor density. Elevations offset by 5 m for clarity. Erbars are (2).

4.1 Application to the 1983-84 Data

Between 1983 and 1984, the specific mass balance was measunied stakes, and along with their emergence velocitigs (F
5) are used in the continuity relation (Equation 5) to cateiany change in surface elevation. At the summit, measireof
the specific mass balance over a 414-day period, followingl&fino, from July 1983 to August 1984 was 0.92.14 m w.e.
(20), which closely agrees with the average specific mass balate of 0.87 m w.e. during El Nino years (Thompson et al.,
1984). At the summit, the displacement by the emergenceitglover the 414 days was -2.600.26 m (2). Using an average
density of 430 kg/m from mid-1970s snow pits (Mercer et al., 1975; Thompson,0)38e continuity relation calculates a
lowering of the summit elevation of -0.5%0.28 m (20) while direct observations of the surface elevations nedatio the
bedrock monument QSP-1 show a lowering of -0.48-h32 m (20). This demonstrates the applicability of the continuity
equation to relate surface elevation, mass balance rateraatjence velocities. Furthermore, the cause of the lagémdm
1983 to 1984 can be attributed directly to reduced mass adletion, presumably due to enhanced ablation followindl®&3
field season.

The continuity relation is next used to estimate a specifissi@lance rate profile under steady-state conditions iB-828
Steady state implies that no surface lowering occurs, wisielquivalent to settin% = 0in Equation 5. Using the measured
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Figure 6. Geodetically-derived specific mass balance rate profile$983-84 steady state conditions (green, solid line) and$83-2013
average rate that accounts for the observed thinning (esthedi line) assuming no change in emergence velocitiessitigs; ELA increase
is ~50 m. Elevations offset by 5 m for clarity. Error bars are’\2

emergence velocities, Equation 5 is solvedifousing densities of 440 and 900 kg¥im the accumulation and ablation zones,
respectively (Fig. 6).

4.2 Application to the 1983-2013 Data

Changes in mass balance, firn density and ice flux are thealfgtall possible explanations for the thinning of QIC betm

5 1983 and 2013. To investigate, the thinning values obsedreaad 1983 to 2013 are introduced into the continuity relatiy
setting%—f equal to the thinning rates shown in Fig. 3B. Assuming thadstestate mass balance rate and emergence velocities
from 1983-84, and densities described above, two of these tire held fixed and the third solved for to account for thieeen
thinning rate. The required emergence velocity is shownign &, the required mass balance rate in Fig. 6, and the redjuir
densities within the accumulation zone in Fig. 7. Theseltesune discussed in the following.

10 5 Discussion

The observed change in surface elevations on QIC is sinaldrdse seen at other glaciers. The non-linear increastagfa
thinning with lower elevations has previously been obsgatanountain valley glaciers in the northern hemispherk&ter and Raymo
1993). While ice margin retreat has been observed at trbfsicdean glaciers (Vuille et al., 2008) and tropical glasigr gen-
eral (Kaser, 1999), there are few repeated measuremenigats elevations and volumes on tropical glaciers. Whidiess
15 have been conducted thinning and volume loss are the dobtieans.

10



The Cryosphere Discuss., doi:10.5194/tc-2016-40, 2016

Manuscript under review for journal The Cryosphere The Cryosphere
Published: 9 March 2016

(© Author(s) 2016. CC-BY 3.0 License.

Discussions

5700 ‘ *
——

— F——H
é 5600 = B
g H——
0 5500 ] B
(o)}
£
c 5400 - B
2
3
@ 5300 B
Ll

5200

| | |
200 400 600 800 1000
Density (kg/m?)

Figure 7. Initial (black, solid line) densities are 440 and 900 k&/im the accumulation and ablation zones, respectively. (ated (red,
dashed line) increase in densities within the accumulatm e to account for observed thinning assuming no changeau-state mass
balance and emergence velocities from 1983-84. Within kitetian zone, ice is already at 900 kg/rand no practical increase in density
can account for the surface lowering. Error bars atg.(2

In Cordillera Blanca of Peru, Hastenrath and Ames (1995¢0desl from 1977 to 1988 that the Yanamarey Glacier, with a
maximum elevation 0of~5100 m, thinned about 3 m/yr in the ablation zone, with a gBodeass balance rate of -1.5 m w.e.
a!. Mark and Seltzer (2005) estimate a geodetic mass balate®fa0.35 m w.e. a' from 1962 to 1999 for glaciers on
the Nevado Queshque which has a maximum elevation5#00 m. In the Cordillera Raura of Peru, Ames and Hastenrath

5 (1996) find a geodetic mass balance rate of -2 m w.&feom 1977 to 1983 on the Santa Rosa Glacier which has a maximum
elevation of~5400 m. Soruco et al. (2009) observed volume decrease of 42%glaciers in the Cordillera Real in Bolivia
from 1963 to 2006 with geodetic mass balance rates rangimg {0.26 to -1.38 m w.e.d. Rabatel et al. (2013) suggest that
generally glaciers in the Andean tropics have mass balates of -0.6 m w.e. @ if the maximum elevation exceeds 5400
m and -1.2 m w.e. @ if the maximum elevation is less than 5400 m. Mass loss at@agh with a maximum elevation of

10 5670 m and with a geodetic mass balance rate of 40061 m w.e a' (2¢) is consistent with that measured at other Andean
glaciers.

Outside the tropical Andes, observations of ice surfaceatiten on Kilimanjaro over two different short intervalsl(and
16 months) in the mid-2000s find a lowering between 0.25 t& & !, respectively (Pepin et al., 2014). Over a 38-year
period from 1962 to 2000 photogrammetric comparison yiattaverage thinning 0.5 m a! of Kilimanjaro’s ice surface

15 Thompson et al. (2002).

We next examine in detail the processes occurring withiratflation and accumulation zones on Quelccaya.
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5.1 Ablation zone

Comparison of mass balance rates under steady state anththoonditions in Fig. 6 suggests that belexs400 masl in the
ablation zone, mass losses of 1 to 2 m w:e. ean account for the observed thinning and margin retreakelyl contributing
factor is increasing air temperature at QIC, on the order.bft® 0.3°C/decade over the past 30-40 years based on Reanal-
ysis trends (e.g., Bradley et al. (2009); Schauwecker ¢2@ll4)) and extrapolating station data trends (Fig. 5 ofl¥eit al.
(2015)). Increased ablation is also supported by an apmate relationship between rate of margin retr%%ﬁ and ablation

as
0L, . Lg
8t =a; E ) (6)

wherea; is the perturbation in ablation rate from steady stateis nominal length of the ablation zon#,, the nominal ice
thickness of the ablation zone (Cuffey and Paterson, 20H® west margin of QIC has retreated approximately 300 m in 30

years givingag; =10 ma'. With L, = 1000 m andH, = 100 m (See Fig. 4) this giveg = 1 ma !, consistent with that
shown in Fig. 6.

Alternatively, the observed thinning (and retreat) of Qlilikd be due to a decrease in ice flux into the ablation zone (See
Fig. 5). The nominal response tim&.) for a change in mass balance rate in the accumulation zoa#etct the margin is
approximately

tr=—, (7)

where H, is the nominal thickness of the glacier in the ablation zone @, is the nominal ablation rate at the margin
(Johannesson et al., 1989). TakiAg = 100 m andi, = 4 ma ! givest, = ~25 years.

As recorded in the 2003 core at the summit, the average amnasd balance rate was 1.18 m w.e! drom 1883 to
1983 (Thompson et al., 2013). Given this~gl times longer than the nominal glacier response time, tggests that the
ice flux into the ablation zone had likely been steady durivggX00 years preceding the onset of rapid margin retreakin th
mid-1980s. The significant mass losses we have documemteel tsie mid-1980s would generally reduce the driving forces
and slow ice flux into the ablation zone (Kruss and HastenfB3; Rabus and Echelmeyer, 1998). This would accentuate
thinning within the ablation zone and margin retreat, argkiserally consistent with reduced emergence velocitish@asn in
Fig. 5 required to account for the thinning. Alternativéhgreased basal sliding through melt-water lubricatiomldancrease
ice flux, though thinning and margin retreat could continumelt and sublimation rates accommodate the increaseftlice
These possibilities can only be resolved by remeasuringiitface velocities at the same locations as in 1983 to deteciges
in ice flux.

Slowing ice velocities influencing surface elevations arassnbalance in general, has been observed. Hastenrath (1987
found a decrease of about half in the surface velocities ®fLéwis Glacier, Mount Kenya between 1978 and 1985 due to
decreased mass balance. Berthier and Vincent (2012) fdwatdriore than two-thirds of increased thinning rate in theelo
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Mer de Glace, French Alps, is caused by&0% decrease in ice velocity from 1978 to 2008. At severaksitistributed
globally, glacier slowing has been observed by repeat algtellite imagery (Heid and Kaab, 2012).

5.2 Accumulation zone

As noted, thinning in the accumulation zone can result frowel surface mass balance, increased firnification ratesased

ice flux from the summit, or a combination thereof. The geinddly-derived, steady-state mass balance rate at the #uform
1983-1984 was 1.040.18 mw.e. a! (20). We postulate that any change in mass balance rate at thaisooturs gradually,
and is not a step change. Assuming ice flux and firn densityrazkanged at the summit, a linear change of only -0.0044 m
w.e. a ! per year acting from 1983 to 2013 could account for the olesbiawering of 4.4H 0.23 m (2). This would reduce
the geodetically-derived annual mass balance rate to 0@%kna ' by 2013.

The surface elevation can also lower due to melting andeeiing accelerating firnification (Bezeau et al., 2013). Asah
in Fig. 7, the average density of each year's new accumulaged only increase from the initial value of 440 kgAm a trend
of 470 to 510 kg/m with lower elevation or higher freezing level to account flee total surface lowering. We next examine
the snow pit and ice core data for changes in accumulatiomansity.

Snow pit sampling has been a key component of Quelccayaobsgiace 1974, allowing evaluation of accumulation thitoug
time. Measurements of depth and density in June or July adlomual accumulation to be expressed as water equivalent,
representing the integration of wet season snow accuronlat typically with an onset in early October — with ablation
processes both during the wet season and until the time gflsamAlthough they do not reflect processes occurringugio
the balance of the dry seasonJune/July to early October), and therefore cannot reptésenannual mass balance, annual
snow pit accumulation values can be directly compared.

Summit snow pit data recorded an average accumulation fatd®+ 0.12 m w.e. a' (20,,can, N=8) from 1976 to 1983
(Thompson et al., 1984). Summit snow pit data from 2007 tdb2@torded an average accumulation of 14210 m w.e.

a ! (20mean, N=9), results updated from Hurley et al. (2015). This is)adir change 0£0.0027+0.0026 m w.e. a ! per year
(20) over 30 years and amounts to -2:/5.3 m (2) of elevation change at the summit. From 1983 to 2002, th& &core
recorded an average mass balance £10620 m w.e. @' (20,,cqn, N=20) with a linear trend 0£0.0054+0.0083 mw.e. a!
per year (&) (Thompson et al., 2013). Extrapolating this linear rat@@oyears amounts to -5 15.8 m (2) of elevation
change at the summit.

Snow pits at the summit from 1974 and 1976-1978 had an aveieaugity of 430+46 kg/m? (20,,cqn, N=4) (Mercer et al.,
1975; Thompson, 1980), while the average snow pit densitieasummit from six years between 2008 and 2015 was 441
+22 kg/m? (20,1can, N=6), updated from Hurley et al. (2015). While this is notatistically significant change, comparison of
density profiles of the upper 0-25 m of the 1983 and 2003 icescfrhompson et al., 1985, 2013) also suggests an increase in
the firnification rate. Assuming a linear increase in denfsdyn 430 to 441 kg/mwould amount to summit elevation change
of-0.9+ 4.4 m (&) over 30 years.

The geodetically-derived annual mass balance rate of £0#8 m w.e. a! (20) — representing only one year — is not
significantly different than values derived from snow pitsldhe 2003 ice core. Both pit and core data show decreasiegrli
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trends that amount to 2# 5.3 m () and 5.5+ 15.8 m (&) of summit elevation lowering, respectively. Adding th® &

4.4 m (&) lowering due to density increase, gives a total summitatlem lowering of 3.6+ 7 m (2r) and 6.4 m+ 16 m
(20), from the pit and core records, respectively. While thesgmitudes are comparable to the observed summit lowering of
4.41+ 0.23 m (&), the glaciological measurements’ resolution and highrelegf interannual variability do not yet allow a
statistically meaningful determination of the extent taethdecreased mass balance and/or increased densitybedato the
observed lowering.

Finally, increased ice flux out of the accumulation zone d@lgo lower the ice surface elevation (See Fig. 5). For eXamp
under steady-state conditions for mass balance rate arsityJéhe emergence velocity at the summit would have toehese
from —2.30 to—2.45 m a' to account for the observed thinning. As noted, the significaass loss in the ablation zone
would generally reduce the driving forces and slow ice flowl aecause this has been underway since the mid-1980s - a
span comparable to the glacier response time - the QIC mayddjusted (slowed) the ice flow rates to balance the masses.
However, predicting changes in ice flow rate is complicated an interplay between flow being proportional to the fifth
power of ice thickness, which has decreased, and flow priopaitto the third power of slope, which has increased (Nye,
1952). Additionally, an alternative mechanism could beéased basal sliding through melt-water lubrication (&gle et al.
(2008)). Again, these possibilities can only be resolveddmgeasuring the surface velocities at the same locatioims183
to detect changes in ice flux.

6 Conclusions

The summit elevation of QIC has lowered by 441.23 m (2) over thirty years or an average of -0.450.04 ma ! (20).

The surface elevation decreased at an increasing ratedswlae western margin, with a maximum ice loss of 68.9.34

m (20), accompanying retreat of the western margir8800 m. The geodetic data span 30 years, which approximates th
nominal response time of Quelccaya, and likely capturdsiitgterm response rather than just interannual varighilisnow
accumulation and melting. The unit-volume of ice lost alangrofile from the margin to the summit from 1983 to 2013 was
20.4+ 0.3% (&). The cumulative mass balance along this profile was -1426m w.e. (2r) implying an average annual mass
balance rate of -0.5 0.1 m w.e. (&) for the QIC.

Within the ablation zone, surface lowering is caused by alination of melt, sublimation and ice flux rate leading to an
effective ablation rate of 1-2 m w.e~& Within the accumulation zone, annual snow accumulaticonaed in summit pits
likely decreased, and bulk density likely increased, dbatmg to the observed surface lowering, however, thesefations
are not yet statistically significant. Increasing air tenapere is probably responsible, accelerating melt andraalion in the
ablation zone, and firnification and percolation of meltwatehe accumulation zone during the period of this studgcize
resolution of cause(s) will require continued annual gllxgical measurements. The role of changes in ice flux resnain
unconstrained until ice flux divergence (emergence vefbcidn be remeasured across the Quelccaya Ice Cap.
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