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This research program aims to quantify the mass change rate of
Canada’s Arctic ice caps, determine the underlying causes and
mechanisms of change, and evaluate the significance of these changes
for global sea level. The program relies on remote sensing to achieve
these goals, but fieldwork is essential to validate remote sensing
measurements and understand the mechanisms of change. Fieldwork on
the Devon Island Ice Cap has two major components: (i) calibration and
validation of the radar altimeter on the CryoSat2 satellte (a
collaboration with David Burgess of the Geological Survey of Canada), a
new tool for monitoring changes in the thickness, volume, and mass of
Arctic ice caps, and (i) a study of ice dynamics, hydrology, and iceberg
calving at the Belcher Clacier that is designed to explore how tidewater
outlet glaciers respond to climate change and contribute to overall mass
loss from Arctic ice caps.

Recent Progress

Changes in the mass balance of Canada’s Arctic ice caps in the 21st
century are unprecedented in the 54-year period of observations. Year-
to-year changes in the mass balance of these glaciers are mainly due to
changes in summer climate and surface melting. The decade of the
2000s had the warmest summer temperatures in the last 60 years, and
2005-2009 was the warmest 5-year period. Across the Queen Elizabeth
Islands, measured mass loss rates after 2005 were up to 3.8 times
higher than the ~50 year average. Modeling of the regional surface mass
balance and estimates of mass change rates based on satellite laser
altimetry and gravity measurements show that from 2007-2009, melting
of ice caps in the Canadian Arctic was probably the single largest




regional mass contributor to global sea level rise after the Greenland
and Antarctic ice sheets. Our annual surveys of the Devon Ice Cap show
that there has been a huge change since 2005 in how quickly snow is
turned into glacier ice. Every year now, even at the highest elevations on
the ice cap where, until the 2000s, surface melt occurred only once or
twice a decade, surface meltwater is penetrating deeply into snow and
firn near the glacier surface and refreezing to form ice. The last time
this happened was around 4200 years ago.

2012 Field Season:

(i) CryoSat calibration-validation. Changes in the amount of ice
within snow and firn change how energy transmitted by the CryoSat2
radar altimeter is reflected from the ice cap. With more ice present,
more energy is reflected from within the snow and firn relative to the
amount reflected from the ice cap surface. This may reduce the
accuracy of the surface height measurements made by the altimeter. To
see if this is the case, we have made measurements of surface height
and height change along the “CryoSat line” with GPS every year since
2004. We use ground-penetrating radar (GPR) and shallow ice cores to
document the amount of ice in the snow and firn. These data allow us
to check the accuracy of the surface height and height change
measurements made by the satellite altimeter and assess how it is
affected by changes in snow and firn properties across the ice cap and
over time.

2012: GPS and GPR surveys were conducted along the 47 km long
CryoSat line. We also conducted GPR surveys of four 100 m by 200 m
grids and collected shallow ice cores along the CryoSat line to produce
detailed three-dimensional maps of the structure of the upper 10 m of
the ice cap. We retrieved ten 16 m deep cores [5 along the CryoSat line
between ~1800 m.a.s.. and 1400 m.as.ll, logged the distribution of ice
layers and firn in each core using infrared photography and measured
density profiles for each core. Comparison with results from the same
locations in previous years allows us to document changes in the
structure of the firn layer that have resulted from recent summer
warming, and show how more rapid conversion of snow to ice is
resulting in lowering of the ice cap surface. This is important because
these changes in surface elevation do not indicate loss of mass from the
ice cap. To test whether increased refreezing of meltwater within the firn
has warmed the firn by release of latent heat, we also measured




temperature profiles in 15m deep boreholes at several locations in the
ice cap summit region, where temperatures had been measured in 1970
and 2004. These measurements show the firn has warmed by about
5.7°C since 1970, and 3.8°C since 2004, while the air temperature has
increased by 1.8°C since 1970 and 1°C since 2004. Thus, between two
thirds and three quarters of the firn warming is due to latent heat
release from meltwater refreezing in the firn.

(ii) Belcher Glacier: We made a repeat GPS survey along a
longitudinal profile that has been measured each year since 2007, to
determine annual changes in the glacier’'s thickness and surface
elevation. We maintained a series of continuously recording GPS sensors
that measure the glacier’s velocity throughout the year. Batteries were
replaced, data from 2011/2012 were collected, and the GPS sensors
were set up to record for another year. GPS sensors that were no longer
functioning were removed and will be replaced in 2013. Several time-
lapse cameras were installed along a system of interconnected
supraglacial lakes and streams to document the processes involved in
lake drainage events that appear to deliver water to the glacier bed and
affect the rate of glacier flow. We also serviced and retrieved data from
a weather station that provides us with information about when, and how
rapidly, melting occurs on the glacier surface in summer.

Five high-resolution time-lapse cameras were installed to observe iceberg
calving from the glacier. Ground control points [latitude, longitude, and
elevation of identifiable features] were measured to facilitate analysis of
these photographs. Two-component geophones, an audio recording
system, and two sets of accelerometers were also installed in the
terminus region. The data collected from these instruments will help us
identify and characterize iceberg calving events and, when interpreted in
conjunction with the velocity data obtained from the GPS sensors, will
help us investigate the relationship between glacier velocity and iceberg
calving.



NRI-d®.0€ QSGJCLS/DBN Dobbse (0AAn 2012)
SbB>ANP2a >N C  ANYL 02 010 12R-M

SboAC* Lo L APPr®<Lcda*lo CEoOPNI /TS Sbrlo, 0a 2T

LNe K< pacnibde JcadsNes ShBANNLPE, AQESCIDC
P EIPNSAYL o

oadcP®IC 2012-T:  AC A/, >4 Codhe, PAn<c L, bee
1N, AD® PJSAD (A>CD< P CIPRSAR<I* L)

D HAS oa . i/Lonc BCH e 18 A>5 - 14 LA, 2012.
@GTHD>ANPCDYT DPPaAL®DJC Do Mg < APne<cc<do*lLoC
SbooNP>  AbcNSL*LC  baCP< DPD®C®I* o  PTAOAS  Sb Mo,
>PIGAQASLC Ao N ab X< <o Mo, <L SboNr CLbd<
AR C P SNAlr 0a A Lol Jo € SIERCHLNa®
DPIG>NDH®AC  ACD®bACLYT  oal AKNo® AL LC  <AbLbde
CdyeD DO<OANC  APHLC do AP <cc<lo*Lot D*IGD>NC. ()
DPICHN AcaGPN acPNede BvIGHC> 5N >%Do™ M CryoSat2-
SIERCDALIT (AcndnD>Is Coa NAN >M € ba Cl DLYGeg<seNbd® o),
oC%  Coa  hasdN  dPne<ccdo*Megb  DPIGPN  ANo*Lo®,
<PLNPo*Lo®, PPy egloo  JTAHS CoPNDS SbrLo, <o (i)
So>ANALE NP ASedP Lo, ZdPL~C AL*o<5eC>< Ha,
ADbOYAY <L <o™lLo CLA®g™® JcC LceAd AP <o*Lo
D>oIGHC> Ha T <.

Lea A cdonyb<c:

AP QLC baC> DPDOCDI Lo TAOAC CAALMooC DPDo
100-a Ao/ Ne CLOLo 54-c DPP>YJGCH®Ia Sb>ANCHNoN.
QSGJCLE  SboACHLcSbeCSa™NC  Jcl®  LcbANe  <APbLbde  shpe
A>SHECSLC.  DPDUGC®Do  Sdco CLOLo 2000  APsN<J
Dsody)ae<Jc DLE 60-0 DPD>o, <L 2005-2009 DSedyJose<c o
CcLo DPP>o. SbDNYADCLI dA sPpPseCsdN*Meg, DPIGCDILc®DC
ASbobse<cda™NC 2005-T 3.8- SdN*ocSbc >SLE CLOLo 50-o DP>o.
DeIGHRC>o L <PNPT*LC AM<bd*L  Abo NP> ®NHNC IPb<<INC
SPSRCDALLIE  CNDYLC  ANo™c>  DPPIG®C>ILSLC  2007-2009,
A>T N STAOAS ba CP< DPPP®CH®I g ACDISe o<y Ha
APA*Q ST DI 0a SN PWLAC DcCCSo™ Mot PYUT*Lo Ao
bi>C  0a*LC  b*o I TIo*WoC <L o0aSd<  AColbe




P T<AOMoC <SGJCLE DPIGHCDheCse g CAL®a CeoHPND>< PSr<od
QA b QPR LC CAL*LoC 2005-TC DeIGeC>/LYL.C SboNr
AbNPMe I>N Sb*La % S gL e <SGJCLS, Sb*Lo b,
2000- <IDP<c DPLLC ALLSh DPDC SdeC alL*LC <DGSe<aNs, | *aq
>N ShrLo APeb*LE Ao dSbeCSLE CAL /STo<dsoo. Pyl
CALACDSeZLESe 4200 DPD>Jc P>SeDo.

2012-T oa is/LN“>rE:

(i) CryoSat-d€ BtIGBCPC-AoGCPV . /TP <a™C >N
sbrLo DYIGRCDc DSLC SE8RCD>ALLLIS CryoSat2 a.c >N*LJS >®Do*L
SbrLo. PHKo*L  DPIGRCPNeQSLE SdioC  JAL*LES  LoGrL
>bYbLHCSa™lL.  AcLOLLME CdYd®CD>CHao  DPIGHC> >t
>bYg L 0C APPRPCDNC PTIHS ShrLo DPIGPNT® AcDbAND> o
DPcIre  CAYDI®  “CryoSat  line” <D%ANe  GPS-o®  2004-T.
ANc*Lo o acPNo® D% Ne PPIGBNSH®IC CPao Sbo®o SNl /5T
SooNM  <JASBCCSL*LE  PHeo*Lo.  Clbd<d  DPIGP>NC DSbeCseC D
ALl LMoo 4 PAdc bb®aAPC >e)gLo A< <do*Lo
SIERC>ILbdC D>bIGeC>YAGC CA-L*Loo bNseAeC>asbIC
ARESLAUC DPYLD>a s N > <,

2012-T: GPS-d¢ <‘L> GPR-d€ CL%a ¢SMedC 47 PEIMe CPashsedse Ca
CryoSat line. D*DGSbCCc P>ST<C  GPR-d¢ 100-200-ID PoPCI  A<o
bN®AA“HNe  Jdo <I>Noo> CLMLE  SIERCDILS  DPOIGCYLNT
0 %J<bde  CdPND>c CC®IMe  Na oHNé CLOL oab< GsPeAsell o*Lo
0> P>®IC 10-IDM ANoSb®IM* Sdé_g. Acb>ncoNd 16-1Jre
ANgSb™®Ire /dre [5-a® CryoSat line-I'c <d*o<o¢ ~1800 m.as.l <Lo
1400 m.asl], NNGHCRKHNe  >UIg™NC o[ P N> ¢STC ACo
CeI®PNIC DD ANC ADMC Do ITC ALDIC AL oxLs
RN GJP>®Io CLYULNATQ® DPIGHCHINGC Ffelo*La® <5Go
ADLD> DRI PedlReSa Lot CL®a ALLADYLE D>®IG®eC>NShsLE
Sbrlo  PHRKIo*L BN, SboNP sdd<ccda™lL  <I>LPdC
AD>YILSHEC®IC  ShrLo SPTPYDEONe AP do™Ms  SboNr
Dod/sbcCSL*LC <Ly AJCSOD> oo 15-MDOM ANoc*o® <N Oo
ClLo sb*Lo, Y ®o<eC>/LcSeD 1970-a¢ DPD>Se 2004-1C. >PIG>NbJC
QDA A®RCDALC®I% Piodit]o*NC 5.7°C 1970-0-, <L 3.8°C-1¢ 2004-T.
CAL*a C&LSb 2/3-T¢ DS 3/4-1C  DSSHEZGELC PT<b
SbrLo A><c<osb®D%® CAL*LoC DA*PdE dDb<c<<0¢ dAD>“ o
CL%a..

(ii) A/ /SF<dodo: >Nebeg-c_>GEC GPS-d¢ CL%a
DeIGHCPOh g Ao DP<I®I CAL*a. <IGJCLE  DPDGSeCP>ShCCseDse




2007-ToC, Sbbpald Nt SboNM <SGJCLE dPneCSo™lLob  PST<I5<
ANc>L  LoG Lo, CAL®LE  DeIGseCP>Neqsedc €L  AchDYLYoC
T ACD®CeI“ONe GPS-d¢ CP>o*L dv< o™t PT<OAC <DAM
PRSP CD> N DISheCe A Ne QSGQJCLe. GPS Ac ¢ Ao/ LSC
A *PeC>a %I >NPCC 2013-T. ArAcCpse LAcP>PNC
AcDSb®C>c DTN PIAJcAbdo  ClSo PSTD< Sb*Lo duéoo adS
db<cc<Io ™M NNGPCPo<ISLC CLbdd TS AD<IJS dsbeCsede L5
Yo <PNa® AcPSeb®C>/LYab bNseAAN®I®ANG shbxl, <Ll 5 SboNP,
A>v<ecdoLa® PPIGHCHNe 5N IP>LdC,

CecLo® Cd*\D>CNP D 'ncPPNa® AcPSbAc >®IC Cda<IsMLC
ASbobab  bCh<c<d<a® /STTC  oalt D> CPASh® NG [Loa *JINJC
al P<d*PC  aSNPNYegd ADsANe,  >Dg*Pc5,  SboA*c o]
DeIGHCPCH5Ne PRYLrlo.  LSProbCPs o AcDPNo®  Acdc >SS
Ac *a®dS TACPAHCSo<eda®, LPr*o A*GorLo® DPIS>No®
Ac/HNe <*Lo. o AcbD/ Jo¢€ b>rd*a "o <dGcC ‘boNr
Adc AT bSL*LC  ASboOYASHECSa™NC, AccPNoONS Abco>Lo GPS-d<
Cdore, So>ACP>oSLC SboNP AP\ Sashse A Ne SboNN
ASbOYALGEL+|LC.



