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ABSTRACT. Glacier mass-balance models that employ the degree-day method of melt modeling are
most commonly driven by surface air temperatures that have been downscaled over the area of interest,
using digital elevation models and assuming a constant free air lapse rate that is often taken to be the
moist adiabatic lapse rate (MALR: —6.5°Ckm™). Air-temperature lapse rates measured over melting
glacier surface are, however, consistently less steep than free air values and have been shown to vary
systematically with lower-tropospheric temperatures. In this study, the implications of including a
variable near-surface lapse rate in a 26 year (1980-2006) degree-day model simulation of the surface
mass balance of Devon Ice Cap, Nunavut, Canada, are examined and compared with estimates derived
from surface air temperatures downscaled using a constant near-surface lapse rate equal to the
measured summer mean (-4.9°Ckm™) and the MALR. Our results show that degree-day models are
highly sensitive to the choice of lapse rate. When compared with 23 years of surface mass-balance
measurements from the northwest sector of the ice cap, model estimates are significantly better when
surface air temperatures are downscaled using a modeled daily lapse rate rather than a constant lapse

equal to either the summer mean or the MALR.

INTRODUCTION

The magnitude of glacier ablation depends on the energy
balance at the glacier surface. For remote glacier locations,
the large amounts of data required to determine this balance
are often unavailable. For this reason, degree-day models
(DDMs) based on the strong observed relationship between
glacier melt and near-surface air temperatures are often used
to estimate surface melt. Most studies that employ DDMs
must downscale or interpolate climate model output and/or
station observations to the area of interest. For spatially
distributed models, temperature fields must be generated to
reflect local conditions, which often include complex
topography. This is most commonly done through the use
of digital elevation models and a constant free air lapse rate
(change in temperature with elevation) that is often assumed
to be the moist adiabatic lapse rate (6-7°Ckm™). The
problem with this approach is that temperature lapse rates
measured over melting glacier surfaces have been found to
be systematically less steep than the free air values (Greuell
and Bohm, 1998; Braun and Hock, 2004; Hanna and others,
2005; Marshall and others, 2007). These deviations are
mainly the result of temperatures over melting surfaces
being fixed at 0°C, while free atmospheric temperatures
generally increase with decreasing elevation. This can
generate strong temperature gradients between the surface
and overlying atmosphere that increase with decreasing
elevation when air temperature is above 0°C. The strong
temperature gradients drive a sensible heat flux that cools
the near-surface atmosphere at lower elevations and effect-
ively reduces the magnitude of the near-surface temperature
lapse rates (Greuell and B6hm, 1998).

Recent investigations into near-surface temperature lapse
rates in the Canadian High Arctic show that lapse rates vary
on both seasonal and daily timescales (Marshall and others,
2007). Gardner and others (unpublished results) found that
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during the summer months (JJA) lapse rates vary system-
atically with daily mean air temperatures in the lower (i.e.
750 mbar) troposphere. They concluded that much of the
observed covariability was due to an increase in the climate
sensitivity of screen-level temperatures with increasing
elevation (cf. Denby and others, 2002), where ‘climate
sensitivity’ is defined as the change in near-surface tempera-
ture relative to a change in the free atmospheric temperature.

In this study, we examine the implications of including
variable near-surface lapse rates (VLR) in DDM simulations
of the surface mass balance of Devon Ice Cap, Nunavut,
Canada. Surface mass-balance estimates are determined for
the years 1980-2006 and are evaluated against 23 years
(1980-2003) of surface mass-balance measurements from
the northwest sector of the ice cap (Koerner, 1970). These
results are also compared with estimates derived using the
assumption that model temperatures can be downscaled
using a constant near-surface lapse rate equal to either the
measured summer (JJA) mean lapse rate (GLR) or the moist
adiabatic lapse rate (MALR).

SITE AND DATA DESCRIPTION

Devon Ice Cap is a large (14000km?; Dowdeswell and
others, 2004) dome-shaped ice mass covering much of the
eastern part of Devon Island, Nunavut (Fig. 1). From 1961 to
the present, the Geological Survey of Canada (GSC) has
made physical measurements of the net surface mass
balance b, along a 40km long stake network following a
path from the glacier summit (1880 ma.s.l.) to the terminus
of the Sverdrup outlet glacier in the northwest sector of the
ice cap (Fig 1; Koerner, 2005). Previous estimates of surface
mass balance (mmw.e.a™") for the main ice cap (excluding
the southwest arm) vary greatly between study periods:
—76£50 (1961-66 (Koerner, 1970)), =30 £ 60 (1963-2000
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Fig. 1. Devon Ice Cap shown with region boundaries and transects along which field measurements have been taken.

(Mair and others, 2005)) and +28 70 (1996 (Shepherd and
others, 2007)).

Continuous meteorological measurements have been
made on the ice cap since 1997, with as many as 7
automatic weather stations and 13 temperature sensors
operating along 2 transects in 2004 (Fig. 1). Near-surface
temperature lapse rates derived from these transects show
strong linear relationships (r = 0.72) with summit elevation
temperatures (Fig. 2).

MASS-BALANCE MODEL
Glacier melt

The Degree-Day glacier Mass Balance model (DDM) deter-
mines the daily quantity of melt m; (mmw.e.) as a function of
the mean daily air temperature T; (°C) using a factor of
proportionality referred to as the degree-day factor DDF
(mmd"°C):

mt:DDFTt
mt:0

T, >0°C
T; < 0°C.

Owing to differences in the surface energy-balance char-
acteristics of snow and ice (including albedo, shortwave
penetration, thermal conductivity and surface roughness),
separate values are used for snow (DDF;) and ice (DDF;).
Reported factors vary greatly from study to study, depending
on local variations in the surface energy balance (albedo,
incoming solar radiation, surface roughness, wind speed and
air temperature), how melt was determined (measured or
modeled), the time period over which the study was
conducted, and how air temperatures were determined
(daily or hourly mean). Hock (2003) provides a comprehen-
sive review of the temperature-index melt-modeling method.
For this study we adopt the values DDF; = 3.3mmd™' °C
and DDF; = 8.2mmd™"' °C, which are the mean values
determined by Braithwaite (1995) at two locations (880
and 790ma.s.l.) on the Greenland ice sheet. Braithwaite
(1995) obtained these values through the use of an energy-
balance model over a 6year period and they agree well

https://doi.org/10.3189/172756409787769663 Published online by Cambridge University Press

with factors determined from stake measurements made
at the same locations. These are the same factors used
by Shepherd and others (2007) to model melt over Devon
Ice Cap for 1996, and compare with DDF; =4 and
DDF; = 6-14mmd™' °C used by Mair and others (2005) to
model melt over the ice cap for the years 1963-2000.

Surface air temperature and downscaling

Daily mean surface air temperatures were downscaled to the
entire ice cap from summit elevation temperatures using
both modeled mean daily and assumed constant lapse rates
and a 30" x 30” digital elevation model (DEM; Canada3D:
available from Natural Resources Canada). Daily mean 2 m
air temperatures from the North American Regional
Reanalysis (NARR; Mesinger and others, 2006) were
extracted for the model gridcell centered on the summit of
the ice cap and were corrected for a mean summer (JJA)
temperature offset of +4°C relative to 8 years (1997-2004) of
air-temperature measurements from an on-glacier weather
station located near the summit of the ice cap. The 4°C offset
in the NARR air temperature is partly due to the coarse
resolution of the NARR model topography, which models
the maximum elevation of Devon Ice Cap at an elevation
400 m lower than the true summit elevation. After adjusting
for the mean difference, measured and modeled summer
daily mean summit air temperatures show good agreement

-20 -15 -10 -5 0 5
1880 m temperature (°C)

Fig. 2. 1998-2004 average daily summer (JJA) lapse rates § for the
northwest transects plotted against respective mean daily summit
air temperatures.
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Fig. 3. NARR bias-adjusted summer (JJA) daily summit air
temperatures (7) plotted against measured summit temperatures
(1880m). The two solid lines show the linear regression relation-
ship between NARR and measured summit temperatures before
(grey: r =0.86) and after (black: r = 0.85) the temperatures have
been adjusted for overly warm temperatures on relatively cool days
and overly cool temperatures on relatively warm days.

(r=0.86) except for systematic underestimations of max-
imum and overestimation of minimum summer summit
temperatures. To correct for this bias, we add or subtract
corrections drawn randomly from a normal distribution with
a range of 0-2°C to all NARR summer temperatures above
- 4.5°C and below -7.5°C, respectively (Fig. 3). Surface air
temperatures were generated for both ablation season days
and non-ablation season days in order to determine mean
annual and winter temperatures needed for the calculation
of maximum meltwater refreeze amounts, which are
discussed below.

To investigate the impact on mass balance of using
different near-surface temperature lapse rates 3 to down-
scale air temperatures, three separate surface air-tempera-
ture fields were generated. The first was generated using a
near-surface lapse rate equal to the moist adiabatic lapse
rate (Byar = —6.5°Ckm™), the second using mean meas-
ured lapse rates (Bynugr = —4.9°Ckm™") for all days during
the ablation season (15 May-15 September) and all winter
days (16 September-14 May: By, = —3.3°Ckm™), and
the third using a modeled variable daily lapse rate
Bvir(°Ckm™) during the ablation season and Bumir, N
winter. fByig was estimated using the lapse-rate equation
developed from over 10 years of screen-level air-temperature
measurements made over Devon Ice Cap (Gardner and
others, unpublished results):

Byir = 0.2T750 — 4.9,

where T7s50 is the 3 day running mean of the daily anomaly
(summer mean removed) in NARR 750 mbar temperature.
T750 was derived from a six-gridcell domain (64 x 86 km)
centered over the ice cap. To illustrate the range in
variability of Byig, mean daily summit temperatures are
plotted with By for the highest (1986: Fig. 4a) and lowest
(2001; Fig. 4b) measured mass-balance years in the study
period. On 26 July 2001, when temperatures peaked at 5°C,
Buir = —=3°Ckm™". On this day, downscaling summit
temperatures with (Gyig results in sea-level temperatures
that are 4°C and 7°C cooler than temperatures downscaled
using Buwir and Buar, respectively. This represents
~30-55 mmw.e. less ice melt for this day.

The three model runs forced with mean daily air-
temperature fields downscaled using Bvir, Bumr and
Buar are referred to throughout this paper as the VLR,
MMLR and MALR runs, respectively.
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Fig. 4. NARR summit elevation temperatures plotted with variable
modeled daily lapse rates Byir for representatively (a) cold and
(b) warm years. Modeled lapse rates are less steep when tempera-
tures are anomalously warm, and steeper when temperatures are
anomalously cold.

Precipitation

Daily precipitation was derived from the NARR and
corrected for a mean over-precipitation bias of
100mmw.e.a”!, which was determined from the com-
parison of NARR mean annual precipitation at the summit
with the net mass balance measured at the same location for
the years 1979-2003 (personal communication from
R.M. Koerner). Taking point values at the center of the
NARR gridcells, the bias-adjusted coarse-resolution
(3 x32km), NARR daily precipitation fields were linearly
interpolated based on horizontal distance to match the
resolution of the DEM (~200 x 1000 m). The phase of the
daily precipitation Py (mmw.e.) was determined at each
gridcell based on the estimated mean daily gridcell air
temperature T;:

P =snow T;<0°C

Py = rain T, > 0°C.

Here we have chosen the critical surface temperature for
phase change as 0°C (Bassford and others, 2006). Other
studies use values as high as 2°C (Oerlemans, 1991). Using a
critical value of 2°C would increase net mass-balance
estimates of Devon Ice Cap on average by 40+ 14 mm w.e.
relative to the value used here. At the summit of the ice cap,
the standard error of the interpolated precipitation was

determined as 40mmw.e.a™".

Refreezing of meltwater

All liquid water (melt or rain) generated within any gridcell
in a given year is assumed to refreeze in that gridcell until
the volume of refrozen water F = F.,, Where Fn.y is the
maximum amount of refreeze that can occur in that cell.
Once the liquid water exceeds Fm,y, all additional rain or
melt generated in that year is assumed to leave the glacier as
runoff. We use the term ‘refreeze’ to refer to the total amount
of meltwater and rain that refreezes on the glacier during a
given mass-balance year and can re-melt later in that year
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Fig. 5. Mean annual snow (a), rain (b), meltwater refreeze (c) and melt (d) for Devon Ice Cap averaged over the years 1980-2006. Values

determined from the VLR model run (see text for details).

and run off; the term ‘internal accumulation’ refers to the
amount of water that refreezes, does not run off, and remains
on the glacier into the following mass-balance year. There is
no communication between gridcells, so meltwater only
affects refreeze and internal accumulation quantities of the
cell in which that meltwater is generated.

Fmax was determined at each gridcell using the method
proposed by Wright and others (2007). This method deter-
mines Fmax based on a simplified estimate of the total
amount of energy required to change the temperature profile
of the upper 10-15m of the glacier from an end-of-winter
temperature profile to a post-refreezing profile:

¢ d M= =
Fmax :2I_Lfl[<1 _E)Ta_ Tw:|/

where ¢ is the specific heat capacity of ice at 0°C
(2097 ) kg™ °C™), d; is the maximum depth to which the
annual temperature cycle penetrates, L; is the latent heat of
fusion for water (333.5kJ kg*1), T, is the mean annual air
temperature and T,, is the mean winter temperature (here
taken as the mean temperature outside of the ablation
season). On Devon Ice Cap the annual temperature cycle
penetrates to ~10-15 m depth. Using this value for d} results
in Fnax values which are much too large (>1000 mm w.e.).
We instead set d, = 1 m, which gives mean Fn.x values at
the summit of the ice cap that are ~60% (130 mm) of the
annual snowfall, the value often used for the upper threshold
for meltwater refreezing on the Greenland ice sheet (Reeh,
1991), and is supported by field measurements made near
the equilibrium-line altitude of the Greenland ice sheet
(Braithwaite and others, 1994).
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RESULTS
Mass-balance components

Average (1980-2006) annual snowfall, rainfall, refreeze and
melt generated from the VLR model run are shown in
Figure 5. Similar spatial patterns in the four mass-balance
components are seen in all three model runs, but
magnitudes vary as all components are dependent on
the surface air temperature. Averaged over the entire
ice cap (including the southwest arm) for the period
of study, mean annual snowfall (156 + 11 mmw.e.a™"),
rainfall (43 +10mmw.e.a™') and meltwater refreeze
(90+7mmw.e.a”') vary little between model runs, with
slightly lower 20mmw.e.a™') snowfall and slightly higher
(20 mmw.e. a™") rainfall amounts for the MALR run due to a
higher frequency of above-zero temperatures in that run.
There are, however, large differences in melt quantities,
with mean annual estimates of 7304250, 9604+ 350 and
1840+ 440mmw.e.a”' for the VLR, MMLR and MALR
model runs, respectively. Because the model runs differ
greatly in both the melt amounts and the altitudes at which
melt occurs, the three model runs produce very different
internal accumulation distributions (Fig. 6) and thicknesses
(8, 12 and 3mmw.e.a™" for the VLR, MMLR and MALR
model runs, respectively).

Comparison with measurements (northwest sector)

Modeled point-location net mass-balance (b,) estimates
were extracted from the model output along the GSC’s
northwest transect and compared with their respective
stake measurements at 100 m elevation intervals from 150
to 1750 ma.s.l. for the period of available data (1980-2003;
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Fig. 6. Annual mean internal accumulation formation estimated
from the (a) VLR, (b) MMLR and (c) MALR model runs.

personal communication from R.M. Koerner) (Fig. 7). All
model estimates are similar and agree well with the stake
measurements at elevations above 1450 m, but they diverge
with decreasing elevation as estimated melt quantities
increase. At 150 m, all model runs significantly overestimate
melt quantities relative to measurements by as much as
2800 mm for the MALR run. Overall, the VLR and MMLR
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Fig. 7. Average (1980-2001) annual point-location net mass-
balance (b,) model estimates extracted at 100m intervals along
the northwest transect shown with respective mass-balance stake
network measurements.
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Fig. 8. Modeled cumulative surface mass balance B, for the
northwest sector of Devon Ice Cap plotted with estimates derived
from measurements.

model runs significantly outperform the MALR model run,
with 23 year mean + standard errors averaged across all
elevations of +25+260 and -140+340mmw.e.a”', re-
spectively, compared with -880+920mmw.e.a™' for the
MALR. Using the sector boundaries outlined by Koerner
(1970), cumulative annual net mass balances B, for the
three model runs were estimated for the northwest sector of
the ice cap and are shown together with an estimate derived
from stake measurements in Figure 8. B, estimates vary
greatly between model runs with mean =+ standard errors
of 94120, -113+£150, =577 £223 mmw.e.a”' for the
VLR, MMLR and MALR runs relative to measured values.
The VLR model run produces B, that are close to measured
values, with a 1980-2003 cumulative difference of only
0.2mw.e.

Net mass balance of Devon Ice Cap

Annual B, values were calculated for the main portion of the
ice cap (southwest arm excluded: 12 100 km? (Dowdeswell
and others, 2004)) and are shown in Figure 9. The MALR
model run produces mass-balance values that are, on
average, 4 times more negative than values determined
from the VLR model run and ~2.5 times more negative than
values determined from the MMLR run. During more
positive mass-balance years (e.g. 1986 and 2004) there is
good agreement between the VLR and MMLR model runs,
but the differences are larger during more negative years
(e.g. 2001 and 2006). This is because the total annual
positive degree-days (PDDs) for the two runs are most
similar when lower-tropospheric temperatures are season-
ally low, and most different when temperatures are sea-
sonally warm (i.e. during high melt years). For the whole ice
cap (southwest arm included), B, values are 24-41% more
negative than for the main ice cap because the entire
southwest arm lies below 900 m and often lies completely
within the ablation zone (Fig. 10).

Using perturbed historical accumulation measurements
and a constant lapse rate of —4.6°Ckm™" (mean 2001 lapse-
rate measure over Devon Ice Cap) to extrapolate sea-level
temperature data from the International Arctic Buoy Program
over different sectors of the ice cap, Shepherd and others
(2007) estimated the 1996 net mass balance for the main ice
cap to be 28 mmw.e. This value is 42, 140 and 730 mm w.e.
larger than 1996 estimates computed using the VLR, MMLR
and MALR, respectively. We attribute most of the difference
between the VLR model run and this estimate to the slightly
higher (12 mmw.e.) snowfall estimate used by Shepherd and
others (2007), which results in both greater net accumu-
lation at higher elevations and less melt at lower elevations,
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Fig. 9. Net mass balance B, for the main Devon Ice Cap (southwest
arm excluded) for all three model runs.

since snow has a lower DDF than ice. The differences
between the estimate of Shepherd and others (2007) and the
estimates generated using MMLR and MALR are attributed to
an overestimation of surface air temperatures in the MMLR
and MALR simulations (much higher melt and slightly lower
snowfall) due to the use of overly steep lapse rates.

Based on our comparisons with independent model
estimates of the 1996 net glacier mass balance for the main
ice cap and 24years of measurements made along the
northwest stake transect, we take the VLR model results as
the best estimate of surface mass balance. We estimate that
the main ice cap lost an average of 333 +120mmw.e.a”'
over the period 1980-2006, where the error associated with
this estimate is taken to be the standard error of the
modeled, relative to measured, net mass balance for the
northwest sector.

DISCUSSION AND CONCLUSION

The use of different air-temperature lapse rates in the down-
scaling of surface air temperatures over Devon Ice Cap has a
large impact on estimates of glacier mass balance produced
with the degree-day method. Using the moist adiabatic lapse
rate (-6.5°Ckm™') to downscale summit elevation tempera-
tures over the ice cap generates net mass-balance estimates
that are 4 times more negative than estimates made using a
modeled variable lapse rate and ~2.5 times more negative
than estimates made using a mean measured summer lapse
rate. Over the main ice cap, mass-balance estimates made
from temperature fields downscaled with the mean
measured summer lapse rate overestimate melt by
~180+100mmw.e.a”' on average relative to estimates
made from temperature fields downscaled using a modeled
variable lapse rate. During more positive mass-balance years,
model results generated using the two methods agree closely,
but they diverge by as much as 550mmw.e.a™' during the
most negative mass-balance years.

When the DDM s forced with surface air-temperature
fields downscaled using modeled variable daily lapse rates, it
produces estimates of net surface mass balance that agree
well (9 £ 120 mm) with the 23 years of measurements made
along the northwest transect. This same method produces a
1996 estimate of net mass balance for the main ice cap that
agrees closely (42 mmw.e. higher) with the previous 1996
estimate made by Shepherd and others (2007). However,
forcing the model with these surface air temperatures only
results in a 25% (80mmw.e.a™") improvement in the
standard error of point-location net mass-balance estimates
relative to estimates made from temperature fields down-
scaled using a mean summer lapse rate. Like all DDMs,
model results are highly sensitive to the choice of degree-day
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Fig. 10. Model run estimates of mean annual net mass balance B,
for the main (excluding southwest arm) and whole Devon Ice Cap.

factors. While we have chosen not to tune the model using
the degree-day factors, model root-mean-square errors simi-
lar to those achieved when the DDM is forced with a variable
lapse rate could be achieved by adjusting the degree-day
factor for ice to ~4.5-6.5 and ~2-3.5mmw.e.d”' when
employing the mean measured summer lapse rate and the
moist adiabatic lapse rate, respectively. When comparing
against previously published values (Hock, 2003), a degree-
day factor < 5.0mmw.e.d™' for ice is unrealistic. Therefore,
the model can only be tuned with a realistic degree-day
factor for ice to produce comparable results to those achieved
using the untuned variable lapse rate when the mean
measured summer lapse rate is employed. The root-mean-
square error across all three models is relatively insensitive to
degree-day factor for snow between 2 and 6mmw.e.d™".

Our best estimate of the net surface mass balance of
the main ice cap over the years 1980-2006 is
-330+120mmw.e.a”', which is much lower than
previous estimates of =76 £50 (1961-66 (Koerner 1970)),
-1304+60 (1963-2000 (Mair and others, 2005)) and
28+70mmw.e.a” (1996 (Shepherd and others, 2007)).
The more negative model estimate can be attributed to
differences in mean summer conditions between the
different time periods for which estimates have been
derived, and to large uncertainties in estimated accumu-
lation rates due to large spatial variations in snowfall
(Koerner, 1966), which are poorly reproduced by the
32 x32km resolution NARR output. In particular, total
accumulation amounts measured by Koerner (1966) were
found to be 2-6 times larger for the southeast (largest
sector) than for the northwest sector of the ice cap and are
nearly equivalent to the regridded NARR model output.

In conclusion, DDMs are highly sensitive to the choice of
lapse rate when models are forced with downscaled
temperature fields. For the DDM used in this study, use of
a variable daily lapse rate estimated from lower-tropospheric
(750 mbar) temperatures to downscale surface air tempera-
tures gives significantly better mass-balance estimates than a
constant lapse rate equal to either the summer mean or the
moist adiabatic lapse rate.
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