






































7.6 Mass balance projections for Place Glacic  >r the mass balance years 2008/09-2039/40
based on downscaled climate projections from four different GCMs. (a) glacier-wide

summer balance, glacier-wide v ilance, (c) glacier-wide net balance, and (d)
cumulative glacier-wide net balance. ire based as-corrected summer and winter
balances 213
7.7 (a) Cumulative e loss g ice ilacier for years 2008/09-
2039/40, estimated glacier >loss gi 11s ¢ ' > ice density of
900 kgm™ 215
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Battisti 1999; Moore and Demuth 2001), part ¢ is variability may have been caused by
human-induced climate warming (IPCC 2013; Marzeion et al. 2014), which is often difficult

to separate from large scale natural climate varic lity
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Figure 1.2 Conterminous North America region (excluding Alaska, Canadian Arctic Archipelagos,
and Mexico) glacier mass balance change from 1961 until 2006 weighted by the area of all
individual glaciers (specific, mm a”, right hand axis). Left hand axis shows regionally averaged
glacier volume change for the constant and changing in time glacier areas, starting from 1961

(Dyurgerov 2010).

Glacier recession in BC, Canada, is associated with unusually warm air temperature
and a reduction in winter snowfall since 1976 (Moore and Demuth 2001). Average annual
temperature warmed by 0.6°C on the coast, 1.1°C in the interior and 1.7°C in northern BC
over a period of 1895 to 1995 (BC Ministry of Water, Land and Air Protection 2002). Major

rivers in the province have their headwaters in the high mountain environments. Glacier
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Table 5.1 Model parameters for the GMB model together with corresponding representative

literature ranges

Symbol (unit) Description Values Ll;ar;lgt:re
T, (mmm') Vertical gradient of RAMS hourly summer precipitation Varnable®
Pl
I, (mmm? Vertical gradient of RAMS total winter precipitation Variable®
P2
I ecm') Lapse rate of RAMS summer air temperature Variable®
’ »
H (m) Elevation of the RAMS grid cell from where input variables 998*
are retrieved
/4 Clear sky atmospheric transmissivity 075° 069-0 76°
o Albedo of surrounding terrain 021°
t
o Albedo of new snow 0 88° 0 80-0 97¢
ns
o Albedo of old snow 0 65° 0.63-0 67°
os
o Albedo of shghtly dirty 1ce 029° 0 26-0 33¢
!
o Albedo of firn 053¢ 0 43-0 69¢
f
{ (days) Time elapsed since the last snowfall event 31f
t" (days) Time scale for albedo decay modelling 21 9¢
ays
d” (mmw.e) Characteristic snow depth scale 25 16-328"
T (°C) Threshold air temperature for determining snow and rain 10 0-2Mk
X
T (°C Critical ambient air temperature for the development of 5.0°
¢ ) katabatic winds
P, (kg m?) New snow density 150° 100-200f
ns
D. (kgm?) Snow density at the end of melt season 552°
oS
P, (kgm?) Density of fir 615° 400-830
0 (kem?) Density of 1ce 877° 830-923'
!
Z (m) Reference measurement height
Zy. (mm) Surface roughness length for momentum for snow 1° 0.2-30
0s
Z, (mm) Surface roughness length for momentum for ice 2° 0.1-80 ™
0i
ELA (m) Equilibrium Line Altitude at the beginning of the model run ~ 2200"
A (km?) Area at the beginning of the model run 3.809°
= Emissivity of glacier ice 0.98'
i
= Emissivity of surrounding terrain 0.95'
t
Thickness of subsurface layer for surface temperature 0.10°
d, (m) P
N

simulation

“Denotes that parameter is estimated in this study

®Shea (2010); “Greuell et al. (1997); %MacDougall and Flowers 2011); ‘averages across the literature values:
fCuffey and Paterson (2010); Munro and Marosz-Wantuch (2009); *Oerlemans and Knap (1998); hDenby et al.
(2002); 'Anslow et al. (2008); Y(Arnold et al. 2006); *Loth et al. (1993): 'Brock et al. (2006); "Pellicciotti et al.
(2005); "Braithwaite and Muller (1980); "WGMS (2011)
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Figure 5.1 Comparison between simulated and measured glacier-wide (a) summer balance B, , (b)

winter balance B, , and (c) annual net balance B, from 1980-2008, Place Glacier.
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Figure 5.2 Place Glacier area ssmu € e( model ¢ ). )08.

Although :« estimated  is ve  arge, its cu itive value over the

29 years agrees well ith corresponding measured values  gure 5.3a). At the end of the

model year in 2008, the simulated cur ative B, = -33.72 m w.e., which is close to the
measured cumulative B, =-29.65 w.e.| >wever, from 2000 onwards, there is a distinct
disagreement between simulated and observed cumulative B, . This discrepancy is due to
the model consistently simulating a large negative B, from 2000 until 2003 (Figure 5.3b).
Since the observed Bs and Bw are missing for these years, it is difficult to determine

whether the large negative B, is due to the model simulating large B, or small B, .
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Figure 5.3 Comparison between simulated and measured glacier-wide (a) cumulative annual net

mass balance, and (b) annual net mass balance time series for Place Glacier over the period from

1980-2008.
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Figure 5.4 Simulated ELA for Place Glacier. The downward trend in maximum ELA is due to

change in glacier elevation (downwasting) every year.
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Figure 5.6 Comparison between measured and simu ited elevation-wise b on Place Glacier for (a)

1981 and (b) 1989:an b, for(c) 1¢ 1 and (¢ 1989.

5.5.2 Surface Temperature and Energy Balance

Some of the important model results on the middle of the glacier for the summer of 1980 are
examined. Glacier surface temperature simulated by the model is given in Figure 5.7a. Most
of the subzero surface temperatures occurred during the second half of the summer melt

season (August-September) with highest hourly temperature minima (= -17°C) occurring
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Figure 5.9 Time series of glacier-wide simulated daily energy fluxes during summer of 1980, 1995,

and 2008 for Place Glacier: net shortwave radiation ( K,,e, ), net longwave radiation ( Lne, ), sensible

heat flux ( QH ), latent heat flux ( QE ), and heat supplied by rain ( QR ).
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Table 5.4 Inter-comparison of different melt models’ ski in reproducing glacier-wide

measured summer balance ( B, ) on Place Glacier. All values are in m w. e.

Measured SEB model TI model Enhanced TI model

1980 -2.42 -2.32 -1.10 -1.46
1981 -2.64 -2.68 -1.65 -2.22
1982 -2.76 -2.9 -1.76

1983 -2.18 2.0 -0.84

1984 -2.06 -2.59 -1.26 -
1985 -3.11 -3. - .95 -2.72
1986 -2.98 -2.76 -1.82 -2.33
1987 -2.80 -3.30 -2.32 -2
1988 -2.50 2.8 - .45 -
1989 -2.48 -2.76 2 -2.(
1990 NA -3.21 )

1991 NA -2.57 )

1992 NA -3.13 ) -2.56
1993 NA -2.33 3 )
1994 -3.61 -2.83 / -2.29
1995 -3.63 -2 55 / -1.86
1996 NA -2.64 ) -
1997 NA -2.25 -1.28 -1.59
1998 NA -3.40 -2.25 -2.76
1999 NA -2.08 -1.33 -1.57
2000 NA -2.38 - .33 -1.57
2001 NA -2.40 -3 -1.78
2002 NA -2.83 -1.70 -2.14
2003 NA -3.1 -2.23 -2.84
2004 NA -2.99 -2.13 -2.64
2005 NA -2.54 -1.65 -2.07
2006 -3.01 -3.11 -2.43 -2.78
2007 -2.20 -2.44 -1.61 -2.08
2008 -2.59 -2.41 -1.66 -2.01
Mean -2.73 -2.71 -1.68 -2.09
RMSE 0.43 1.14 0.79
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Figure 5.12 Comparison of simt  Hns ¢ I ' SNOW SNOV : of Place Glacier
using the SEB-based melt mc¢ id 1 rical models for  year2 )7 A 1odels are forced with
relevant RAMS variables. The arrow indicates the obsen of retreat of snowline on Place

Glacier for the same year.

5.6 Conclusion

A distributed GMB model based on surface energy balance approach has been developed
and applied to Place Glacier over e 1980-2008 summer seasons using RAMS mesoscale
model output. The 8 km resolution RAMS model output is obtained through dynamical
downscaling of 32 km resolution NARR data. The model utilizes physical parameterizations
of the most important energy transfer processes to compute ablation and includes detailed
temperature and radiation distribution across the glacier. The model computes winter
accumulation by distributing winter precipitation using the vertical gradient of RAMS
winter precipitation. From 1980-2008, the percentage RMSE in simulated glacier-wide

annual summer and winter balances are 15% and 21%, respectively. Despite some
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The columns of matrices X and Y contain the expansion coefficients of each mode. The
sum of the squared diagonal values of S gives the total squared covariance in (. This
property in § provides a convenient way for assessing relative importance of the

singular modes. through the squared covariance fraction ( SCF ) explained by each mode. If

D is the diagonal of them x § and D is the st diagonal, SCF is calculated as:
D
SCF = — (6.5)
Based on SCF.ar ber sign modes ' are in X ar Y. Given that
there is a reasonable correl between i mode X d Y time-series values,
corresponding X a alues are regressed best model:
. NYZXI)I _(z X'I Z)I )

foNEXIE) (06
b _2XY-m XX

i N (6.7)
where N is the number of data points and m : b are coefficients of best fit for the i
mode.

To reconstruct a small-scale variable a large-scale variable (i.e. to perform the

downscaling), first the anomalies of the large-scale variable are orthogonally projected at

each time step onto U :

Lo
W=k (6.8)

where K is the anomalies of the large-scale field and the prime symbol has the same

meaning (i.e. it indicates the transpose of the matrix) as in Equation (6.1). Now. the

reconstructed field corresponding to the i mode is:

We=mMW +b (6.9)
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The reconstructed small-scale (downscaled large-scale) field based on # modes is:
rn

K)S:Z”R(’) (6 10)
-1

When performing cross validation. ',. b, . vanance. covariance. and correlations, are

obtained from the fitting period. whereas the time series. /3" and # refer to the validation

period It should be noted here that the downscaled fields given by Equation (6.10) are in
terms of anomalies To get the absolute field back. the climatological mean is added back to
the SV D results.

For downscaling the precipitation. some additional procedures need to be
implemented as the small time steps imply numerous observations with zero precipitation. In
this case. the following steps were implemented before detrending the data:

* (.1 was added to each precipitation values
* The base-10 logarithms were applied to the values
* | was added to the result of the logarithms. The purpose of doing this is to assign a
minimum of 0 for detrended precipitation.
Once the precipitation is downscaled. the above process is repeated in reverse order. Further.
the negative precipitation values generated by the model were considered zero. Similarly.

any negative wind speed and incoming shortwave radiation values were considered zero.

6.2.2 Predictors and Predictands

The selection of a suitable predictor is important for downscaling large-scale climate
variables. In this study. predictor variables are obtained from NCEP reanalysis (Chapter 3).

The spatial resolution of the NCEP product (2.5 Lat 2.5 °Lon) is similar to that of GCM





















Unlike the RAMS fields, the spatial variation in NCEP fields is relatively less

distinct (Figure 6.3). Similar to RAMS variables, the corresponding NCEP variables also

exhibit east-west gradients they a  =ss distinct compared to variations seen in the
former. This is mainly due to coarse spati resol on used in the NCEP model for
generating these fields. 1e NCE spati  2sol ¢ itis to detect the spatial
patterns of these variables with > southern Coast ntains.
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radiation appears to be performing more satisfactorily in the coastal region than in the
interior. The »* value ranges from 0.4 in the interior to 0.6 on the coast. Similarly, RMSE is
also relatively high in the interior compared to the coast. Unlike shortwave radiation, the
SVD model for longwave radiation shows relatively high correlation along the coast
compared to the interior. The RMSE in downscale jngwave radiation is significantly

smaller than the error in its shortwave counterpart. The RMSE ranges from 27 to 39 W m™

in the domain.
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longwave ra atton improve  significan o for ¢ o - mode con ared to the rest s

from the daly model.
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Table 6.5 Spatially averaged MAE errors in different fields from a suite of GCMs. Errors are
estimated as a difference between GCM and NCEP fields (GCM-NCEP) averaged over the
period 1961-2005. T,: air temperature (°C): P: precipitation (mm day™'): ¢: specific humidity

(kg.kg") ; u: wind speed (m s), K, incoming shortwave radiation (W m?); and L

incoming longwave radiation (Wm™). E has the same unit as the quantity being
estimated.

GCM Ta P q u Kin L.,
CanESM2 0.55 0.15 66 10° 1.4 33 9
MPI-ESM-LR 1.3 0.12 0.0 048 46 12
MIROC-ESM 2 0.65 9.9 0.26 39 24
HadGEM2-ES 0.56 0.42 54 ) 30 12

Spatially averaged annual GCM fields are compared with corresponding NCEP
fields and presented as box plots in Figure 6.14. On each box. the central mark is the
median. the edges of the box are the 2! 1 75th percentiles. the whiskers extend to the
most extreme data points not considered outliers, and outliers are plotted individually. The

whisker's length corresponds to approximately + 2.7c and 99.3% coverage if the data are

normally distributed.
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the trend seen in temperature. For all the GCMs, there is a strong positive trend until 2060.
This could be due to the known relationship between atmospheric temperature and the

longwave radiation emitted from the sky.
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3. As the errors in downscaled variables are generally large with the daily SVD model,
the use of a monthly SVD model can be a better choice unless a particular study
requires daily downscaled field specifically.

4. Great caution needs to be exercised when using statistical models for climate

downscaling.
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Figure 7.2 Time-series of surface energy balance fluxes at the middle of Place Glacier calculated

using downscaled future climate projection from (a) CanESM2, (b) MIROC-ESM, (c) MPI-ESM,

and (d) HadGEM?2. Values for each year refer to the average over the summer melt season (1 June-

30 September). Qn: Net energy (melt energy), K,.: net shortwave radiation, L, net longwave

radiation, Qg: latent heat flux, and Qy: sensible heat flux.
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the large negative net mass balance from CanESM2 is the direct result of bias correction.
Excluding the large negative net mass balance predicted from CanESM2, the negative net

mass balance predicted from e remaining ‘ee GCMs is believed to be due to accelerated

melt in the future. Part ¢ can be uted to a shing amount of winter
accumulation in the future due ) peratures. s is 0 evident in modelled
future winter accun on from S are long-term average
value.
05
-1
A
2 .15
£
o)
m
2
25
CankSM?2 MIROC MPI HadGEM?2

Figure 7.5 Boxplot of glacier-wide average future (2009-2040) net mass balance on Place glacier
predicted from four different GCMs. The net mass balance is based on bias corrected summer and
winter balance. The top and the bottom of the box mark the 75" an the 25" percentile of the dataset
respectively. The height of the box represents the interquartile range (IQR) of the dataset and the
ends of the whiskers mark the highest and lowest values of the dataset that are within 1.5 times the
interquartile range of the box edges. The horizontal lines within the boxes are the median. The plus

signs mark individual values outside the range of the whiskers (outliers).
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loss -30 m. w.e. from 2009-2040. In contrast to this,

loss of -24 m w.e. during his period.

is is mainly _ie to M

PI predicted a much smaller net mass
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(a) Cant MIROK MPI HadGE M (b) Canl M MIROX MPI HadGi M
I'6
|
|
IS 14
H
H
C -
8
S
B 0 ! 4 ! 2040
(c) al MIR( MPI M (d) (an MIRO( MPj HadGI M
5
: ;
F ;
- E 40
- 3
£
80
<
100
20 ) J L 04
Year Year
J L

Figure 7.6 Mass balance projections for Place Glacier for the mass balance years 2008/09-2039/40
based on downscaled climate projections from four different GCMs. (a) glacier-wide summer
balance, (b) glacier-wide winter balance. (c) glacier-wide net balance, and (d) cumulative glacier-

wide net balance. Results are based on bias-corrected summer and w inter balances.

213






smaller area loss predicted by MPI is a direct consequence of small negative net mass
balance predicted from this GCM. On average, compared to the observed historic glacier

area, the area predicted by the GMB model from M 1C, MPI and HadGEM2 seems

plausible.
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Figure 7.7 (a) C u 1tive vc 1n loss/g: ice Gl:  :r for 1e mass balance years 2008/09-

2039/40, (b) estimated glacier area. Vol 1 loss/gain is calcul ed using the ice density of 900 kg

m .

7.5 Conclusion

A physically-based distributed glacier mass balance model developed and validated for
Place Glacier has been used to develop projections of future mass balance for the same
glacier from 2009-2040. Mass balance is modelled using downscaled projections from four
different GCMs: CanESM2, MIROC, MPI and HadGEM2. GCM experimental results are
considered for RCP4.5, a midrange mitigation emission scenario and for multiple runs

(realizations) with different but equally realistic initial conditions (e.g., Taylor et al. 2012).
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understand an overall state of Place Glacier in the future while keeping in mind the

uncertainties in projected values between the fferent GCMs used.
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