The Cryosphere, 15, 2917-2938, 2021
https://doi.org/10.5194/tc-15-2917-2021

© Author(s) 2021. This work is distributed under
the Creative Commons Attribution 4.0 License.

The Cryosphere

Sensitivity of the Greenland surface mass and energy balance to
uncertainties in key model parameters

Tobias Zolles!? and Andreas Born!-

'Department of Earth Science, University of Bergen, Bergen, Norway

ZBjerknes Centre for Climate Research, Bergen, Norway

Correspondence: Tobias Zolles (tobias.zolles@uib.no)

Received: 22 October 2019 — Discussion started: 14 November 2019
Revised: 30 March 2021 — Accepted: 25 April 2021 — Published: 28 June 2021

Abstract. We investigate the sensitivity of a distributed
glacier surface mass and energy balance model using a
variance-based analysis, for two distinct periods of the last
glacial cycle: the present day (PD) and the Last Glacial Max-
imum (LGM). The results can be summarized in three major
findings: the sensitivity towards individual model parameters
and parameterizations is as variable in space as it is in time.
The model is most sensitive to uncertainty related to atmo-
spheric emissivity and the down-welling longwave radiation.
While the turbulent latent heat flux has a sizable contribution
to the surface mass balance uncertainty in central Greenland
today, it dominates over the entire ice sheet during the cold
climate of the LGM, in spite of its low impact on the overall
surface mass balance of the Greenland ice sheet in the mod-
ern climate. We conclude that quantifying the model sensitiv-
ity is very helpful for tuning free model parameters because it
clarifies the relative importance of individual parameters and
highlights interactions between them that need to be consid-
ered.

1 Introduction

Of the many challenges to accurately simulate past varia-
tions in the volume of the Greenland ice sheet (GrIS) and
to project its future contribution to sea level rise, recent stud-
ies agree that the uncertainty associated with surface mass
balance (SMB) is among the most important (Aschwanden
et al., 2019; Plach et al., 2019).

Models to calculate SMB cover a whole range of complex-
ities from empirical index models that only account for air
temperature (Ohmura, 2001; Zemp et al., 2019) or tempera-

ture and solar radiation (Bintanja et al., 2002; Van Den Berg
et al., 2008; Robinson et al., 2011) to coupled atmosphere—
snow models that simulate the snowpack in multiple lay-
ers and give a full representation of the atmospheric cir-
culation, based on physical first principles (Lehning et al.,
2002; Fettweis, 2007; Noégl et al., 2018). On this spectrum,
the empirical models perform well for the observational pe-
riod and when the temperature sensitivity of the SMB is
well known (Fettweis et al., 2020), but they are difficult to
constrain for temporal and spatial climate variations and be-
come unreliable for conditions outside their relatively nar-
row tuning interval (van de Berg et al., 2011; Plach et al.,
2019). There is a lack of constraint in empirical models even
though their low computational requirements make them at-
tractive for the long integration times that are needed to simu-
late continental ice sheets. Their shortcomings severely limit
the usefulness of their results. On the other hand, detailed
snow models and especially those coupled with regional at-
mosphere models are computationally too expensive to run
for long periods of time. This situation motivated the devel-
opment of models that balance the defensible representation
of the relevant physical processes with computational effi-
ciency (Krapp et al., 2017; Krebs-Kanzow et al., 2018; Born
etal., 2019).

In this study, we use the BErgen Snow SImulator (BESSI),
a model that is designed to include all relevant physical
mechanisms with reasonable detail but is specifically pre-
pared for long integration times by reducing its computa-
tional requirements and by strictly conserving mass and en-
ergy (Born et al., 2019). Adding to the original model ver-
sion, we now include three different parameterizations for
snow aging based on Oerlemans and Knapp (1998), Aoki

Published by Copernicus Publications on behalf of the European Geosciences Union.



2918

et al. (2003), and Bougamont et al. (2005). The turbulent
latent heat flux is now also simulated. For this study the
model domain was reduced to Greenland at a resolution of
10km, but all model changes are also applicable to the orig-
inal setup.

Multiple studies have investigated the impact of the tur-
bulent latent heat flux on the surface mass balance (Box and
Steffen, 2001; Box et al., 2004; van Den Broeke et al., 2008;
Cullen et al., 2014; Noél et al., 2018). They find a relatively
small impact of the vapor fluxes on the Greenland ice sheet
total mass balance (& 5 Gt a~!: Cullen et al., 2014), but their
local impact can be up to 20 % of the annual accumulation
(Box et al., 2004). The importance of the vapor flux is diffi-
cult to assess for different climatic settings because, as Box
and Steffen (2001) have shown, the choice of the calculation
method impacts the results greatly in regions of low mass
flux like the dry interior zone of Greenland. This is exacer-
bated by the fact that turbulent latent heat fluxes are mostly
negative in winter under the present climate conditions and
positive in summer, so the sign of the net flux may change
with a different climate. During the colder climate of the
glacial a much larger impact of the turbulent latent heat flux
can be assumed, similarly to the much greater importance
it currently has in Antarctica (e.g., Gallet et al., 2014; van
Wessem et al., 2018). A parameterization based on the bulk
method by Rolstad and Oerlemans (2005) has been added to
BESSI to simulate the turbulent latent heat flux.

To assess the sensitivity of the new parameterizations and
that of BESSI overall, we employ a variance-based approach
(Saltelli et al., 2000, 2006, 2010; Sauter and Obleitner, 2015)
that has previously been used to quantify the sensitivity of
glacier and ice models (Aschwanden et al., 2019; Bulthuis
et al., 2019; Zolles et al., 2019). We extend the sensitivity
analysis used by Zolles et al. (2019) to provide spatial pat-
terns of sensitivity indices. Following our model’s design
goal to be used over timescales of glacial cycles and ac-
counting for potentially different sensitivities under differ-
ent climate boundary conditions, we analyze two large en-
sembles with a total of 16500 simulations, for the present-
day (PD) climate and for that of the Last Glacial Maximum
(LGM). The result is rich information on what parameters
and parameterizations have the largest impact on the model’s
performance and how this sensitivity varies in different re-
gions of Greenland and over time. Knowing the sensitivity
also enables a better calibration of the model parameters as
the knowledge prevents or reduces over-fitting to a particular
study location or time (Beven, 1989).

The revised model is described in Sect. 2. The distributed
sensitivity analysis of multiple model output variables in re-
lation to model parameters, including those for the new pa-
rameterizations for turbulent latent heat flux and snow aging,
is presented in Sect. 3. After that, we discuss our findings in
Sect. 4 and conclude in Sect. 5.
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2 Model description and study setup

The study uses the efficient mass and energy balance model
BESSI, which is designed to simulate the mass balance over
long timescales (Born et al., 2019). The energy exchange be-
tween the snow and the atmosphere is altered in the model
version used here, while the subsurface and internal pro-
cesses are unchanged from the previously published version.
The following model was enhanced to include the turbu-
lent latent heat flux and multiple more-complex snow albedo
schemes were added. The model description given in the fol-
lowing focuses entirely on the interaction between the snow
surface and the atmosphere. For the numerical description
and other subsurface processes like firnification and heat con-
duction, see Born et al. (2019).

The model setup used here has a 10 km grid for the domain
of Greenland. The vertical dimension is discretized based on
the mass with up to 15 layers in the snowpack (Born et al.,
2019). The mass of each layer is 100-500 kgm~2. Each cell
has a default maximum of 300 kgm~2, but due to melt and
refreezing the mass may decrease or increase, respectively.
Cells above 500kgm~2 or below 100kgm~2 are split or
merged, respectively, to restore the default maximum value.
Simulations require daily input of air temperature, total pre-
cipitation, and solar radiation and its reference height. Hu-
midity is an optional input which is required if the turbulent
latent heat flux is computed. All variables are interpolated
to the 10 x 10km model grid using bi-linear interpolation.
The air temperature is the only meteorological input which
is vertically downscaled to the firn model topography us-
ing a temperature lapse rate of 6.5 Kkm™! for the PD and
8.55Kkm™~! for the LGM. The output written by the model
may be adjusted by the user, who can select values ranging
from daily over monthly to annual timescales. Output vari-
ables include surface mass balance; melt of snow; melt of
ice; runoff; refreezing; albedo; turbulent latent heat flux; and
a mask containing snow, land, ice, and water as well as the 3-
dimensional grid values for snow mass, snow density, snow
temperature, and liquid water mass.

2.1 Surface energy fluxes

The energy exchange between the surface and the atmo-
sphere comprises five different processes, of which the pre-
cipitation and the turbulent latent heat flux (vapor flux) also
imply a change in mass: the shortwave radiation (Qsw),
the longwave/thermal radiation (Qrw), the turbulent sensi-
ble heat flux (Qsy), the turbulent latent heat flux (Qy), and
the heat flux associated with precipitation (Qp).
The total surface flux can be expressed as

aT
Cimg 1 ——
ot surface

OM=0i+0mM=0sw+Ow+0su+0L+0p, (1)
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where the left-hand side denotes the resulting temperature
change of the snow/ice (Q;) and the available energy for
melting (Qyw) if the melting point is reached. Due to the im-
plicit scheme the model uses, no melt is calculated at first,
only energy fluxes and temperatures (even above 273 K). The
actual melt is then calculated explicitly at each time step as
the excess heat above the melting point. The mass flux of the
water vapor is also calculated explicitly.

2.1.1 Shortwave radiation and albedo
parameterization

The energy input to the surface from solar radiation is calcu-
lated by using a broadband albedo value:

Osw=(1—a) -SWj,, )

where « denotes the surface albedo, either g for snow or
o for ice, and SWj, is the incoming short-wave radiation at
surface height. The albedo value is assumed constant with re-
spect to the solar incidence angle but undergoes temporal and
spatial variations depending on surface properties. We imple-
ment four albedo parameterizations of different complexity
to simulate the snow albedo. They all have a common max-
imum albedo value for fresh snow (af;) and minimum value
for aged snow (firn o), and ice albedo (), but they vary in
how they calculate the aging.

1. Constant. This simple parameterization only uses con-
stant values for dry snow (o = a5 Ts < 273 K), wet snow
(s =af Ty =273K), and ice (¢j). This parameterization
has been used before in BESSI (Born et al., 2019).

2. Oerlemans and Knapp (1998). This parameterization
assumes an exponential decay with time of the fresh snow
albedo to a final value of old snow albedo (Oerlemans and
Knapp, 1998):

s —t 30d, T, <273.15K
a=anten—ane =) =1 547 £Ip3isk, O

where g denotes the last day of snowfall and ¢ the current
day (time step) with #* as the characteristic time in days.
This or similar parameterizations are usually optimized for
the decay rate ¢* using observations of albedo or mass bal-
ance (e.g., Oerlemans and Knapp, 1998; Klok and Oerle-
mans, 2004; Bougamont et al., 2005). The very fast decay
at the melting point was chosen to account for our very large
upper grid box (0.28-1.4 m depending on the mass and den-
sity of the box), as the heat capacity of the entire large box
may delay the melting on the top of the surface layer. Equa-
tion (3) does not consider shallow snowpacks, where under-
lying ice or dirty firn albedo may reduce the albedo.

3. Bougamont et al. (2005). These authors modified the
parameterization by Oerlemans and Knapp (1998) specif-
ically for the Greenland ice sheet by introducing a snow-
temperature-dependent decay rate:

T, < 263K @)

o _ | 1004,
= 263K > T, < 273.15K

30d+7d-(273.15K - Ty),
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Equation (4) results in the same * of 30d as that of Oer-
lemans and Knapp (1998) (Eq. 3) up to the melting point
(273.15 K). This parameterization furthermore introduces an
additional wetness-dependent albedo decay in the case of wet
snow, which assumes a thin layer of water at the surface ac-
cording to

— Wsurf
w*

). (&)

OlsZ‘Xﬁ_(O‘ﬁ_Ols)'e(

Here wgyf denotes the thickness of the water layer and w*
is a characteristic water layer thickness. Since BESSI does
not explicitly simulate water at the surface, we adapted the
liquid-water-dependent part using a simple linear parameter-
ization. The decay rate increases depending on the liquid wa-
ter content ¢ (see Sect. 2.2 for details about the liquid water
content):

¢

gmax
4. Aoki et al. (2003). The final albedo parameterization
available in the model uses both temperature- and time-
dependent decay rates. There is a linear dependency on tem-
perature in each time step, and this parameterization is there-
fore not exponentially dependent on the time since the last
snowfall.

t*=15-14.

d, T,=273.15K. ©6)

as(t) =min{as(t — 1) — (Ts —273.15K) -k +¢), ag, as¢t =1},  (7)

where ¢ and 7 —1 are the current and the previous time step, o
is the snow albedo, and k = 1.35x 103K~ ! and ¢ = 0.0278
are two empirically based constants. The values are based on
averaged values from Aoki et al. (2003) for different spectral
bands. To account for a faster decay in a wet snowpack, the
albedo is linearly decreased based on the liquid water content
of the topmost layer:

s (1) = arg (1) — (s (1) — atg) - ——. ®)

max

If the layer is fully saturated with water, the snow albedo
instantly drops to its minimum value. This is done in addi-
tion to Eq. (7) at each time step. The albedo increases when
new snowfall occurs, but instead of resetting it to the fresh
snow value, this albedo is incrementally increased depend-
ing on the amount of fresh snow to account for thin layers
of snow and the penetration of shortwave radiation into the
older subsurface:

—d
a() =alt—1) — (o —ap) - (I —exp =), €))

where d is the amount of new snow and the characteristic
snow depth d* is at 3 cm (Oerlemans and Knapp, 1998).

2.1.2 Longwave radiation

The longwave radiation is a simple parameterization based
on the Stefan—Boltzmann law:

Ow = 0 (€amTyiy — T3, (10)
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where o is the Stefan—Boltzmann constant and Ty, and T
are the 2m air and snow surface temperature, respectively.
The emissivity of snow/ice € is constant at 0.98. Incoming
longwave radiation only depends on the actual air temper-
ature and the atmospheric emissivity €,m, as the only free
model parameter. The lack of confidence in cloud cover of
climate models in particular during the last glacial cycle led
to this decision. Though more complex empirical relations
exist (e.g., Listion and Elder, 2006), their applicability for
other timescales is questionable. We therefore refrain from
using these empirical relationships despite the importance of
cloud cover, moisture, and aerosols. €, varied over a broad
range of 0.6-0.9 following the previous configurations of
BESSI or similar models (Greuell and Konzelmann, 1994;
Busetto et al., 2013; Born et al., 2019). Emissivity values
spanning from 0.6 to 0.9 may in reality occur simultaneously
in different regions of the Greenland ice sheet, but in the cur-
rent configuration there is only a single atmospheric emissiv-
ity value over the entire ice sheet.

2.1.3 Turbulent sensible heat flux

The calculation of the turbulent latent heat flux is based on
a bulk method (Braithwaite, 2009) which was applied previ-
ously on Greenland as a residual method (Rolstad and Oerle-
mans, 2005). This method assumes a constant turbulent ex-
change coefficient (Cp) for sensible heat over time and space.
The only dependency in the previously published parameter-
ization is on the local wind speed u and air temperature Typy:

OsH = PaiGCChM(Tatm —T5) = Dsu(Tam — Ts), (1D

where p,;; is the density of air and c), the heat capacity of
air. Since BESSI does not use wind speed as an input field,
we simplify the equation with a single free model parame-
ter: the turbulent heat exchange coefficient Dsy which is the
subject of the sensitivity analysis. The values given in Ta-
ble 1 assume an average wind speed of Sms™! if compared
to the reported values by Braithwaite (2009). The variation
in parameter Dsy therefore accounts for both the variability
in average wind speed and the efficiency of the exchange C},.

2.1.4 Turbulent latent heat flux

The previous version of BESSI did not include turbulent la-
tent heat flux. The new model version includes an optimal
turbulent latent heat flux subroutine as part of the setup. The
implementation is analog to the turbulent sensible heat flux
(Eq. 11):

OL = 0.622 pair LyChuu(egir—e5) p~' = Dru(eair—es), (12)

where Dy is the turbulent latent heat exchange coefficient
and e is the water vapor pressure. The parameterization is
based on the bulk formulation of Rolstad and Oerlemans
(2005) with the latent heat of vaporization L, and the air
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pressure p. The latter is calculated from the standard pressure
at sea level for each grid point. While Rolstad and Oerlemans
(2005) assume the same exchange coefficient C}, for vapor
and sensible heat, Greuell and Smeets (2001) have previ-
ously shown that the roughness lengths and the exchange co-
efficient for momentum and vapor are not necessarily equal.
Nevertheless, the parameters Dy and Dsy are inherently
connected by the surface structure (snow/ice) and the wind
speed. To account for the correlation as well as some degree
of freedom, our setup uses two free model parameters deter-
mining Dpy, the turbulent exchange coefficient for sensible
heat Dsy, and 7y /sh, Which are defined by

Dry = rinysh - 0.622Ly Dsy/cp - (13)

In the setup of our study there are three parameters de-
termining the turbulent latent heat flux. The ratio (rjn/sn) ac-
counts for different exchange rates for water vapor and sen-
sible heat. Dgp is the absolute exchange strength (roughness,
wind, stability). The additional parameter (xqr) switches the
simulation of the turbulent latent heat flux on and off.

2.1.5 Precipitation heat flux

The heat supplied by precipitation depends on the atmo-
spheric temperature, which we assume to be in balance with
the precipitation. An atmospheric temperature of 273.15 K is
the limit of solid precipitation. In the case of snowfall the
solid mass of the topmost grid cell of the snowpack increases
by the amount of snow and the heat added to this box is

Op snow = P pwci(Tam — T) (14)
while rain is added as liquid water mass to the same cell:
QP rain = P pwew (Tam —273.15K), 15)

where P is the amount of precipitation and py, and c,, are the
density and heat capacity of water. If the rain freezes or per-
colates further down, the corresponding exchange of latent
heat is calculated during the balance calculation as outlined
in the next section.

2.2 Subsurface percolation and refreezing

Only a brief overview of the subsurface routine is given in
this paper. Full details are available in Born et al. (2019).
The water-holding capacity of each layer determines the per-
colation. The maximum liquid water content {max is the pa-
rameter subject to the sensitivity analysis:

(16)

where m,, mg and py, ps, and p; are the masses and densities
of water, snow, and ice. If the liquid water content ¢ exceeds
Cmax, the liquid water mass percolates to the next cell below
or is treated as runoff when it leaves the bottom cell.

https://doi.org/10.5194/tc-15-2917-2021



T. Zolles and A. Born: Sensitivity of the modeled Greenland surface mass balance 2921

Figure 1. The climate model topography for the PD (a) is from the
ERA-Interim data set, and that for the LGM (b) is from the CCSM4
simulation. The model topography used for the PD is ETOPO (c),
and ICE-6G is used for the LGM (d). For the plot all topography
below 5 m was considered sea level for the climate models.

2.3 Global sensitivity analysis
Setup and theoretical background

We assess the model sensitivity of and uncertainty in BESSI
for two different time periods to verify its applicability over
the whole glacial cycle. The present-day (PD) period uses
the ERA-Interim reanalysis data (Uppala et al., 2011) rang-
ing over 38 years from 1979 to 2017. Our Last Glacial Max-
imum (LGM; 21000 years before present) simulations are
forced with 30 climate years of the Community Climate Sys-
tem Model version 4 (CCSM4) (Brady et al., 2013). The sim-
ulated LGM has an annual mean temperature over the entire
model domain of 249 K/—24 °C, while the current climate is
relatively warm with an annual mean of 262 K/—11°C. The
entire model domain was chosen as the ice sheet has different
shapes in the two climate states. The precipitation averages
are around 400 kgm~2 for the LGM and 570 kgm~2 for the
PD. The annual mean solar radiation is about 10 % higher for
the LGM, though the seasonal cycle deviates drastically from
the PD. The surface mass balance model uses a static topog-
raphy, which is based on ETOPO (Amante and Eakins, 2009)
for the PD and on ICE-6G (Peltier et al., 2015) for the LGM
(Fig. 1). There is an interpolation artifact in the PD simula-
tion in the far northwest, but as no ice is present in this re-
gion of Greenland, it does not influence the analysis. BESSI
was run for 500 years with the same forcing data looping the
forcing data back and forth (1979-2017-1979-2017, etc.) to
account for the long response time of the firn cover. After
400 years the firn cover was dynamically (density) and ther-
modynamically (temperature) stable, even in the regions of
very low accumulation. The analyses shown here are entirely
based on the last 100 years of every simulation.

Global sensitivity analysis (GSA) is a variance-based
method that allows for an assessment of the model sensitivity
over the entire parameter space. In contrast to other sensitiv-
ity methods, it assesses the full parameter space simultane-
ously. The method has been applied previously to snowpack
(Sauter and Obleitner, 2015) and recently to alpine glacier
modeling (Zolles et al., 2019). The method is based on algo-
rithms developed by Saltelli et al. (2000, 2006, 2010), utiliz-
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ing the setup of the ensemble hypercube (Sobol et al., 2007).
To compute both sensitivity indices, the estimator from Sobol
et al. (2007) was used. The probabilistic framework provides
an estimate of the sensitivity of the model output to the indi-
vidual input variables, including parameters and data. The
GSA is independent of model calibration and tuning. The
model output Y is a function of the input parameters X;:
Y = f(Xy, X2, .., X;). There are two normalized values that
quantify the model sensitivity for each input parameter X;:
the first- or main-order sensitivity index Sx; and the total
sensitivity index St; of parameter X;. The first order index
denotes the sensitivity of the model towards the parameter
X; only, while the latter includes all the interactions of X;:

_ Vxi(Ex—i(Y|X;))

Sxi = , 17
Xi VY ( )
Ex_i(Vxi(Y|X_;
STi _ X z( Xl( | 1))’ (18)
Vy

where E is the expectation value of a given observable such
as the SMB. Vy is the total variance of the given variable,
and Vy; the variance that only depends on the input param-
eter X;. X_; denotes the whole parameter space excluding
any variation in X;. The first-order index calculates the mean
model output (Ex_;(Y|X;)) for each representation of X;
and then assesses the sensitivity by calculating the variance
for all values of X;.

The total index can be compared to the local sensitivity
index that is often determined around the optimal model set-
ting, but the GSA presented here does not rely on a predeter-
mined optimal parameter setting. Vy;(Y) varies the param-
eter X; along its dimension but is computed for all possi-
ble points of the parameter space instead of for the optimal
one. For the detailed algorithm refer to Saltelli et al. (2010).
As under-sampling is assumed because of the relatively low
numbers of simulations, bootstrapping is applied to the en-
semble and multiple sensitivity values are reported. Both in-
dices are normalized with the variance of the whole ensemble
Vy. We are limiting the detailed discussion to the total index
Sti, as BESSI is a highly correlated model.

We are using nine free model parameters (Table 1). The
initial ensemble was generated using a Sobol sequence which
consisted of 2000 x 9 members for the PD and 1000 x 9 mem-
bers for the LGM. This sequence spans a 9-dimensional unit
hypercube. For computing both sensitivity indices the esti-
mator from Sobol et al. (2007) was used. It splits the initial
sequence into two subsets, A and B, each consisting of one-
half of the initial sequence (1000 x 9 or 500 x 9). Then an
additional set of matrices B’A, which are based on the matrix
B where the values for parameter X; are replaced with those
from subset A, are created. The matrices A, B, and B"A are
then used to estimate the model sensitivity. A detailed de-
scription of the algorithm can be found in Sobol et al. (2007)
and Saltelli et al. (2010). The whole ensemble consists of
N - (2+ k) members, with N being the base sample (1000 in
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Table 1. The parameter ranges for the free model parameters are broad and based on previously published values (Born et al., 2019). The firn
albedo may not exceed the fresh snow albedo, and its value was limited to 0.65 during the LGM. All parameters are distributed following a

pseudo-random Sobol sequence.

No. Name Abbreviation Range Unit  Reference

1 Fresh snow albedo ofg 0.65-0.9 Cuffey and Paterson (2010)

2 Firn albedo of 0.45-0.7 (0.65)* Cuffey and Paterson (2010)

3 Ice albedo o 0.3-04 Cuffey and Paterson (2010)

4 Turbulent heat exchange coefficient ~ Dgyy 5-25 Wm~2K~!  Braithwaite (2009)

5 Ratio of sensible and latent heat flux  ryp/5h 0.5-1.2

6 Emissivity of the air €atm 0.6-0.9 Greuell (1992)

7 Switch for turbulent latent heat flux ~ xqL on/off

8 Albedo module Xa constant, Aoki Aoki et al. (2003); Born et al. (2019)
Bougamont Bougamont et al. (2005)

Oerlemans Oerlemans and Knapp (1998)
9 Maximum liquid water content i 5-15 % pore volume  Greuell (1992); Born et al. (2019)

* The firn albedo may not exceed the fresh snow albedo.

the case of the PD) and k the number of parameters (nine;
Table 1).

The full ensemble for the present-day climate has 11 000
members; that for the LGM climate has 5500. The initial hy-
percube with a length of [0,1] in each dimension is linearly
transformed to the intervals given in Table 1, with the ex-
ception of the latent heat flux switch and the albedo module.
These two parameters have two and four discrete values, re-
spectively, and the parameter space is split equally between
them. The model simulations are carried out with the gen-
erated parameter matrix. We are using bootstrapping to esti-
mate the sensitivity indices. For each bootstrap Eqgs. (17) and
(18) are evaluated. Finally, we report the mean sensitivity in-
dices and their standard deviation. The results were checked
for consistency (3 Sx; <1, Sx; < Sti). The ensemble size
used during the LGM is at the absolute lower limit of appli-
cability for GSA, as the standard deviation of the sensitiv-
ity indices is large (Fig. Al). The GSA works well for the
SMB, latent heat flux, and melt, sometimes with increased
uncertainty, but fails for the 10 m firn temperature for exam-
ple. Due to the larger ensemble, the confidence in the PD en-
semble is higher but not by a large enough margin to justify
the additional computation time relative to the 5500 mem-
bers of the LGM ensemble. BESSI is a complex model with
all parameters interacting, and Sx; provides less information.
Therefore, the results mainly focus on the total sensitivity in-
dex St;.

The GSA was computed for five different outputs: albedo,
vapor flux, snowmelt, surface mass balance, and surface tem-
perature, which are based on average yearly sums for SMB,
melt, and vapor flux or temporal averages for albedo and
temperature over 100 years. Surface temperature results are
uncertain, and only tendencies can be extracted as the sur-
face temperature is largely influenced by the annual cycle
and fresh snowfall on an ice surface.
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3 Results
3.1 Global sensitivity analysis — GSA

GSA in the present day (PD) over elevation bands. The main
focus of the results is on the surface mass balance, and dis-
cussion is limited to the total sensitivity index (S7;), due to
limited information that can be extracted from Sx; in com-
plex models. The sensitivity of the SMB for different eleva-
tion classes for the present-day ice sheet is shown in Fig. 2.
In the region from 0-1000 m the largest sensitivity is associ-
ated with the parameter uncertainty in the atmospheric emis-
sivity €,;m With a normalized total sensitivity index of about
0.8. The second-most-influential parameter is the turbulent
heat exchange coefficient Dsy, followed by the snow albedo
(Fig. 2a). The general features are similar up to 2000 m
(Fig. 2b), with a slight decrease in the sensitivity to Dgy.
In regions above 2000 m (Fig. 2c, d, e) the SMB is sensitive
to a much wider range of parameters: the atmospheric emis-
sivity, the fresh snow ay and firn albedo o, the choice of
albedo module y, the turbulent heat flux coefficient Dsy,
and the turbulent latent heat flux switch xqr. While the im-
portance of xqr increases with elevation, the importance of
ag decreases. The sensitivity of the fresh snow albedo oy in-
creases up to 0.4 at 2500 m but not further. With the increas-
ing sensitivity of multiple parameters, the relative sensitivity
to €um decreases, leading to xqr being almost equally im-
portant in the region with the highest average elevation. The
local SMB in regions above 2000 m is impacted by multiple
parameters, while the integrated mass balance is dominated
by the atmospheric emissivity, with the snow albedo and tur-
bulent fluxes having a minor influence.

Spatial pattern of GSA in the PD. The global sensitivity
maps for all parameters are displayed in Fig. 3. The GSA was
calculated for each grid cell individually. The general trends
are similar to the elevation averages, but the spatial pattern
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Figure 2. The global sensitivity analysis of the PD SMB provides the main-order effect (circle) and the total effect (triangle). The main-order
effect shows the model sensitivity to the parameter alone, and the total includes its interaction with other parameters (Sect. 2.3). The two
indices are displayed for all nine parameters over the different elevation bands ranging from 0-1000, 1000-2000, 2000-2500, and 2500—
3000 to above 3000 m and for the entire ice sheet. The symbol represents the mean value of the sensitivity index with the bars as =1o. The
elevation bands of the present-day topography over Greenland are displayed on the right; the analysis is only performed for cells where ice
is present. A similar figure for the LGM is found in the Appendix (Fig. Al).

shows important additional details (Fig. 2). The SMB is sen-
sitive to €, over the entire ice sheet. The SMB is also sensi-
tive to xqr in the interior of Greenland, and xqr can be con-
sidered a sensitive parameter for most of the ice sheet apart
from the regions of very high melt. In the interior of very high
elevation, the most sensitive of the three snow-albedo-related
parameters is the one for fresh snow «yg, while at elevations
below 2000 m, the firn snow albedo ay and the chosen type
of albedo parameterization x, is more important, the latter
in particular in the northeast, where fresh snowfall is infre-
quent. The SMB is sensitive to Dsy at the ice caps in the
west and on the ice sheet above 1500 m; only at the top of
the ice sheet is its influence reduced. The ice albedo «; plays
a minor role in the north but is generally of very low impact.
Additionally, {max as well as 7y /sh is of minor importance.
The dominance of €y, is a result of the change in to-
tal heat flux associated with its parameter uncertainty. At
an annual average air temperature of —10°C, a change in
the atmospheric emissivity from 0.6 to 0.9 increases the heat
flux by 80 Wm™2, while a change in albedo from 0.9 to 0.6
only increases the energy input by 40 W m™2 for typical val-
ues of solar radiation annual averages. Similarly, the sensi-
ble heat flux is smaller than the other heat fluxes over most
of the ice sheet (monthly averages from —20 to 450 Wm ™2
with Dgyg = 12Wm™2 K~1), so even a doubling will not be
larger than the change in atmospheric emissivity on an an-
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nual basis. The relatively low impact of the ice albedo «;
is due to the small exposure time and the small parameter
range. An ice albedo change of 0.3 to 0.4 will at most re-
sult in an annual average energy change of 10-20 Wm™2,
but the ice is never exposed for the whole year. Rather the
date of ice exposure, which is a result of the energy fluxes
prior to its exposure and associated with an surface albedo
change from 0.55-0.9 to 0.3-0.4, is much more important.
The SMB in regions above 1000 m is sensitive to the snow
albedo, which in turn is a function of snowfall, snow temper-
ature, and the chosen albedo parameterization. Each albedo
model treats these processes differently. While the basic
one only distinguishes between dry and wet snow, the oth-
ers account for snow aging ranging from time over time—
temperature to time—temperature—wetness dependency. The
choice of albedo model is not important in the interior of
Greenland, as temperatures are low, albedo decay is slow, and
the snow does not get wet. At slightly lower elevations there
is an interplay of the fresh snow albedo afs and firn albedo
ag and the chosen decay parameterization y,, with a larger
impact of the fresh snow albedo, as snowfall is not frequent
and decay rates at around —10 °C are of the order of a few
weeks (Sect. 2.1.1). An exception is found in the northeast,
which is characterized by the driest climate on Greenland.
The less frequent precipitation and therefore albedo resetting
explains a larger dependency on the decay rate and the choice
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Sensitivity of the SMB in P

Figure 3. Global sensitivity in the PD. The total sensitivity index
of the SMB of every parameter for the PD is displayed for every
ice-covered grid cell. The ice-free land is in brown; the ocean is in
light blue; 1000 m contours are in white. The sensitivity is largest
for the atmospheric emissivity €a¢m, followed by the fresh snow and
firn albedo a6, the turbulent heat exchange coefficient Dgy;, and
the latent heat flux switch xqr. The SMB is not sensitive to the ice
albedo a;, the ratio of the turbulent exchange coefficients ri, /g, and
the liquid water content ¢;. The maps do not include uncertainty,
but the uncertainties in the sensitivities are of the same order of
magnitude as shown in Fig. 2.

of albedo module. The northeast of Greenland is furthermore
an area higher up on the Greenland ice sheet where xqr. is
less important. Due to the low amount of precipitation, the
SMB is quite sensitive to changes in the surface energy bal-
ance (SEB). Ensemble members with very high energy bal-
ance (low albedo, high emissivity) lead to a melting state,
which results in very large changes in SMB relative to the
small changes associated with condensation and sublimation.
The large impact of Dsy at the western coast is due to the
large air—surface temperature difference, while in the interior
of Greenland the atmospheric temperature is much closer to
the snow surface temperature.

The Cryosphere, 15, 2917-2938, 2021

T. Zolles and A. Born: Sensitivity of the modeled Greenland surface mass balance

Sensitivity of the SMB in LGM

1.0
0.8
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Figure 4. Global Sensitivity in the LGM. The total sensitivity index
of the SMB of every parameter for the PD is displayed for every ice-
covered grid cell. The ice-free land is in brown; the ocean is in light
blue; 1000 m contours are in white. The total sensitivity index of
the surface mass balance for the LGM is more variable than during
the PD. The model shows the greatest sensitivity towards x o and
the atmospheric emissivity €,tm followed by the fresh snow albedo
afs. Firn albedo af and the albedo module y, as well as the tur-
bulent exchange coefficient Dgy are important around the margin.
The SMB during the LGM shows almost no sensitivity towards the
other parameters.

Spatial pattern of GSA at Last Glacial Maximum (LGM).
The sensitivity of the SMB in the LGM shows similar fea-
tures as in the PD but is shifted to lower elevations (Fig. 4).
During the much colder and dryer LGM the lowest region
shows an increased importance of the choice of the snow
albedo module. The turbulent latent heat flux switch xqL
is already as important as the atmospheric emissivity €
above 1000 m, and the fresh snow albedo o is almost as im-
portant above 2000 m. The ice-sheet-integrated SMB shows
strong sensitivity to atmospheric emissivity (S7,, ~ 0.3-
0.7), the turbulent heat flux coefficient (up to 0.8, coastal),
the latent heat flux switch (STxL mostly > 0.4), and the snow
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albedo (S7, ~ 0.3) (Fig. 4) during the LGM. The liquid water
content {max, the ice albedo ¢4, and the ratio of latent and sen-
sible heat exchange coefficient ry/sn only marginally impact
the SMB in either of the two climate states (Figs. 3 and 4).
On the local scale xqr. followed by €,m and o is the main
sensitivity component in the LGM (Fig. 4). The sensible heat
flux exchange coefficient Dgy is important along the margin
with the largest impact in the southeast. The firn albedo and
the albedo module are sensitive parameters along the mar-
gin, apart from the precipitation-heavy south and southeast,
where frequent snowfall resets the albedo.

The increased importance of xqr is a result of a much
colder and dryer climate. The SMB is positive over most
of Greenland during the LGM, even for parameter combi-
nations leading to a high energy input. In the absence of
melt, the only change to the SMB is due to sublimation and
hoar formation. The dry climate also favors higher sublima-
tion than in the PD. The vapor flux (sublimation) is mainly
a net heat loss for the surface in the LGM. The surface tem-
perature via the Clausius—Clapeyron relation has an expo-
nential impact on the turbulent latent heat flux, resulting in a
greater model sensitivity towards the atmospheric emissivity
than the actual exchange coefficient Dsy (Eq. 13). The in-
coming longwave radiation is also the largest energy source
for the surface. The large impact of Dsy in the southeast is
due to the large temperature difference between the surface
and the air. The southeast is dominated by intense precip-
itation and rather warm air masses even during the LGM.
There is a precipitation gradient from the western coast to
central Greenland: the least precipitation is found in the west
of Greenland and the south of Ellesmere Island due to cir-
culation changes due to the presence of the Laurentide ice
sheet over North America in the LGM (not shown). There-
fore, the albedo module is more important on the western
than on the eastern margin as frequent precipitation, which is
mainly snowfall during the LGM, increases the albedo more
frequently. The lower model sensitivity in the LGM towards
€atm 18 mainly a result of the lower air temperature with an-
nual averages being around 10 K lower, resulting in less in-
coming longwave radiation and a lower absolute impact of
the emissivity.

Sensitivity of other output variables in addition to SMB.
We also studied the sensitivity of other model variables,
namely the surface albedo, turbulent latent heat flux,
snowmelt, and surface temperature. The corresponding fig-
ures (which are similar to Figs. 3 and 4) are included in
the “Additional information”. The global sensitivity for the
annual average albedo during the PD period is mainly in-
fluenced by the fresh snow albedo parameter, with only mi-
nor importance of the firn albedo, ice albedo, the choice of
the albedo module, and the atmospheric emissivity at the
ice sheet margin. As a result, the snow albedo should not
be tuned with BESSI without incorporating the atmospheric
emissivity in addition to the direct albedo-related parameters
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(Fig. GSA_albedo_ERAI/LGM in the “Additional informa-
tion”).

Besides the switch (xqr) which disables the turbulent la-
tent heat flux Qp completely, the turbulent latent heat flux
is most sensitive to the atmospheric emissivity €,y followed
by the turbulent heat flux exchange coefficient Dsy, mainly
around the margins (Fig. A3). Around the margin the ra-
tio of turbulent sensible and latent exchange coefficients
T'h/sh plays a minor role (S;; ~ 0.1). The turbulent latent heat
flux is also sensitive to the snow-albedo-related parameters
(afs/fi» Xo) in the north. The turbulent latent heat flux Ot is
sensitive to neither the maximum liquid water content {max
globally nor the ice albedo and 7y, in the interior of the ice
sheet. As the effect of rip/sn on the turbulent latent heat flux
as well as on the SMB is low, using similar exchange coeffi-
cients for moment, temperature, and water vapor is justified
within this framework. In the LGM, Q. shows an increased
sensitivity to o, while the Dgp is less important around the
margin, due to lower atmospheric temperatures and slower
albedo decay (not shown). The albedo module and the firn
albedo play almost no role in either case.

The average snow temperature is mainly influenced by
€atm, Ofs, DsH, and xqL, though uncertainties in the sensitiv-
ity are rather large due to temperature resetting in the event
of snowfall on ice or shallow snowpacks.

Snowmelt is closely linked to the SMB and shows similar
sensitivities to those reported for the SMB. Just as expected,
the impact of the latent heat flux switch is lower as it is
mainly important in regions with an absence of melt (Fig. 3).

3.2 Ensemble statistics

PD regional parameter dependencies. The GSA highlights
the surface mass balance as the variable most sensitive to at-
mospheric emissivity and the latent heat flux switch irrespec-
tive of background climate. The GSA method has the draw-
back that it gives no information about the sign and absolute
magnitude of the SMB changes. Physical processes and as-
sociated parameters, which result in either surface heating
or cooling, will be analyzed based on ensemble statistics ex-
plained in the following. On the other hand, an increase in
albedo and a decrease in atmospheric emissivity always lead
to an increase in surface mass balance. The ensemble statis-
tics also give additional information about parameter sensi-
tivities which were well analyzed with GSA. We split Green-
land into 11 different regions for the PD and 13 for the LGM
(2 more around Ellesmere Island) based on elevation, ice di-
vides, geography, and climatological similarity for this anal-
ysis. In particular most of the west coast shows similar be-
havior and is therefore only a single region (Fig. 5). This is a
regional spread of the elevation bands used in Fig. 2. For each
region the parameter range is split into 20 equally spaced in-
tervals for which the 5 %, 25 %, 33 %, 50 %, 66 %, 75 %, and
95 % quantiles are calculated. The binning is necessary as
the ensemble was not created with parameters at regularly
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(b)

Figure 5. Greenland is split into 11 regions based on elevation, geographic, and climatic similarity for the PD (a) and the LGM (b). There
are four different sections with SW-W, N, E, SE, and the area around Ellesmere island for the LGM. Each section is split into three elevation
bands ranging from 0—1000-2000-3000 m. During the present day there are three regions in the west and north from 0-1000-2000-3000 m
(1, 5,and 9; 2, 6, and 10). The southeast and east regions are precipitation driven, and the change in SMB with altitude is less developed;
therefore 1000-3000 m is joined to one region (4, 8; 3, 7). There is one additional region in the center which is at elevations above 3000 m
(11). Ice-covered areas are in white with slight elevation shading in the background. The ice-free area is based on elevation coloring with

green as the lowest and brownish the highest.

spaced intervals. The most interesting features are seen for
the parameters where the effect changes sign depending on
the atmospheric conditions, like for the turbulent heat ex-
change coefficient. We discuss the selected region 5 and the
turbulent latent heat flux in depth here, while the complete
set of figures is included for reference in the “Additional in-
formation”.

In Fig. 6 the impact of the various parameters on the PD
SMB is shown for region 5, the western region of Green-
land ranging from 1000-2000 m where the equilibrium line
for the present-day ice sheet is located. The dominant pa-
rameter is the atmospheric emissivity €,,. Over the range
of plausible values, €y, reduces the median of the SMB
by almost 800 kgm™2. The atmospheric emissivity and the
SMB are inversely correlated, and the relationship is non-
linear with greater effect at larger values. The spread of the
ensemble, i.e., the variance of the SMB as a result of other
parameters, increases too. The increase in the SMB with the
snow-albedo-related parameters oq and o is smaller and
the width of the distribution decreases (panel a, b), as even
very low albedo parameter values do not necessarily lead to
a negative SMB in the western region. An increase in Dsy
slightly reduces the median SMB, but the spread decreases.
Ice albedo «;, liquid water content {max, and rin/sh have al-
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most no impact. The SMB increases in the presence of tur-
bulent latent heat flux due to the heat loss of sublimation in
region 5. With all albedo modules the ensemble has a wide
spread, but the variation is smallest for the time-dependent
decay (Oerlemans and Knapp, 1998) which also has the high-
est median mass balance, as it neither has an instant albedo
drop upon reaching the melting point (constant) nor accounts
for the liquid water mass in the snowpack. The parameteriza-
tion based on temperature, wetness, and time has the lowest
median SMB.

The strong impact of the emissivity on the surface en-
ergy balance and therefore also on SMB is due to the larger
annual average of the incoming longwave radiation relative
to the shortwave, precipitation, and turbulent fluxes. In the
PD climate, the largest energy source for the snow is in-
coming longwave radiation. As atmospheric emissivity €,im
decreases, less energy is available for melt in region 5. In
the absence of melt, surface mass balance response is only
due to the sublimation, and since the vapor flux has a mod-
est absolute impact on the SMB, the spread of the ensemble
is low. Vice versa, at large €,y values, warming, as well as
potentially early melting of the snowpack, occurs in many
grid cells, leading to a positive feedback effect with lower
albedo. In agreement with the GSA (Fig. 3) the firn albedo
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Figure 6. The ensemble statistics for the surface mass balance for region 5 (west 1000-2000 m) in the PD. The 5th and 95th, 25th and 75th,
33rd and 66th, and 50th quantiles are displayed in progressively darker shading. Black points represent the ensemble mean, and the grey
points correspond to the rest of the ensemble, apart from outliers (max five per bin allowed), which are removed to improve readability. Each
plot represents the range of one parameter with afs, af, and ¢; in the top row; DsH. rih/sh, and €amm in the middle; and Qp on/off> Xo» and
{max at the bottom. As Q1 on/off and xo have two and four discrete values, respectively, the parameter range is not split into 20 intervals.

ag is almost as important as fresh snow albedo . The equi-
librium line altitude (ELA) is located in region 5, and snow
temperatures are rather warm, resulting in a large impact of
snow albedo decay and its parameterization. The constant
albedo parameterization spreads more than 1000 kgm™—2, as
the albedo is very sensitive around the ELA, changing in-
stantly from o to ag when the snowpack reaches the melt-
ing point, while the albedo parameterizations based on Oerle-
mans and Knapp (1998) and Bougamont et al. (2005) have a
temporal decay relative to the instant one in the constant case.
Bougamont et al. (2005) have a snow-temperature-dependent
increased decay rate, which is even more pronounced in the
wet case, leading to an ensemble that is less skewed than
those of the constant case and Aoki et al. (2003). The last
albedo parameterization decays faster than the other two at
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warmer temperatures, leading to lower albedo than for all
other albedo parameterizations before the melting point is
reached. Additionally, there is a difference between the mod-
els in the case of snowfall.

Differences in the LGM regional parameter dependencies.
During the LGM the western region between 1000-2000 m
(not corresponding to the identical geographical area in the
PD due to topographic differences) shows positive but low
SMB with a lower spread of the ensemble (Figs. 7, A2). The
climate in the west of Greenland in the LGM is character-
ized by a much lower air temperature, slightly more annual
mean radiation, and lower precipitation. There are three dis-
tinct differences to in the PD:

1. The lower air temperature reduces the impact of €,y
and produces a more positive SEB.

The Cryosphere, 15, 2917-2938, 2021
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Figure 7. The ensemble statistics for the surface mass balance of the Qf o, sub-ensemble for region 5 (west 1000-2000 m) in the LGM.
The 5th and 95th, 25th and 75th, 33rd and 66th, and 50th quantiles are shown in progressively darker shading. Black points represent
the ensemble mean, and the grey points correspond to the rest of the ensemble, apart from outliers (max five per bin allowed), which are
removed to improve readability. Each plot represents the range of one parameter with ags, o, and ¢; in the top row; DsH, 7h/sh, and €atm
in the middle; and Qpon/off, Xa» and {max at the bottom. As Qr on/off and xo have two and four discrete values, respectively, the parameter
range is not split into 20 intervals. Figure A2 shows a similar plot for the entire LGM ensemble.

2. The impact of ag and y is drastically reduced. The im-
portance of oy increases relatively to €,y (Fig. 7). The
incremental increase in snow albedo with snowfall gives
slightly lower albedo in the dry climate. The colder
snowpack due to a more positive SEB has a slower snow
albedo decay (for the albedo subroutines which param-
eterize the decay), no melting, and almost no impact of
associated parameters.

3. Enabling the latent heat flux results in a decrease in
SMB, as sublimation prevails in the LGM over the en-
tire year. However, in the absence of melt the increase
in sublimation results in a mass loss, rather than the re-
duced melt via cooling due to sublimation during the PD
conditions. Furthermore, the non-linearity in the SMB

The Cryosphere, 15, 2917-2938, 2021

in the LGM almost vanishes for €, and oy as there is
hardly any melt and associated snow—ice albedo feed-
back.

Impact of the turbulent heat flux exchange coefficient on
the SMB as an example for the PD. The SMB dependency
on the turbulent heat flux coefficient Dgy varies over the dif-
ferent regions (Fig. 8). The turbulent sensible heat flux may
be either a heat loss or a heat gain for the surface depend-
ing on the difference between atmospheric and surface tem-
perature, which is why we present a deeper look into the re-
lated parameter (the figures for all other parameters are avail-
able in the “Additional information”). Only the sub-ensemble
with an active turbulent latent heat flux (xQL—on) is shown in
Fig. 8 because in regions without melt, 50 % of the simula-
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Figure 8. The dependency of the SMB on the turbulent heat exchange coefficient Dgy is displayed in a similar manner to in Fig. 7 for the
PD. The shading represents the different quantiles: 5th and 95th (light grey), 25th and 75th (grey), 33rd and 66th (dark), and the median
(solid black line). The black dots are the ensemble mean based on 20 intervals. The panels are sorted by elevation and regions, with the
lowest elevation (0—1000 m) in the top row and the highest elevation at the bottom. Each column is related to a region in Greenland: W, N,

E, SE-S (Fig. 5).

tions (xQL—off sub-ensemble) will show a similar SMB. The
overall width of the SMB distribution decreases with altitude.
The lowermost regions in the west and southeast (1, 4) show
a trend to more negative mass balances with larger exchange
coefficients. Regions 3, 5, 6, 10, and to a lesser extent 2 and 7
show a distinct decrease in the width of the SMB distribution
of the ensemble with increasing Dsy and a slight decrease
in the mean (excluding region 6). The general negative trend
for the SMB with Dgy is a result of higher air than snow
surface temperatures. The negative trend is most pronounced
at the lower regions of the west and south, where warm air
advection is frequent, resulting in increased melt due to the
heat supplied by the sensible heat flux. The regions are also
quite moist, in particular in the southeast (region 4), leading
to a positive turbulent latent heat flux (condensation), which
in turn heats the surface too.

The northeast (region 2, 3, 6, 7) of Greenland is colder
and drier, resulting in decreased turbulent fluxes, and there-
fore the effect of Dsy on the SMB and surface energy bal-
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ance is lower. The ensemble spread is narrower at higher al-
titudes (7-11) due to a generally positive mass balance. An
increased energy input due to any parameter will raise the
snow temperature, but in the absence of melt the mass bal-
ance does not change strongly. Still, the snow temperature
change alters sublimation, accounting for the remaining vari-
ability in SMB. This is pronounced in region 10: at low ex-
change coefficients melt is still possible if other parameters
result in a strong positive energy input, leading to skewness
towards negative SMB. At a large exchange coefficient the
tight coupling with the heat reservoir of the atmosphere lim-
its melt and the skewness towards negative SMBs vanishes,
while the median stays almost constant. The SMB does not
strongly vary with parameter Dsy in region 10; rather the
parameter acts as a buffer of the SMB. With strong turbu-
lent sensible heat exchange the surface temperature will be
buffered by the air temperature heat reservoir, so the spread
of the ensemble becomes narrow. The buffering effect is vis-
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ible for most regions, where air temperatures are below the
melting point for most of the year (2, 3, 5, 7-10).

The turbulent heat exchange coefficient Dgy also impacts
the SMB via the turbulent latent heat flux (Qr, in Eq. (12),
additional figure available in the “Additional information™).
Q1. becomes more negative with an increasing exchange co-
efficient. Firstly, the higher surface water vapor pressure of
the warmer snow/ice surface, as a result of the heating by the
turbulent sensible heat flux Qsy, increases sublimation. Sec-
ondly, the absolute vapor flux is also larger with a higher ex-
change coefficient. The annual average of the ensemble over
Greenland is a negative turbulent latent heat flux, meaning
sublimation occurs more often than condensation. At larger
exchange rates more mass can be moved, and therefore the
variation over the ensemble increases.

The average SMB increases at low elevations if the turbu-
lent latent heat flux is switched on (xQL—on Sub-ensemble);
it decreases above 2000m and is almost constant above
3000 m, where the annual average of the latent heat flux is
almost zero. The first trend is a result of reduced melt due
to a negative latent heat flux (sublimation), and the SMB in-
crease is therefore most pronounced in the northeast. This is
a region where melt only occurs for a few extreme ensem-
ble members, so the sublimation is the only mass loss, and
therefore the SMB decreases with increased sublimation.

Ensemble statistics of other parameters for the PD. The
other parameter results are consistent with the GSA: an in-
crease in €,y decreases the SMB, but melting increases dis-
proportionally with higher emissivity. The high impact of
€arm 1S mainly related to the all-year-around impact altering
ice exposure and albedo decay. The snow albedos increase
the SMB, with the fresh snow albedo being more important.
The SMB ensemble plots do not show any dependency on
ice albedo and liquid water content, and the mean is also
unaffected by ryn/sh. Additional figures are available in the
“Additional information”.

LGM. The general features are similar to those in the PD.
Larger values of Dgsy reduce the variability in or impact of
the other parameters, resulting in slightly lower SMB. Simi-
larly to for the GSA, a shift to lower elevations is seen. The
impact of Dsy on the SMB is negligible above 2500 instead
of above 3000 m for the PD and melt tails are limited to be-
low 2000 m. €44y, as well as the snow-albedo-related param-
eters, has less influence during the colder period.

Sensitivity of the 10m firn temperature. In addition to the
SMB, the sensitivity of the 10m firn temperature was as-
sessed. This was not possible for the GSA due the limited
sample size. We limited the analysis of the firn temperature
to 13 locations in the interior of Greenland. The firn temper-
ature at these mostly central locations is sensitive to three pa-
rameters: €,mm, &fs, and Dsy. The first two have a rather linear
impact with increasing temperature with increasing emissiv-
ity and decreasing albedo. The turbulent heat exchange co-
efficient has a similar effect on the 10 m firn temperature to
that shown for region 5. At small Dgy values the 10 m tem-
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perature has a larger variability depending on the other two
sensitive parameters, while at large values the air tempera-
ture buffers the snow temperature, even down to 10 m. The
sensitive parameters are the main drivers of the SEB, which
determines the 10 m temperature in those areas as discussed
previously for the SMB. The only difference to the SMB for
regions at higher elevations is the insignificance of xqr. The
turbulent latent heat flux has only a minor importance for the
SEB, but in the absence of melt, the vapor flux is the only
SMB change. Tuning the model for the 10 m firn tempera-
ture only provides information about the sensitive parame-
ters, which are €,¢m, af, and Dsy.

4 Discussion

In this study we assess the model sensitivity due to para-
metric uncertainties. Cloud cover and the associated atmo-
spheric radiation are large uncertainties in both present-day
and glacial climates. The uncertainty in cloud cover is repre-
sented by the large parameter uncertainty in the atmospheric
emissivity €,y,. The SMB is most sensitive to €, under
present-day (PD) conditions. The sensitivity of the SMB is
not drastically different during the Last Glacial Maximum
(LGM). However, lower atmospheric temperatures reduce
the impact of the atmospheric emissivity while also leading
to fewer areas where melt and runoff occur. The relative con-
tribution of the mass flux associated with the turbulent latent
heat flux to the SMB increases drastically during the LGM
(4 % to 15 % of the total mass flux), making the turbulent la-
tent heat flux switch the model’s most sensitive parameter in
large parts of the ice sheet. The increased importance of Q.
is due to the absence of melt, similarly to at the highest eleva-
tions during the PD climate. Additionally, SMB values have a
smaller magnitude as precipitation is lower during the LGM
and therefore the relative contribution of the vapor fluxes to
the SMB is larger. For an accurate modeling of the SMB over
the glacial cycle, an inclusion of the turbulent latent heat flux
is necessary, which may not be as important for a warmer
climate.

The sensitivity metric we applied is a relative measure-
ment that depends on two components: the absolute strength
of a particular flux and the chosen parameter uncertainty
range of the parameter. The latter depends on the subjective
choice. We based the parameter values on published com-
mon ranges (Table 1). The incoming longwave radiation is
the largest single energy source for the surface energy bal-
ance during the PD, ranging from twice the incoming solar
radiation around the margin to about one-third in the interior
of Greenland in the annual average. Therefore, the impact of
the atmospheric emissivity decreases from the coast inwards
for multiple reasons: first, temperatures are higher around the
margin leading to increased incoming thermal radiation. Sec-
ond, cloud cover is higher and therefore solar radiation is re-
duced. Lastly, at negative SMB the rate of melting depends
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greatly on the total energy flux and albedo decays faster for
a warmer snowpack if more longwave radiation reaches the
surface during winter.

It is important to differentiate between the sensitivity of
the Greenland-wide integrated mass balance and the local
SMB, as well as between the impact of the individual fluxes
on the absolute SMB. The Greenland-wide surface mass bal-
ance is most sensitive to the atmospheric emissivity during
the PD (Fig. 2). During the LGM the SMB shows additional
increased sensitivity to the fresh snow albedo, the choice of
albedo parameterization, and the turbulent latent heat flux.
In the LGM, lower air temperatures and an ice sheet with
less melt overall increases the importance of the vapor fluxes
similarly to at high elevations in the PD. It is therefore not a
necessity for models to include Q1 in a warm climate, though
it is desirable. Conversely, the turbulent latent heat flux Qr,
cannot be ignored during a colder and dryer climate. In ad-
dition, this means that although the cloud cover uncertainty
may be similar during the colder period of the LGM, the sen-
sitivity of our model towards the emissivity uncertainty is
lower. Simple surface mass balance models like enhanced
temperature index models are likely to create a bias as so-
lar insolation changes are accounted for while the impact of
the cloud cover on other components of the energy balance
is neglected or implicitly included in the PDD factor; even
under PD conditions PDD may result in bias as the impact
of clouds on the SMB is highly variable (Van Tricht et al.,
2016; Hofer et al., 2017).

At the local scale such as in the interior of Greenland, even
in the PD climate, the vapor flux (Qr) is up to one-third of
the total SMB, despite its small impact on the Greenland-
wide integrated scale. In addition, in the absence of melt the
sublimation and condensation are the only changes to the
SMB with a fixed precipitation forcing. Neglecting sublima-
tion and condensation will result in fundamental biases over
long-term simulations of the Greenland ice sheet, in partic-
ular in its interior. This needs to be considered when tuning
surface mass balance models for long timescales. Tuning for
the Greenland-wide SMB will mainly constrain the most sen-
sitive parameters, which constrain certain key regions of high
mass turnover but not for the bulk surface. Furthermore, the
temporal differences in the sensitivities on the local scale in-
dicate that models of reduced complexity may fail drastically
for other time periods (absence of Qr for example).

The sensitivity analysis shows that the uncertainty in the
longwave radiation has a larger impact on the SMB uncer-
tainty than the uncertainty in the incoming solar radiation,
but as it is not defined relative to the absolute flux, this does
not necessarily tell us that the SMB is most sensitive to the
longwave radiation energy component. The impact each en-
ergy flux has on the absolute SMB has to be analyzed sep-
arately. The longwave radiation dominates, followed by the
solar radiation. The larger sensitivity of the xqr switch in
the LGM is mainly due to xqL’s increased contribution to
the absolute SMB. In the absence of melt and with reduced
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precipitation, sublimation accounts for a larger portion of the
absolute SMB.

It is beyond the scope of BESSI to resolve all the physi-
cal processes. We use a simple parameterization for the in-
coming longwave radiation which does not accurately repre-
sent reality. The atmospheric emissivity is constant in neither
space nor time. Area-distributed values may work during the
observational period, but differences in the atmospheric cir-
culation alter these patterns over the glacial cycle. We con-
clude that the overall model uncertainty can effectively be
improved by changing the simplified representation of the
longwave radiation flux as a function of atmospheric tem-
perature and emissivity either for a more sophisticated pa-
rameterization or to use longwave radiation as climate model
input. If the model were to be tuned for the Greenland-wide
SMB, it would be biased towards the melt regions around the
margin and therefore the atmospheric emissivity. Where pos-
sible, parameters should be calibrated via quantities which
they are sensitive to. None of our parameters are to be as-
sumed constant in space, as albedo for example strongly de-
pends on impurities and snow temperature, but unless the
uncertainty in the incoming longwave radiation is reduced,
it is justifiable to work with optimized values from the PD.
The current model version does not use wind fields, although
they impact the SEB via the turbulent fluxes. The strength of
the turbulent exchange does not have a large impact on the
SMB, and the approach to neglect wind speed variability is
therefore justified in the context of more uncertain parame-
ters. The model sensitivity towards the parameters that has
been found is to be set into context with the assumed forcing
(climate) uncertainty.

5 Summary and conclusions

The surface mass and energy balance model BESSI has
been improved by accounting for turbulent latent heat flux
and snow aging. The sensitivity of the model to the new
implementations and uncertain model parameters was as-
sessed with a variance-based sensitivity method based on
two ensembles with a total of 16 500 simulations. The warm
present-day and the cold Last Glacial Maximum climate
were used to study the differences in the model response un-
der different present-day and Last Glacial Maximum bound-
ary conditions. The sensitivity analysis reveals that the inclu-
sion of the turbulent latent heat flux is a necessity to simu-
late the local SMB and the integrated SMB over the entire
Greenland ice sheet. The relative importance of sublimation
and condensation is larger in the dry and cold climate of the
LGM as air temperature and precipitation are lower.

The uncertainty associated with cloud cover and atmo-
spheric emissivity dominates the SMB model uncertainty.
With the different circulation during the Last Glacial Maxi-
mum due to the presence of the Laurentide ice sheet, a chang-
ing energy input from the atmosphere to the surface will re-
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sult in an SMB response. The sensitivity study further reveals
that the uncertainty in the SMB as a result of the atmospheric
radiation decreases in a colder climate.

We find that uncertainties in the ice albedo and liquid wa-
ter content and differences in the turbulent fluxes are of mi-
nor importance for our and likely also similar models. In or-
der to reduce model uncertainty most effectively, the larger
energy sources of shortwave and longwave radiation need to
be constrained first via the snow albedo and the atmospheric
emissivity.
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Appendix A: Additional plots
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Figure A1l. The global sensitivity analysis of the LGM SMB provides the main-order effect (circle) and the total effect (triangle). The two
indices are displayed for all nine parameters over the different elevation bands ranging from 0-1000, 1000-2000, 2000-2500, and 2500—
3000 to above 3000 m and for the entire ice sheet. The symbol represents the mean value of the sensitivity index with the bars as £1o.
The elevation bands of the LGM topography over Greenland are displayed on the right; the analysis is only performed for cells where ice is
present. The uncertainty in the sensitivity indices is larger than for the PD due to the smaller ensemble size.
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Figure A2. The ensemble statistics for the surface mass balance for the entire ensemble at region 5 (west 1000-2000 m) in the LGM, showing
the 5th and 95th, 25th and 75th, 33rd and 66th, and 50th quantiles in progressively darker shading. Black points represent the ensemble mean,
and the grey points correspond to the rest of the ensemble, apart from outliers (max five per bin allowed), which are removed to improve
readability. Each plot represents the range of one parameter with afg, af, and & in the top row; DsH, Fh/sh, and €atm in the middle; and
OLon/off> Xa» and {max at the bottom. As QOr on/off and xq have two and four discrete values, respectively, the parameter range is not split
into 20 intervals.
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Sensitivity of the turbulent latent heat flux in PD
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Figure A3. Global sensitivity of the turbulent latent heat flux in the PD. The total sensitivity index of Qr, of every parameter for the PD is
displayed for every ice-covered grid cell. The ice-free land is in brown; the ocean is in blue.
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Code and data availability. The BESSI model code is avail-
able on  GitHub (https://github.com/TobiasZo/BESSI/tree/
TobiasZo---GSA-model-version, last access: 3 June 2020). Addi-
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