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Abstract. The Greenland Ice Sheet (GIS) is subject to ampli-
fied impacts of climate change and its monitoring is essential
for understanding and improving scenarios of future climate
conditions. Surface temperature over the GIS is an impor-
tant variable, regulating processes related to the exchange of
energy and water between the surface and the atmosphere.
Few local observation sites exist; thus spaceborne platforms
carrying thermal infrared instruments offer an alternative for
surface temperature observations and are the basis for deriv-
ing ice surface temperature (IST) products.

In this study several satellite IST products for the GIS
were compared, and the first multi-sensor, gap-free (Level 4,
L4) product was developed and validated for 2012. High-
resolution Level 2 (L2) products from the European Space
Agency (ESA) Land Surface Temperature Climate Change
Initiative (LST_cci) project and the Arctic and Antarc-
tic Ice Surface Temperatures from Thermal Infrared Satel-
lite Sensors (AASTI) dataset were assessed using obser-
vations from the PROMICE (Programme for Monitoring
of the Greenland Ice Sheet) stations and IceBridge flight
campaigns. AASTI showed overall better performance com-
pared to LST_cci data, which had superior spatial coverage
and availability. Both datasets were utilised to construct a
daily, gap-free L4 IST product using the optimal interpo-
lation (OI) method. The resulting product performed sat-
isfactorily when compared to surface temperature observa-
tions from PROMICE and IceBridge. Combining the advan-
tages of satellite datasets, the L4 product allowed for the
analysis of IST over the GIS during 2012, when a signifi-
cant melt event occurred. Mean summer (June—August) IST

was —5.5 +£4.5 °C, with an annual mean of —22.1 +5.4°C.
Mean IST during the melt season (May—August) ranged
from —15 to —1°C, while almost the entire GIS experi-
enced at least between 1 and 5 melt days when temperatures
were —1 °C or higher.

Finally, this study assessed the potential for using the satel-
lite L4 IST product to improve model simulations of the GIS
surface mass balance (SMB). The L4 IST product was assim-
ilated into an SMB model of snow and firn processes during
2012, when extreme melting occurred, to assess the impact of
including a high-resolution IST product on the SMB model.
Compared with independent observations from PROMICE
and IceBridge, inclusion of the L4 IST dataset improved the
SMB model simulated IST during the key onset of the melt
season, where model biases are typically large and can im-
pact the amount of simulated melt.

1 Introduction

There has been an increase in the rate of Arctic ice loss
over the last 2 decades, including the accelerated retreat of
glaciers and ice sheets, a reduction in the extent and timing
of seasonal snow, and a reduced sea ice extent and thick-
ness as a result of climate change (IPCC, 2019). The Green-
land Ice Sheet (GIS) has had a net negative mass balance
for at least the last 25 years, resulting from the combination
of increased dynamic thinning, i.e. loss due to accelerated
flow and calving, and decreased surface mass balance (SMB)
(Shepherd et al., 2020; Mottram et al., 2019; Mankoff et al.,
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2020). From September 2019 to August 2020 the GIS expe-
rienced ice loss higher than the average for the period from
1981 to 2010 (Moon et al., 2020).

SMB is the budget of accumulation (via snowfall) and ab-
lation (via melt and runoff). Also important are processes of
meltwater percolation into the snow and firn (snow that has
survived at least one annual cycle) where meltwater can be
retained as a liquid if there is sufficient pore space and may
refreeze if the cold content is sufficient, potentially form-
ing aerially extensive ice layers (Broeke et al., 2009; Ettema
et al., 2010; Machguth et al., 2016; Reijmer et al., 2012). A
decrease in SMB over the last 25 years is the largest contribu-
tor to the mass loss of the GIS, largely due to enhanced melt-
ing during the summer melt season (Shepherd et al., 2020).
SMB is directly measured at only a few point locations in
Greenland, and regional climate models (RCMs) are used to
make integrated estimates over the whole ice sheet (Shep-
herd et al., 2020). However, as analysis by Fettweis et al.
(2020) shows, there are large discrepancies between mod-
els in terms of both the components of SMB (mainly melt
rates and precipitation) and the geographical pattern of SMB.
Satellite observations over large areas are therefore essential
for evaluating models and are also useful in process studies
to identify sources of model error as well as being potentially
useful in correcting model biases via assimilation in climate
and weather models.

Land surface temperature (LST) can be observed by satel-
lites and is classified as an Essential Climate Variable (ECV)
according to the Global Observing System for Climate
(GCOS) (GCOS, 2016). The temperature of the snow- and
ice-covered land surfaces (ice surface temperature, IST), usu-
ally calculated from the surface energy balance from obser-
vations or RCMs, controls both melt rates and other snow-
pack processes that are important for characterising SMB.
As firn provides an important buffer for meltwater, it must
be included in SMB models to determine rates of ice sheet
loss. However there is a wide variation in the performance of
different firn models and the parameterisations used within
them (Langen et al., 2017; Vernon et al., 2013). As an ex-
ample, the retention and refreezing of liquid water are mod-
ulated by grain size and densification, which are in turn
strongly influenced by surface temperatures over the GIS
(Vandecrux et al., 2020). Improving modelled IST is there-
fore important for SMB estimates of the GIS.

Satellite observations in the thermal infrared (IR) have al-
lowed monitoring of clear-sky ISTs over the last 4 decades.
Infrared sensors operate in the atmospheric window where
wavelengths range between 10 and 12 pm; thus measure-
ments refer to the skin ice surface temperature, which may
differ considerably from e.g. in situ stations which typi-
cally measure the 2 m air temperature. Furthermore, infrared
measurements can only be obtained under clear-sky con-
ditions and thus are representative of instances when tem-
perature is typically lower compared to cloudy conditions
(Nielsen-Englyst et al., 2019). Nielsen-Englyst et al. (2021)
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used clear-sky skin temperature observations from satellite
infrared radiometers to derive daily mean clear-sky 2 m air
temperatures (7>r) in the Arctic, including the Greenland
Ice Sheet.

The primary IR sensors used for estimating IST are
the Advanced Very High Resolution Radiometer (AVHRR)
available since August 1981 (Comiso and Hall, 2014; Dy-
bkjer et al., 2012; Comiso, 2003), the Moderate Resolu-
tion Imaging Spectroradiometer (MODIS) available since
1999 (Hall et al., 2008, 2012, 2013), the (Advanced) Along
Track Scanning Radiometer ((A)ATSR) available since 1991
(Dodd et al., 2019), and the Sea and Land Surface Tempera-
ture Radiometer (SLSTR) A/B as successors of the (A)ATSR
series. Recently, the European Space Agency (ESA) funded
the Land Surface Temperature Climate Change Initiative
(LST_cci) project, part of the agency’s Climate Change Ini-
tiative (CCI) programme, releasing initial versions of data
products from several satellites that provide temperature in-
formation across land surfaces regionally and globally, with
a temporal extent of 20 years (Perry et al., 2020).

Averaged clear-sky IST observations from AVHRR have
previously been analysed and used to calculate climate trends
in the Arctic (Comiso, 2003; Wang and Key, 2005). How-
ever, the clear-sky limitation of IR observations usually re-
sults in differences when compared to the averaged ISTs
measured during all-sky conditions (Comiso, 2003; Koenig
and Hall, 2010; Nielsen-Englyst et al., 2019), which may im-
pact the accuracy of the observed trends (Liu et al., 2008).
Furthermore, single-sensor IST observations have gaps due
to missing data, typically resulting from overcast conditions;
thus direct comparisons with in situ measurements are fur-
ther complicated by data unavailability. Currently, no gap-
free (Level 4, L4) IST product exists for the GIS.

This study presents the results from a user case study
within the ESA LST_cci project regarding uptake of the first
satellite multi-sensor, optimally interpolated L4 IST fields
covering the GIS for the test year 2012, when an extreme
melting event occurred. IST data from IR satellite sensors
were used from the ESA LST_cci project as well as from the
Arctic and Antarctic Ice Surface Temperatures from Ther-
mal Infrared Satellite Sensors (AASTI) dataset (Dybkjaer
et al., 2018; Dybkjer et al., 2014). The individual satel-
lite IST products were inter-compared and validated against
in situ measured radiometric surface temperatures from the
PROMICE (Programme for Monitoring of the Greenland Ice
Sheet) stations and IceBridge flight campaigns. The year
2012 was selected due to extensive surface melt over most
of the ice sheet (Box et al., 2012; Nghiem et al., 2012; Hall
et al., 2013), resulting in the lowest SMB on record, a chal-
lenging event for climate models, many of which underes-
timated the contribution of turbulent heat fluxes to melting,
especially the sensible heat flux (Fausto et al., 2016). Finally,
this study assessed the potential to integrate the L4 IST prod-
uct into climate models by first evaluating against and then
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assimilating the daily L4 IST data into an SMB model forced
by the RCM HIRHAMS (Langen et al., 2015, 2017).

2 Data
2.1 Satellite data

As the GIS is located at high latitudes, it is not feasible to
use aggregated day/night observations from ascending and
descending orbits. L2 v1.0 data (without the subsequent en-
hancements to the algorithms, cloud masking and uncertain-
ties) from the ESA LST_cci project were used, consisting
of 1km IST observations from AATSR on Envisat (only
available until April 2012) and MODIS on the Aqua and
Terra platforms (LST_ cci, 2020). In addition, IST observa-
tions from the AASTI v2 L2 dataset, available multiple times
per day with 4 km resolution, were included in the analysis
(Dybkjaer et al., 2018; Dybkjer et al., 2014). This dataset
is generated using Global Area Coverage (GAC) retrievals
from AVHRR on board the NOAA and Metop platforms. The
AASTI dataset extends north of 50° N and south of 50°S,
providing surface temperatures for sea ice, land ice, open
water and marginal ice zone areas from 1982 to 2015. The
satellite products assessed in this study are listed in Table 1.

2.2 PROMICE

The Programme for Monitoring of the Greenland Ice Sheet
(PROMICE) data are provided by the Geological Survey
of Denmark and Greenland (Ahlstrgm et al., 2008; van As
and Fausto, 2011; Fausto et al., 2021). Surface temperatures
are derived from upwelling longwave radiation measured by
Kipp & Zonen CNRI1 or CNR4 radiometers, assuming an
emissivity of 0.97 (Fausto et al., 2021). Only PROMICE data
from the upper ablation and accumulation zones were used to
ensure that data are only acquired over permanently snow- or
ice-covered surfaces. Figure 1a shows the geographical dis-
tribution of the eight selected PROMICE stations and their
elevation, also listed in Table 2.

2.3 IceBridge

The Operation IceBridge project (Kurtz et al., 2013) con-
ducts flight campaigns over the Arctic sea ice and the GIS,
carrying various instruments including a thermal infrared ra-
diometer, KT19, which observes in a similar IR frequency
interval as the AVHRR channel 4 (9.6-11.5 um). Surface
temperatures are retrieved by measuring brightness temper-
atures and assuming a constant surface emissivity of 0.97.
In total, IST retrievals from 27 IceBridge flights (version 2)
(Studinger, 2020) starting at the end of March and ending on
16 May 2012 were used. Due to the high-resolution footprint
of the KT19 instrument — approximately 15 m at 450 m above
ground level (Studinger, 2020) — which results in high vari-
ability in the observed radiometric surface temperature, Ice-
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Bridge observations were averaged every kilometre to make
them more comparable to the lower-resolution satellite data.
The IceBridge observations were not screened for potential
clouds; under the presence of clouds between the aircraft and
the surface, the radiometer observes the usually colder cloud
temperature instead of the surface.

3 Methods
3.1 Level4 O11IST

L2 observations were aggregated on a fixed grid to Level 3
(L3) and combined using a statistical methodology similar to
Hgyer and Karagali (2016), resulting in L4 gap-free, merged
and optimally interpolated (OI) daily fields with a 0.01° lat-
itude and 0.02° longitude resolution. Prior to the optimal in-
terpolation, an intermediate L3 super-collated (L3S) prod-
uct was generated from the collation of all the L3 fields.
The OI method is similar to the one from the high-latitude
DMI SST (Danish Meteorological Institute sea surface tem-
perature) processing scheme (Hgyer and She, 2007; Hgyer
and Karagali, 2016), which operates with anomalies from a
first-guess field. In the current approach, a persistence-based
method is applied, which uses the previous analysis field
as the first-guess field. The IST observations from within
48 h (hours) of the analysis time are aggregated and inter-
preted as anomalies with respect to the first-guess field. The
OI method, given statistical input such as a first-guess er-
ror variance or co-variance functions and uncertainties in the
individual observations, finds the solution with the lowest er-
rors for each grid point (Hgyer et al., 2014). The search ra-
dius for the OI method is set to 75 km, and the maximum
number of satellite observations included in the optimal es-
timation is 16. A spatially and temporally varying dynami-
cal bias correction has been applied to reference the MODIS
products against the AASTI GAC data (Hgyer et al., 2014).
This occurs when constructing the L3S product prior to gen-
erating the L4 IST product. The temporal window for the
dynamical correction is 7d (days), and the bias fields are
smoothed over 500 km. Due to the limited temporal availabil-
ity and sampling pattern (see Sect. 4.1), AATSR data were
not used for the generation of the L4 IST product.

The satellite products used in this study represent the
clear-sky IST, as the IR satellite sensors cannot observe the
surface through clouds. As a result, a clear-sky bias is usu-
ally observed when comparing averaged clear-sky surface
temperatures against averaged all-sky temperatures (Koenig
and Hall, 2010; Comiso, 2003). Nielsen-Englyst et al. (2019)
used PROMICE observations to estimate the clear-sky bias
introduced when averaging using different temporal win-
dows. Using a 72h averaging window, they found a clear-
sky bias of —0.96 °C when PROMICE stations located in the
middle or upper ablation zone and the accumulation zone
were used. Here, this clear-sky bias of 0.96°C has been
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Table 1. Input satellite data used for the derivation of the daily L4 IST product.

Product string Version  Sensor type Resolution  Data availability

Envisat AATSR L2P 1.0 IR 1km Jan—Apr 2012

Terra MODIS L2P 1.0 IR 1km Jan—-Dec 2012

Aqua MODIS L2P 1.0 IR 1 km Jan—Dec 2012

AASTI AVHRR GAC 2.0 IR 4km Jan-Dec 2012

Table 2. PROMICE observation sites including the surface type, co-ordinates and elevation.

Site Station  Surface type Latitude (°N) Longitude (° W)  Elevation (m)
Kangerlussuaq KANy ACC 67.00 47.03 1840
Crown Prince Christian Land KPCy  ACC 79.83 25.17 870
Scoresbysund SCOy UAB 72.39 27.23 970
Qassimiut QASy UAB 61.18 46.82 900
Tasiilaq TASy UAB 65.67 38.87 570
Nuuk NUKy UAB 64.51 49.27 1120
Upernavik UPEy UAB 72.89 53.58 940
Thule THUy UAB 76.42 68.15 760

Surface type: upper or middle ablation zone (UAB), accumulation area (ACC).

added to the satellite products in order to provide an esti-
mate of the corresponding all-sky daily IST fields, which can
be compared to the all-sky ISTs observed by PROMICE and
IceBridge.

3.2 HIRHAMS regional climate model (RCM) and
surface mass balance (SMB) model

The HIRHAMS5 RCM simulates the climate of Greenland
with a 5km resolution (Mottram et al., 2017). The RCM
contains a simplified SMB model and a five-layer snow and
ice subsurface scheme. The surface energy and water bud-
get from the RCM (i.e. the radiative and turbulent heat fluxes
and precipitation), evaporation and sublimation outputs are
then used to force an offline SMB model with more and
deeper layers and a more sophisticated treatment of snow-
pack processes to calculate the ice sheet SMB. The full
model set-up is described in Mottram et al. (2017); Langen
et al. (2015, 2017).

The Lagrangian set-up with 32 unequally spaced layers
down to 100m of water equivalent depth in the snow and
glacier subsurface scheme is used (Hansen et al., 2021). As-
similating an albedo product over bare glacier ice based on
MODIS data can improve ice sheet surface melt estimates
(Langen et al., 2017); however satellite-derived albedo data
are not available as far back in the past and suffer from
other biases. Thus, the focus in this study was exclusively
on IST assimilation without albedo data assimilation; for the
latter an internally calculated albedo scheme was used. The
SMB model calculates the accumulation of snow and abla-
tion based on the surface energy balance by calculating a
theoretical skin temperature. Since the skin temperature of
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ice cannot go above 273.15K, i.e. the melting point, this is
converted to energy available for melting surface ice. The
skin temperature also influences deeper snowpack tempera-
tures via diffusion.

Meltwater is assumed to run off immediately if bare
glacier ice is exposed, but if there is snow on glacier ice, per-
colation into the deep layers and the associated latent heat
released by refreezing in deeper layers is accounted for until
the heat capacity and porosity of the layers is filled and no
more percolation is possible. The sum of precipitation minus
evaporation, sublimation and runoff of meltwater gives the
daily SMB over the ice sheet.

For the control simulation, surface energy balance outputs
from the RCM were used to calculate the IST and melt poten-
tial as normal. This control simulation was initially evaluated
against the L4 IST data (not shown). For the simulation with
assimilation of the L4 IST, HIRHAMS RCM forcing was ini-
tially used to calculate IST, and if this was below —2°C at
a grid point for a given time step, the L4 IST product was
assimilated. Therefore, at any given time step, the GIS IST
output by the SMB model is a combination of the modelled
and observed L4 IST. The threshold was chosen to filter out
biases at higher temperatures observed within the L4 IST
product compared with PROMICE weather station data. The
L4 IST product is available once daily, yet modelled IST is
dependent on the full surface energy balance and thus, highly
variable in space and time; assimilating the L4 IST product
inevitably introduces some biases. Therefore, the aim of this
assimilation experiment is to act as a proof of concept for the
potential ingestion of satellite-derived data into the model.
For this reason focus is on the month of May when IST and
surface melt are highly variable; then the inclusion of satel-
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Figure 1. (a) Locations of the used PROMICE stations along the Greenland Ice Sheet and their elevation. (b) All IceBridge flights used for

validation (grey lines) and the one used in Figs. 8 and 13 (black).

lite observations is likely to have the highest added value in
identifying surfaces close to the melting point.

4 Results
4.1 Inter-comparison of IST products

Examples of the different L3 satellite products generated
from the L2 datasets described in Table 1 are shown in Fig. 2.
The L3 products are aggregated for 9 January 2012 — win-
tertime when cloud cover, impervious to IR radiation, is
higher — into the L3S product (Fig. 2d), while after optimal
interpolation, the L4 gap-free product (Fig. 2e) is produced
for the same date. The coarser spatial resolution of AASTI
(Fig. 2a) compared to MODIS (Fig. 2b) is visible, resulting in
AASTI grid points with missing information, while MODIS
daily aggregated L3 data offer superior coverage over the
GIS. The sampling of AATSR (Fig. 2c) with its narrow swath
and lower temporal resolution results in characteristic arte-
facts resembling the Envisat platform orbit. Such artefacts
do not appear for either the MODIS or the AASTI products.

Figure 3 shows time series of mean daily ISTs and their
standard deviation (shaded area) for 2012 from the aggre-
gated AASTI L3, MODIS L3, AATSR L3, L3S and L4 IST.
To estimate the mean daily IST for each dataset, a mask
defining the Greenland Ice Sheet was applied, and all valid
and available measurements were averaged to a daily value.
Therefore, daily mean values shown in Fig. 3 are means over
the entire area of consideration, and while the L4 IST product
always has the same number of valid pixels used for the daily
mean, the single-sensor products have a varying number of
available measurements depending on data quality and cloud
coverage. The L3S product is the combination of all single-
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sensor products, so its average is based on all available points
from all single-sensor products.

MODIS and AATSR (when available) show lower ISTs
in particular during winter and late autumn compared to the
other products, with minimum MODIS ISTs of about —50 °C
and the AASTI and L3S and L4 IST products reaching their
lowest ISTs of —35 to —40°C. All products, including the
L4 IST, represent well the annual cycle with warming start-
ing in early March and peaking in July, followed by cooling
and a winter minimum at the end of December.

The mean monthly IST and its standard deviation for all
L3 products and the L4 IST are shown in Fig. 4. AATSR
was only available until the beginning of April; thus no
monthly value was calculated. From January to March, mean
monthly ISTs from MODIS (magenta) and AATSR (green)
were similar and significantly lower than AASTI (blue), the
L3S (cyan) and the L4 IST product (red) accompanied by a
higher standard deviation. These differences decreased from
April to June, yet MODIS consistently showed lower values
and higher variability compared to AASTI and the derived
L3S and L4 products, which consistently agreed throughout
the year. All products showed a peak mean monthly value
in July, while June was warmer than August. From January
to March, mean monthly temperatures were comparable to
November—December means, and standard deviations were
of the same order.

Such differences and variabilities are also reflected in
the mean seasonal and annual estimates, shown in Table 3
for the different L3 products (excluding AATSR) and the
L4 IST product. The AASTI, L3S and L4 IST products
showed higher, as well as similar, seasonal and annual means
compared to MODIS. Discrepancies between the estimates
ranged from 0.5 °C in winter to ~ 1 °C in summer, between
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Figure 2. Examples of aggregated IST observations from 9 January 2012 over the Greenland Ice Sheet. Top row: Level 3 AASTI (a), Level 3
MODIS on Aqua and Terra (b), Level 3 AATSR (c). Bottom row: Level 3S (d), Level 4 optimally interpolated IST (e).

the AASTI, L3S and L4 IST products. MODIS was 3-8 °C
colder, with discrepancies being smallest in spring. Mean an-
nual IST over the GIS ranged from —22.1 +5.4°C for the
L4 IST to —27.9 £5.9 °C from MODIS.

The spatial variability in mean annual IST over the Green-
land Ice Sheet for 2012 from the AASTI, MODIS, L3S and
L4 OI products is shown in Fig. 5 along with the number
of days with observations used to derive the means. For the
MODIS and AASTI datasets, the intermediate L3 gridded
products were used for the estimates; i.e. the original 1 km
and 4km L2 observations were re-gridded to the 5 km final
grid. MODIS mean IST was significantly lower over the en-
tire Greenland Ice Sheet compared to the AASTI estimates,
although significantly more observations were available for
the former. Mean IST from the L3S and L4 OI products ap-
pear more similar to AASTI mean estimates.

The primary reason for the lower LST_cci v1.0 MODIS
and AATSR IST values, used in the present study, is the type
of cloud masking applied in the first version of the data. No
post-filtering or implementation of the cloud-masking tech-
niques (later developed within the LST_cci for both instru-
ments) were applied in the v1.0 of the data presented here,
but only the standard operational cloud mask was used; this
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frequently failed to properly flag clouds, which are typically
colder, resulting in lower surface temperature values. For
the case of AATSR, in addition to the cold bias, there also
was the sampling issue (see Fig. 2) and the limited avail-
ability of data for the reference year 2012 (contact with En-
visat was lost in April). Therefore, AATSR was not included
in the final L3S and L4 IST product. With respect to the
MODIS product, the pixel-to-pixel variability is smaller than
for AASTI, mostly associated with the better coverage (see
Fig. 2), and it was thus decided to use it for the generation of
the L4 IST product.

4.2 Validation of IST products

Figure 6 shows aggregated daily mean biases and standard
deviations for the AASTI, MODIS, L3S and L4 IST prod-
uct against the PROMICE stations (see Fig. 1a and Table 2).
Note that, for each day, all available PROMICE stations were
used and that that number differs from day to day, as not
all stations have availability for all days. The overall bias of
AASTI data was —2.16 4= 3.89 °C, significantly smaller than
—11.59+7.48°C reported for MODIS. The L3S product
bias was —4.30 &= 5.80 °C, while the L4 IST product was also

https://doi.org/10.5194/tc-16-3703-2022
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Figure 3. Mean daily IST (solid line) and its standard deviation (shaded area) over the Greenland Ice Sheet from the L3 AASTI, L3 MODIS,

L3 AATSR (when available), and derived L3S and L4 IST products.

Table 3. Mean annual and seasonal IST with standard deviation (°C), from the different L3 and the L4 IST products for the Greenland Ice

Sheet for 2012.
Winter (DJF)  Spring (MAM)  Summer (JJA)  Autumn (SON) Annual
AASTI —339+59 —25.1+£6.3 —82+43 —268+£69 —234+£59
MODIS —412+6.9 —27.8+5.2 —11.5+52 -31.5+64 —-279+59
L3S —334+64 —24.0+5.8 —54+£52 —251+£6.6 —-21.9+6.0
L41IST —33.6+5.7 —24.1+54 —5.5+45 —253+6.1 —22.1+54

For all products, winter mean temperatures were determined by averaging January, February and December of 2012. AATSR
was excluded, as data were only available until April. DJF: December—January—February, MAM: March—April-May,

JJA: June—July—August, SON: September—October—November.

found cold with a mean bias of —4.04 £5.15°C, i.e. 0.26°C
lower bias and 0.65 °C lower standard deviation compared
to the L3S product. During summer, mean bias and stan-
dard deviation for AASTI was very stable and close to zero,
which was not the case for MODIS. The L3S and L4 IST
products also showed higher variability in the daily bias and
standard deviation during summer, compared to AASTI, yet
they appear more stable than MODIS, indicating the benefits
of using the OI methodology to generate daily, gap-free IST

https://doi.org/10.5194/tc-16-3703-2022

fields. Furthermore, the lower bias and standard deviation of
the L4 IST product against PROMICE stations, along with
its better coverage, demonstrate its potential advantage over
single-sensor products or daily aggregated fields.

When examining the performance of the L3 and L4 prod-
ucts individually for each PROMICE station (Table 4),
AASTI consistently had the lowest bias (from —3.24 to
—1.34°C) and standard deviation values (3.29-5.83 °C) for
all stations, independent of altitude, type of ice sheet zone

The Cryosphere, 16, 3703-3721, 2022
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Figure 4. Mean monthly IST (dots) and its standard deviation (bars) over the Greenland Ice Sheet from the L3 AASTI, L3 MODIS,
L3 AATSR, and derived L3S and L4 IST products, when available.
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Figure 5. Mean IST over the Greenland Ice Sheet in 2012 from the L3 MODIS, L3 AASTI, and derived L3S and L4 IST products (top)
along with the number of days used to derive the mean values.
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Figure 6. Time series of mean daily bias estimates (line) and their standard deviation (shaded area) for the AASTI, MODIS, L3S and L4 IST
products against aggregated in situ observations from the PROMICE stations.

Table 4. Mean bias and standard deviation of errors for the AASTI
of the PROMICE stations.

, MODIS, L3S and L4 IST products against in situ observations for each

KANy KPCy NUKy QASy SCOy TASy THUy UPEy Total
AASTI  —2.13£5.02 —1334+383 —3.1244.06 —324+583 —196+434 —2.12+4.16 —1.82+329 —20+4.07 -222+432
MODIS —10.05£8.88 —597+641 —1394£9.17 —1278+£939 —1601+£744 —1743£924 —8.03+746 —11.0£733 —11.9+8.17
L3S —287+741 —071+432 —572+7.17 —508+748 —656+£621 —896+829 —251+£507 -—426+583 —458+647
L4IST  —2.67+652 —062+3.68 —520£680  —50+7.17 —6.01%£50 —8.61£742 —237+443 —403+5.18 —431+£578

and geographical location. MODIS, beyond higher bias and
standard deviation values, also showed higher variability,
with biases ranging from —17.43 to —5.97 °C and standard
deviations between 6.41 and 9.39 °C. Such behaviour pro-
vides additional evidence that the cold-bias issue stems from
the early version of MODIS data used in this study and the
cloud-masking approach implemented.

Other studies have shown similar cold biases in surface
temperatures derived from MODIS (Wan et al., 2002; Hall
et al., 2012, 2013). However, as shown in Sect. 4.1, the im-
portant contribution of the aggregated MODIS observations
in achieving a proper coverage over the GIS justifies the dy-
namical bias correction of the MODIS product against the
AASTI data described in Sect. 3.1 and its further use for the
generation of the L4 IST product.

https://doi.org/10.5194/tc-16-3703-2022

This higher variability in the MODIS product influenced
the performance of both the L3S and the L4 IST product,
where biases ranged from —8.61 to —0.62 °C and standard
deviations from 3.68 to 7.42°C. The overall performance
using the PROMICE stations was —2.22 +4.32°C for the
AASTI, —11.9+£8.17°C for the MODIS, —4.58 £6.47°C
for the L3S and —4.31 £5.78 °C for the L4 IST product. The
stable performance of AASTI and the L4 IST indicated that
no single station and its characteristics (location, altitude) in-
fluenced the validation statistics.

Using the 1 km averaged surface temperature observations
from 27 IceBridge flight campaigns, starting in 30 March
and ending in 16 May, mean bias (dots) and standard devi-
ation (vertical bars) were estimated and are shown in Fig. 7
for AASTI, MODIS, L3S and the L4 IST. For most flights,
AASTI observations were in agreement with the IceBridge

The Cryosphere, 16, 3703-3721, 2022



3712 L. Karagali et al.: Multi-sensor ice surface temperature product over the Greenland Ice Sheet
AASTI
\} { T T T T T 1 { { 1 } T I i T T ]
o t ¢ t t
SRR R R fi {HH t b
50— —
200 | | ‘Bxas: —(]‘.01, SD‘: 4.03 B
MODIS
I B B B I B R I I I % I B R
0l —
TIEEE RN Pppba ety
G100 - { { { } { { { } _
Bias: -5.19, SD: 4.8
204 [ L R R it Rty M =
L3S
I I I
0l —
o
B0+ —
Bias: -0.63, SD: 4.27
200 | e e o S Y N I N R
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28
L4
\§ B A B N { } } e O e i 3 \} [
ol ¢ |
5 {f{}{} t }{{{*{}f} : ¢ g
B0 —
Bias: -0.61, SD: 3.59
2000 ) PR g
W 2 2 2 o ' W 2 2 2 o ' W ' 2 W o ' 2 ' 2 W o ' 2 ' 2 <
IR RN ARSI\ M ML R\ VM R\ AL\ R U\ ST\ LN ML\ LU\ U\ LS A AL\ LR AL A ALV R AR
B O N N N T T R L

IceBridge campaign (date)

Figure 7. Mean bias (dots) and standard deviation of errors (bars) for the AASTI, MODIS, L3 IST and L4 IST products against individual
IceBridge flight observations from March to May 2012. The total bias and standard deviation values are reported.

observations, with overall zero bias (—0.01 +=4.03°C) and a
very stable behaviour, as no major outliers occurred; biases
ranged from —2.10 to 2.10 °C. MODIS was cold compared
to the flight measurements, manifesting as a negative bias
(=5.19£4.8°C) and with a pronounced variability during
the period evident from the oscillating bias (from —14.15 to
2.20°C) and standard deviation values (from 2 to 7.2 °C).

The L3S and L4 IST products (bottom panels of Fig. 7)
showed significantly lower bias and standard deviation com-
pared to MODIS although with a similar, yet reduced, vari-
ability in the statistics depending on the campaign; bi-
ases ranged from —6.66 to 3.98°C with standard devia-
tions from 1.7 to 6.6 °C. Overall, the L3S product had a
bias of —0.63+4.27°C, and the L4 IST had a bias of
—0.61£3.59°C, i.e. the lowest standard deviation of all
datasets considered, ~0.44 and ~0.6°C lower than the
AASTI and L3S product, respectively. As was the case for
the PROMICE comparisons, the L4 IST product combined
stability and robustness in its validation performance and
along with its improved spatial coverage can be considered
more relevant for applications, e.g. related to SMB modelling
of the ice sheet.

An example of one IceBridge flight campaign is shown in
Fig. 8 for 19 April 2012. Flight measurements, correspond-
ing to the coloured flight path in Fig. 1b, averaged every 1 km

The Cryosphere, 16, 3703-3721, 2022

as a function of distance covered during the flight (magenta)
along with their standard deviation (shaded area), are shown
along with values from the L4 IST product, extracted for the
grid points corresponding to the flight path (blue line). The
mean bias for that campaign was 0.40 +4.30 °C. This cam-
paign, which started and ended on the western coast, cov-
ered various zones of the GIS, and the variability in the IST
was intense as revealed by the 1 km averaged measurements.
Beyond the warm bias during the first 800 km of the flight,
the L4 IST captured the variability in the ISTs over the GIS
remarkably well. As the IceBridge radiometer measures the
radiometric surface temperature from an aircraft at an ap-
proximate height of 450 m a.g.1. without any cloud screening,
the presence of clouds may explain the discrepancies for the
first 800 km of the flight where the IceBridge data are signif-
icantly colder than the L4 IST.

In order to assess the impact of the high-resolution foot-
print of the IceBridge measurements on the validation statis-
tics, i.e. 1 km averages over 5km averages of the L3 and
L4 IST products, the standard deviation of averaging raw
measurements over different spatiotemporal windows minus
the raw measurements were computed (not shown). This is
an assessment of biases introduced from comparing flight
data of very high resolution, i.e. resolving small-scale vari-
ability, against spaceborne sensors which, although referred
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Figure 8. IceBridge 1km averaged IST on 19 April 2012 (magenta) and standard deviation (shaded area) along with the corresponding

L4 IST values (blue).

to between 1 and 5Skm grids, are known to resolve scales
lower than their reference grid.

Using only IceBridge campaign data, averaging for differ-
ent spatial windows, i.e. 1, 5 and 25 km, and subtracting raw
measurements, the standard deviation values for each cam-
paign were estimated (not shown). The largest component
standard deviation was introduced when processing the raw
data to 1km averages, of the order of 2 °C. Depending on
the campaign, an additional 0.1 to 0.6°C of the standard
deviation was attributed to the averaging from 1 to 5km.
When averaging from 1 to 25 km, differences in the stan-
dard deviation reached 0.9 °C while the mean difference in
the standard deviation over all campaigns was averaging
0.22°C from 1 to 5km and 0.4°C from 1 to 25 km. Thus,
between 0.2 and 0.4 °C of the standard deviation in all com-
parisons against IceBridge campaigns (see Fig. 7) can be at-
tributed to the different spatial scales represented in the Ice-
Bridge data compared to satellite observations.

The validation of the AASTI, MODIS, L3S and L4 IST
datasets showed that for both PROMICE and IceBridge,
AASTI had an overall better performance, with lower biases
and standard deviations. MODIS v1.0 data from the LST_cci
project, used in this study, had a significant cold bias, asso-
ciated with the less advanced cloud mask algorithm applied
to this early version; this influenced the performance of the
derived L4 IST product. Nonetheless, the better spatial cov-
erage and higher resolution of MODIS rendered it crucial for
the generation of the L4 IST product, and thus its inclusion
was justified. A new, improved version of the MODIS L2P
dataset, to be released by the LST_cci, is expected to result
in better performance of the L4 IST OI product.

4.3 Analysis of the L4 IST

Monthly averages from the L4 IST product for 2012, shown
in Fig. 9, indicate the extent of warming during the summer

https://doi.org/10.5194/tc-16-3703-2022

months where temperatures on the GIS ranged from —16 to
0°C, especially during July and for most of the ice sheet.
Similar ranges were reported in Hall et al. (2008) for the pe-
riod 2000-2006 from MODIS LST products as well as in
Hall et al. (2012), using daily MODIS IST between 2000 and
2010.

The number of aggregated observations from AASTI and
MODIS used to generate the L4 IST product (not shown)
revealed a seasonal pattern where most observations were
available between May and August, while the fewest ob-
servations were available from November to February. The
northern part of the GIS was consistently observed fewer
times compared to the central part. This spatial and temporal
variability in the availability of observations from MODIS
and AASTI is related to the availability of observations in
the infrared which is limited by cloud cover.

The annual mean IST over the GIS for 2012 is shown
in Fig. 10a, using the L4 IST product. Values ranged from
—30°C for the central part of the ice sheet and increased
up to —8 °C for the terminal zones, particularly for latitudes
south of 70° N. Hall et al. (2008) reported similar values
using MODIS data between 2000 and 2006. Furthermore,
the mean IST during the melt period May—August 2012
(Fig. 10b) estimated from the L4 IST product showed values
ranging from —15 and up to 0°C, in agreement with Hall
et al. (2008).

Melt days were defined as days for which the IST was
—1°C or higher, following Hall et al. (2013). They were es-
timated for the period 1 May to 31 August, at each grid point
over the GIS. Figure 10c shows the number of melt days from
the L4 IST product, where white areas experienced 0 melt
days and coloured areas indicate at least 1 melt day. Melting
was observed over large parts of the GIS for more than 1d,
while significant parts of the middle and lower zones experi-
enced more than 30 d of melt conditions.
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Figure 9. Mean monthly ice surface temperature over the Greenland Ice Sheet for 2012, from the L4 IST product.
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Figure 10. Mean IST for 2012 (a) and for the melt season May—August 2012 (b) and number of melt days during the melt season (¢, minimum
1d, white areas on the GIS indicate 0 d) from the L4 IST product.
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Figure 11. Mean monthly surface temperature for May 2012 from the control (a) and updated simulation experiment (b) along with the

anomaly (c).

Table 5. Mean bias and standard deviation of errors for the control simulation and the one using the assimilation of the L4 IST against the

individual PROMICE stations for May 2012.

KANy KPCy NUKy QASy SCOy TASy THUy UPEy Total
Control —2.294357 —273£393 —2574+334 —17543.14 —4.19+2.63 4352065 —379+£2.68 —4314+324 —2.1642.90
Assim 0474328 2654178 —290+475 —2514+383 —577+£3.60 3434198 —041+344 —4104+571 —1.14+355

4.4 1IST assimilation experiment

Figure 11 shows mean monthly IST values for May, esti-
mated from the control (Fig. 11a) and updated simulation
(Fig. 11b), i.e. including assimilation of the L4 IST prod-
uct; the estimated anomaly is shown in Fig. 11c. May was
selected, as it is the month when the onset of melting com-
monly occurs across much of western and southern Green-
land; this is a challenging period for SMB models to sim-
ulate, and the use of IST observations can potentially have
a positive impact on the simulated IST and consequently
the amount of simulated melt (not directly assessed in this
study).

When examining the simulated surface temperature, the
updated simulation using the assimilation of the L4 IST, was
generally warmer over a large part of the GIS, especially the
east and north-east regions. The difference between the two
mean May surface temperature estimates, computed by sub-
tracting mean May surface temperature estimates of the con-
trol simulation from the one using assimilation of the L4 IST
(Fig. 11c), highlighted the areas for which the control sim-
ulation was consistently colder by 2 °C or more, even up to
5 °C, extending to the north, south and east parts of the GIS.
To the contrary, the control simulation showed warmer tem-
peratures on the west and central part of the GIS, yet differ-
ences in this case did not exceed 1°C, and only for small
areas were they up to 3 °C.

Comparing the simulated surface temperatures against the
PROMICE stations for May 2012 (Table 5) showed that
mean daily temperatures from both the control (top) and up-
dated simulation (bottom), using assimilation of the L4 IST
product, were colder compared to PROMICE station mea-
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surements. The bias was lower for the updated simulation
(—1.14°C) compared to the control simulation (—2.16 °C),
yet the standard deviation was higher, 3.55 °C for the updated
simulation compared to 2.9 °C for the control. Only at the
TASy station did both simulations indicate warmer surface
temperatures, but this needs to be assessed cautiously given
the very few observations available in May 2012 at this sta-
tion (not shown).

Figure 12 shows a comparison of surface temperatures
with the IceBridge flight campaign measurements to assess
the control (Fig. 12a) and updated simulation (Fig. 12b), with
assimilation of the L4 IST product; a marked improvement
with the assimilation of L4 IST data was found, with a re-
duction in both the bias and the standard deviation compared
to the control. The reduced standard deviation for the Ice-
Bridge data comparison, as compared to PROMICE obser-
vations, was consistent with what was reported in Sect. 4.2.

An example of surface temperature measurements from
one IceBridge flight and the associated surface temperatures
from the SMB simulations is shown in Fig. 13, similar to
what was shown for the L4 IST in Fig. 8. Flight measure-
ments, averaged every 1km, as a function of distance cov-
ered during the flight (magenta) and their standard devia-
tion (shaded area) are shown along with surface tempera-
ture values from the SMB model control (green) and up-
dated simulation using assimilation of the L4 IST prod-
uct (cyan), extracted for the grid points corresponding to
the flight path. For this specific flight, the mean bias and
standard deviation with respect to the IceBridge measure-
ments was —7.10£6.74°C for the control simulation and
—0.80 £5.07 °C for the updated one.
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Figure 12. Mean bias (dots) and standard deviation (bars) for the control simulation (a) and the one using the assimilation of the L4 IST (b)
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Figure 13. IceBridge 1 km averaged IST on 19 April 2012 (magenta) and standard deviation (shaded area) along with the corresponding

values from the control (green) and updated SMB simulations (cyan).

The L4 IST product was shown to improve the SMB
model simulated surface temperatures when compared to
PROMICE stations and IceBridge flight campaign measure-
ments, for the test case of May 2012, selected as the typical
onset of the melting season. Experiments for other months of
2012 (not shown) indicated a neutral impact of the L4 IST
product, providing more confidence in the existing SMB in-
ternal parameterisations for the simulation of surface temper-
ature, for the least challenging periods.

5 Discussion

In this study, infrared observations from the reprocessed
archive of the ESA LST_cci project and the AASTI dataset
were utilised to demonstrate the capability for generating a
Level 4 ice surface temperature product over the Greenland
Ice Sheet, based on existing long-term, homogenised datasets
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from satellite sensors. The aim was to demonstrate the gen-
eration, quality and performance of the new L4 IST product
compared to its single-sensor predecessors and in situ ob-
servations and finally the applicability of such a product for
monitoring IST over Greenland and its potential utilisation
in a surface mass balance model.

Validation of the upstream input datasets and the derived
L4 IST indicated larger differences between the satellite
products and PROMICE measurements during winter, which
can likely be associated with the higher diurnal variability in
IST during winter (Nielsen-Englyst et al., 2019) and the fact
that cloud-masking algorithms can suffer from reduced skill
to identify cloudy from clear-sky pixels over ice-covered sur-
faces during the polar winter season (Dybkjer et al., 2012).

The validation of satellite IST products against in situ ob-
servations suffers from the lack of available fiducial refer-
ence observations for the IST over the GIS. As discussed
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in Hgyer et al. (2017), the use of pointwise in situ observa-
tions can introduce a sampling uncertainty ranging from 0.4
to 5 °C, depending on the type of in situ observations, when
compared to satellite observations with a 1km footprint.
Such contributions are not related to the performance of the
satellite products but arise from the spatial and temporal sam-
pling uncertainty and the type of in situ observations.

For the types of in situ observations used for validation
in this study, it is expected that the PROMICE broadband
IST observations will have higher uncertainties compared to
the IceBridge data. This is a consequence of the PROMICE
broadband radiometer observations versus the narrowband
IceBridge observations; the snow and ice surface emissivity
effects, arising from surface properties or incidence angles,
vary much more for the broadband observations compared to
the narrowband radiometer. In addition, although the spectral
response functions (SRFs) of the IceBridge KT19 instrument
are very similar to the actual IR satellite SRFs, the instru-
ment footprints are different. Therefore, the results from the
inter-comparison should not be viewed as an estimate of the
uncertainty in the satellite products.

Beyond the differences in the broadband PROMICE ver-
sus narrowband IceBridge measurements, another reason for
the reduced standard deviation can be associated with the fact
that the IceBridge flights also cover the interior of the ice
sheet, where temperatures are lower and there is little melt.
The PROMICE stations lie mostly within the ablation zone
where there are large diurnal and seasonal changes in IST
that are challenging for both model and satellite observations
to characterise.

The choice of 75km for the search radius of the opti-
mal interpolation scheme was a compromise between se-
lecting a large search radius that ensured enough data to be
included in the OI estimate and a computationally feasible
search grid box. The average number of observations found
within the 75 km search radius is near the maximum num-
ber of available observations; thus the selected search radius
is not severely limiting the number of observations avail-
able for the OI. The threshold of 75km is being used for
the operational production of the near-real-time Arctic Ocean
L4 SST/IST (Hgyer et al., 2021).

Analyses of the annual spatiotemporal variability in IST
over the GIS revealed extended warming during the summer
months of 2012, already reported as an extreme melt year
(Box et al., 2012; Nghiem et al., 2012). Assessing mean an-
nual IST values over the GIS for 2012, Hall et al. (2013) re-
ported mean annual IST of —23.62 + 6.24 °C from MODIS,
which is closer to the L4 IST values, compared to what is de-
rived from MODIS in this study. Hall et al. (2013) manually
removed daily MODIS IST fields when the cloud mask erro-
neously identified the ice surface as cloud free, particularly
occurring during the summer. Their 2012 summer season
mean IST was —6.38 £ 3.98 °C, which is significantly higher
than the —11.5+£5.2°C found for MODIS in the present
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study and closer to the —5.5 £4.5°C for the L4 IST prod-
uct.

Both Hall et al. (2008), for the period 2000-2006, using
MODIS LST products and Hall et al. (2012), using daily
MODIS IST between 2000 and 2010, reported similar ranges
of IST values over the GIS as found in this study. Further-
more, the 2012 annual mean IST over the GIS reported in
this study (see Fig. 10a) is similar to what was derived in
Hall et al. (2008) using MODIS observations for 2000-2006.
For the melt period defined between May and August 2012,
mean IST from the L4 IST product (Fig. 10g) was found to
be in agreement with Hall et al. (2008) (see their Fig. 2),
although for that study non-ice-covered land surface temper-
atures where also considered; thus above zero values were
included.

Hall et al. (2013) reported more than 2 melt days for
most of the GIS during the melt season of 2012, based on
MODIS data, which also indicated the warmest summer in
the MODIS record with a mean IST of —6.38 £3.98°C, in
good agreement with the mean summer IST from the L4 IST
product reported in Table 3. In Nghiem et al. (2012), ex-
tended melt over the GIS was identified from a combination
of spaceborne sensors, including MODIS in alignment with
findings from this study (see Fig. 10). The extreme melt event
of 2012 reported in this and past studies was associated with
unusually high geopotential heights and atmospheric pres-
sure anomalies over the ice sheet in Hanna et al. (2014).

As the year 2012 was significant in terms of melting over
the GIS, the month of May specifically poses a challenge,
as it signifies the onset of the melt season, i.e. a challeng-
ing period for SMB models to simulate correctly, as biases
in winter accumulation can lead to significant discrepancies
between observed and simulated melt onset. Hermann et al.
(2018) showed that overestimates of winter snow close to the
ice sheet margin delayed the onset of simulated melt com-
pared to reality in southern Greenland, with the reverse bias
being found higher up where snowfall rates were underesti-
mated. The use of IST data to mitigate against this bias has
the potential to improve annual melt and SMB estimates.

Both the control and updated simulation, using the L4 IST
product, were forced by the HIRHAMS RCM, which pro-
vides the required 6-hourly forcing fields and allows for cal-
culation of surface temperature at a higher temporal resolu-
tion; this also captures the diurnal cycle, likely an important
process to resolve in the ablation zone, especially in spring.
The coarser temporal resolution of surface temperature as-
similated into the model in the updated simulation using the
L4 IST dataset, compared to the control run, can be con-
sidered a challenge for assimilating such products. This is a
topic that needs careful consideration when aiming to gener-
ate optimally interpolated IST fields from spaceborne sensors
for the purpose of providing input to models that are typically
in need of temporally resolved parameters with a frequency
higher than daily. Nonetheless, the high spatial coverage of-
fered by the L4 IST product is an attractive and important
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attribute when aiming to capture and represent surface tem-
perature variability over large areas of the GIS, as demon-
strated in Sect. 4.3, that can not be resolved through in situ
measuring stations and is typically underrepresented in large-
(global) and medium-scale (mesoscale) model simulations.

The L4 OI IST dataset generated and presented here was
the result of a user case from the ESA LST_cci project and
was only generated for the selected year of 2012 to assess the
impact and applicability of such a product over the Greenland
Ice Sheet. Ideally such a product can be expanded to cover
the entire period of available L2 input data, thus resulting in
more climatologically relevant timescales of the order of 20
to 30 years. Such a task will become significantly more rele-
vant during the second phase of ESA LST_cci, during which
the current suite of products will be improved and temporally
extended and new products will be included, e.g. the AVHRR
series (NOAA 7-19 and Metop-A/B/C).

6 Conclusions

The ESA LST_cci v1.0 L2 MODIS Aqua/Terra data were
used along with AASTI AVHRR GAC data to generate
daily, gap-free, optimally interpolated L4 IST composites for
the Greenland Ice Sheet (GIS) for the year 2012, chosen
due to the extreme melt conditions. The upstream satellite
data and the newly derived L4 product were validated us-
ing PROMICE and IceBridge observations. Furthermore, the
L4 IST product was used to assess mean monthly, annual and
seasonal IST over the GIS and provided the basis for estimat-
ing melt during 2012.

Comparisons against the PROMICE stations and airborne
IST observations from the IceBridge flights suggest that the
LST_cci MODIS data are cold biased by several degrees.
This was attributed to the cloud-masking algorithm used for
the generation of the v1.0 MODIS data within the LST_cci,
as no post-filtering or techniques later developed by the
LST_cci were implemented. The equivalent AASTI AVHRR
data did not exhibit such a cold bias, and this demonstrates
the importance of the multi-sensor inter-comparisons. After
implementing a bias correction to the MODIS data, agree-
ment between the derived L4 IST data and PROMICE sta-
tions and airborne IST measurements improved, but a resid-
ual cold bias was still evident in the L4 IST product. This
suggests that the large number of MODIS observations in-
cluded in the generation of the L4 IST, compared to AASTI,
might challenge the bias adjustment scheme and that an im-
provement could be made regarding this in a future devel-
opment. In general, we suggest that dedicated improvements
on the IST retrievals and cloud-masking algorithms could re-
duce both the bias and the large regional errors presented in
this study.

The larger biases and standard deviations identified for all
satellite products against PROMICE stations compared to
the ones for the IceBridge campaigns were associated with
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the higher uncertainties in the broadband radiometers used
on the PROMICE stations. The IceBridge campaigns used
a narrowband radiometer whose spectral response functions
are very similar to the ones from thermal infrared satellite
instruments. The locations of PROMICE stations in the abla-
tion zone of the ice sheet can be the reason for larger diurnal
variability in terms of surface energy budget that is not nec-
essarily captured by a daily data product.

By combining upstream IST satellite products, the gap-
free, daily L4 IST product exhibited a stable, high-quality
performance when compared to the PROMICE stations
and IceBridge flight measurements. Thus, advantages from
AASTI (i.e. accuracy, stability and robustness) and MODIS
(i.e. spatial resolution and coverage) were inherited in the
L4 IST product. This allowed for a thorough analysis of
IST spatial and temporal variability over the GIS during the
challenging year of 2012. Findings were in agreement with
other studies, which were nonetheless based on single-sensor
satellite products. The L4 product is thus useful for under-
standing larger spatial and temporal variability over the GIS,
not achievable using limited, local measurements or single-
sensor satellite observations.

L4 IST daily fields were also ingested into an SMB model,
forced by outputs from a regional climate model, to esti-
mate ice melt and retention. The impact of using observed
IST data in the model was assessed by comparing modelled
and observed estimates of the surface temperature for 2012
when extreme melting occurred. A major challenge in this
approach was the degradation in temporal resolution of sur-
face temperature by forcing the assimilation of daily IST val-
ues from the gap-free L4 IST product. Nonetheless, for the
melt onset period of May 2012 it was found that assimilat-
ing the daily L4 IST product produced more realistic sur-
face temperatures when compared to PROMICE stations and
IceBridge flight campaigns than the control simulation with
an internal calculation of surface temperatures. This suggests
that, while a continuous forcing of the SMB model with the
daily L4 IST may not provide significant improvements at
all locations and times of the year, at least when the tem-
poral resolution of satellite IST products is daily, allowing
for assimilation of the product during challenging periods of
the year, e.g. onset and during the melt season, can improve
SMB estimates through better surface temperature estimates.

Furthermore, a significant value for the L4 IST dataset was
identified as a means to evaluate climate and SMB models
and to conduct process studies. Even with coarser tempo-
ral resolution, IST data assimilation was found to improve
surface temperatures over the large interior of the ice sheet,
and this is in itself an important result. Sensitivity studies,
e.g. changing the time step of assimilation and accounting
for the time of IST data acquisition, are likely to further im-
prove the use of IST data in weather and climate models.

https://doi.org/10.5194/tc-16-3703-2022
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