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The following should cover the entire project duration.

Summary of project objectives
(10 lines max)

In 2021, the research as proposed for the 2021 SPNLBERG special project had four objectives:

1) To keep up to date our operational estimates of the climate and surface mass balance of the Antarctic and
Greenland Ice Sheets using the regional atmospheric climate model RACMO.

2) To provide projections of the climate and surface mass balance of the Antarctic and Greenland Ice Sheets
till 2100 for two scenarios using RACMO;

3) Carry out a total upgrade of the physical descriptions within RACMO.

4) Refine the representation of the firn layer in these projections of 2) using the Firn Densification Model
IMAU-FDM.

Summary of problems encountered
(If you encountered any problems of a more technical nature, please describe them here.)

In 2021, by times the access from the interactive nodes to the SPERM and SSCRACH disk was slow, leading
to very slow compilation of code. This was in particularly inconvenient while developing the updated RACMO
version.

Experience with the Special Project framework
(Please let us know about your experience with administrative aspects like the application procedure,
progress reporting etc.)

The application and reporting procedures are smoothly.

Summary of results
(This section should comprise up to 10 pages, reflecting the complexity and duration of the project, and can
be replaced by a short summary plus an existing scientific report on the project.)

We discuss the research facilitated by the SPNLBERG project in 2021 along the lines of the aims listed above.

Motivation for dynamical downscaling

To get the best possible description of the surface climate and surface mass balance (SMB) of glaciated
regions, we use the polar adapted regional atmospheric climate model RACMO. Our primary focus in 2021
lay on Antarctica and Greenland, for which we ran RACMO on a resolution of 27 and 5.5 km, respectively. For
Greenland, this dynamical downscaling induces a clear increase of spatial resolution compared to ERAS or
operational analyses from the ECMWEF. For Antarctica, it is no clear spatial improvement compared to ERA5
and it is even coarser than the operational analyses. Still, using RACMO improves the representation of the
surface climate and SMB as the polar version of RACMO includes an improved representation of the stable
near-surface boundary layer and much more detailed description of the evolution of snow, firn or ice surface
of glaciers, ice caps and ice sheets. Beside this, the polar version of RACMO also parameterizes ice sheet
specific processes like snow drift erosion, transport, and snow sublimation and in much greater physical detail
the evolution of the albedo. As a result, RACMO based estimates of the SMB and surface climate of Antarctica
and Greenland are widely used in the cryospheric community and beyond.

Objective 1: operational RACMO simulation

In 2018, we released our current operational version of RACMO, version 2.3p2 (RACMO2.3p2), using ERA-
Interim as input at the lateral boundaries (Noél et al, 2018, Van Wessem et al, 2018). We renewed our
operational RACMO products in 2020 by starting using ERA5 instead of ERA-Interim. In 2021, these
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operational estimates (RACMO2.3p2-ERA5) were updated a few times, using ERA5, and ERA5T when needed
(see for example Fig. 1a and 1b). As these simulations only cover a year each, they consumed relatively little
from the 2021 HPCF budget.

Objective 2: Projections with RACMO

Besides estimates of the recent past climate and SMB, we dynamically downscale projections with RACMO
for both ice sheets. Realisations of the Earth System Model CESM2 were used for these projections denoted
as RACMO2.3p2-CESM2. In 2020, we carried out, for both ice sheets, the simulations for the historical period
(1950-2014) and for the business-as-usual scenario SSP5-8.5 (2015-2100). In the first half of 2021, we added
to these simulations RACMO2.3p2-CESM2 runs for the SSP1-2.6 scenario for both ice sheets, as discussed in
the 2021 progress report. In the second half of 2021, we added RACMO2.3p2-CESM2 simulations (2015-2100)
for the SSP2-4.5 scenario. For all these simulations, CESM2 data with 100 km resolution was used, and
RACMO was run at 27 km resolution for Antarctica, and at 11 km resolution for Greenland.

For the Greenland Ice Sheet, the RACMO projections were subsequently statistically downscaled to 1 km
spatial resolution. An example is shown in Figure 1c. The historic, low-end (SSP1-2.6) and high-end (SSP5-
8.5) emission scenarios RACMO simulations are published in Noél et al. (2020) and Noél et al. (2021).
Therefore, we do not plan a separate publication based on the latest added simulation for SSP2-4.5.

However, to sample other warming trajectories in the 21 century and beyond, we statistically downscaled
all available 100 km CESM2 climate reconstructions (1850-2014) and future projections (2015-2300; including
SSP1-2.6 to SSP5-8.5) to a 1 km grid. This data set consists of 47 runs that span 450 years. Among these runs,
one accounts for glacier dynamics (i.e., glacier thinning/retreat and elevation feedbacks). These new data
sets are used in a paper currently in review for a high-impact journal ( ). We expect that,
once published, these data sets will be extensively used by international collaborators investigating projected
mass loss, sea level rise contribution, glacier dynamics and thinning of the Greenland Ice Sheet. We will also
use these data in forthcoming publications and projects.

For the Antarctic ice sheet, the analysis of the projections focussed on the increase of melt and subsequent
implications on ice shelve stability. For this, the five RACMO simulations for Antarctica are used:
RACMO2.3p2-ERA5 and four RACMO2.3p2-CESM2 simulations, namely the historical run and 3 different
SSPs. We fit the output of these five simulations to calculate a threshold temperature (Tr) which defines the
onset of melt-pond formation on Antarctic ice shelves. Figure 1 shows T (Fig. 2a) and the temperature
increase needed to reach T (AT) with respect to the base climate of RACMO-ERAS (1979-2021). Locations
that have already reached the threshold compare extremely well with 2015-2022 melt pond volume Sentinel
2 satellite observations. These results are also in review for a high-impact journal (Van Wessem et al., in

review).
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Figure 1: a) Time series of SMB components from RACMO2.3p2-CESM2 at 11 km resolution, statistically downscaled
to 1 km, under a moderate warming scenario (SSP2-4.5) until 2100. Variables include total precipitation (blue), total
melt (orange), runoff (red), refreezing and retention in firn (cyan), and SMB (black). The grey line shows the benchmark
RACMO2.3p2-ERA at 5.5 km, statistically downscaled to 1 km, forced by ERA-40 (1958-1978), ERA-Interim (1979-
1989) and the latest ERA5 (1990-2021). SMB maps from b) RACMO2.3p2-ERA at 1 km averaged for 1958-2021, c)
RACMO2.3p2-CESM?2 under SSP2-4.5 averaged for 2080-2099.
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Figure 2: a) Intersect values of the T,,, for which the MOA=0.7 threshold is reached (Tr). b) The T,,,, increase AT
needed to reach the MOA=0.7 threshold with respect to the base climate (1979-2021) from RACMO-ERAS5. Where
AT <0 (dark purple), Tr is already reached. c) Integrated 2015-2022 austral summer melt pond volume (m) from
Sentinel 2

Objective 3: Model development of RACMO

Early 2021, we started, in cooperation with KNMI, with the upgrade of RACMO to version 2.4. RACMO
consists of the dynamical core of the limited area model HIRLAM and the parameterizations of physical
processes as in ECMWEF IFS physics packages, complemented with in-house developed code to represent
glaciated surfaces better. The core of this general update is updating the physics package from the ECMWF
IFS Cy33rl to Cy47rl. Between the two IFS code versions, major improvements have been made by the
ECMWEF in the cloud, turbulence, radiation, surface, and convection schemes.

Prior commencing this update, it was expected that in the second half of 2021, the first test simulations with
RACMO2.4 would be possible. However, as IFS has introduced numerous user defined types to structure
model, parameter, state, and output data, it took longer than expected to write new coupling code for
RACMO and to verify the code. As a result, no simulations were carried out in 2021. Obviously, this update
project is continued in 2022.
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Objective 4: Representing the firn layer evolution of ice sheets

The firn (multi-year snow) layer of ice sheets and glaciers is the surface layer in which accumulated snow get
compressed to ice. The firn layer can be up to 100 m thick in the cold interior of Antarctica. It covers over
99% of the Antarctic Ice Sheet, and about 90% of the Greenland Ice Sheet. As a result, the firn layer contains
a significant amount of air, up to 30 m® per m, and hence melt water refreezing capacity. With the dedicated
firn densification model IMAU-FDM (Brils et al., in review; Veldhuijsen et al., in review), we model the
evolution of the firn layers of the AIS and GrlS. Detailed information of the firn layer is needed as estimates
of the evolution of firn air content are needed to convert radar altimetry data from satellites into mass
changes or the assess the future stability of ice shelves. For this aim, we use the firn densification model
IMAU-FDM.

IMAU-FDM is a point model running on a single core. As the ECMWF HPCF is in principle not optimized for
this kind of task, namely many single core jobs, scripts have been developed to run IMAU-FDM efficiently
parallelly in nf and np jobs. As IMAU-FDM is a subsurface model only, it takes surface mass fluxes from
RACMO?2. Hence, the spatial resolution of IMAU-FDM simulations is set by the spatial resolution of the
surface data from RACMO?2.

Although proposed for 2021, the planned simulations to projections of the evolution of firn layers of the AIS
and GrlS till 2100 for various emission pathways are being carried out in 2022 and are discussed in the
progress report of SPNLBERG for 2022. In 2021, the model update of IMAU-FDM to versions 1.2G and 1.2A,
and subsequent model evaluation has been completed, as being discussed below in more detail.

Greenland

The update of IMAU-FDM is tested and evaluated for the Greenland Ice Sheet first. The model update to
version 1.2G includes improved representation of heat diffusion in snow and ice, snow densification and
lastly, and improved parameterization of the density of new, wind settled snow. In IMAU-FDM, the near
surface temperature of the firn is now represented better, as well as its densification rate and snow surface
density. These results have been compared extensively to observations from, e.g., firn cores and the
description of the model update and the model evaluation will be published in Brils et al. (in review).

With IMAU-FDM 1.2G, a historic run has been performed for the Greenland ice sheet. This run provided
insight into the changes of the firn characteristics from 1957 up to and including 2020. The simulation results
show a clear warming trend in the South of Greenland. We investigated the impact of extreme melt years on
the firn. Our results show that the GrlS responded differently to the warm summer of 2012 than to the warm
summer of 2019. Using the model data, the location and formation of ice slabs into the firn layer has been
investigated. Pronounced inland extension of the regions with sub-surface ice lenses would imply that the
melt water buffering capacity of the GrlS to increasing melt is less than previously thought.

Antarctica

It appeared that IMAU-FDM optimized for Greenland (version 1.2G), did not perform similarly well for the
Antarctic Ice Sheet. Therefore, nine sets of point-scale simulations with the IMAU-FDM for 140 locations with
firn profile observations across in Antarctic were run. Using these simulations IMAU-FDM was tuned to
version 1.2A. These simulations and the evaluation of version 1.2A are discussed in more detail in the
progress report for 2021.

Next, an Antarctic wide simulation with the improved IMAU-FDM for the period 1979-2020 was carried out,
which amounts to about 18,000 locations. The surface forcing these simulations is the RACMO2.3p2-ERA5
simulation, which has a 27 km resolution. This IMAU-FDM simulation provides time series of, e.g., firn density
and liquid water content profiles and time series of the surface elevation change. With this data we can study
the spatial and temporal patterns of the Antarctic firn layer (Fig. 3). Figure 3a shows that there is a large firn
thickness variation across Antarctica, and that IMAU-FDM agrees well with observations. Furthermore, the
surface elevation of Antarctica exhibits a large-scale pattern on decadal time scales due to decadal variation
is accumulation and atmospheric temperature. These elevation changes represent only partly a mass change,
as enhanced accumulation — thus mass gain — goes hand in hand with a thicker firn layer, and
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thus more firn air content. This modelled elevation changes allow separate in the altimetry signal the surface
mass balance and firn air content contribution, both modelled by IMAU-FDM, from the ice dynamical
elevation changes. The model development to version 1.2A, its evaluation and interpretation of outcomes
will be published in Veldhuijsen et al. (in review).

Finally, an Antarctic Peninsula wide simulation with the improved IMAU-FDM for the period 1979-2020,
which amounts to about 18,000 locations was carried out. This simulation uses an ERA5 driven RACMO
simulation at 5.5 km resolution as surface forcing. This IMAU-FDM simulation is for example used in a study
as a comparison to remote sensing (Sentinel-1) observed firn aquifers (Buth et al., in review).

List of publications/reports from the project with complete references
Current and past team members are highlighted in bold.

Papers directly linked to simulations carried out in 2021.

Brils, M., P. Kuipers Munneke, W. J. van de Berg, and M. R. van den Broeke, Improved representation of the
contemporary Greenland ice sheet firn layer by IMAU-FDM v1.2G, Geosci. Model Dev. Discuss. [preprint],
https://doi.org/10.5194/gmd-2021-303, in review, 2021.

Buth, L., B. Wouters, S. B. M. Veldhuijsen, S. Lhermitte, P. Kuipers Munneke, and M. R. van den Broeke: Sentinel-1
detection of seasonal and perennial firn aquifers in the Antarctic Peninsula, The Cryosphere Discuss. [preprint], in
review, 2021.

Noél, B., ). T. M. Lenaerts, W. H. Lipscomb, K. Thayer-Calder, and M. R. van den Broeke, Peak refreezing in the Greenland
firn layer under future warming scenarios. In review, 2022.

Van Wessem, J. M., M. R. van den Broeke, and S. Lhermitte, Snow accumulation controls atmospheric warming
thresholds for Antarctic ice shelf viability. In review, 2022.

Veldhuijsen, S. B. M., W. J. van de Berg, M. Brils, P. Kuipers Munneke, and M. R. van den Broeke, Characteristics of
the contemporary Antarctic firn layer simulated with IMAU-FDM v1.2A (1979-2020). In review, 2022.
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Figure 3: a, left) Map of simulated average firn thickness (1979-2020). Circles mark the firn air thickness observations.
b, right) map of simulated surface elevation change over the period 2002-2016.
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References of papers published since January 2021 using RACMO or IMAU-FDM and with a (co-)author from the

SPNLBERG research team.

It is not possible to keep track of all papers using our data.
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Future plans
(Please let us know of any imminent plans regarding a continuation of this research activity, in particular if
they are linked to another/new Special Project.)

Our plans for the remainder of 2022 can be found in the progress report of 2022. Plans for 2023 are described
in the special project proposal for 2023.

June 2022 This template is available at:

http://www.ecmwf.int/en/computing/access-computing-facilities/forms



