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Part 1

Vorgeschlagene Arbeit

Unsere Beitrage zu ROADMAP konzentrierten sich hauptsachlich auf die Frage 4 des
urspriinglichen Vorschlags: “Wie werden sich Verdnderungen der wichtigsten ozeanischen
und atmosphérischen Muster auf atmosphdarische und marine Extreme in den Tropen und
AuBertropen, einschliellich auBertropischer Wirbelstiirme, auswirken?” Wir wollten ,globale
gekoppelte Klimasimulationen mit einem wirbelauflésenden Nest-Ozeanmodell (iber dem
Nordatlantik“ und ,hochauflésende OpenlFS-Atmosphéren-Experimente ... zur Bestimmung
der Auswirkungen von Anomaliemustern auf atmosphérische Extreme ... mit Schwerpunkt
auf Europa und Nordamerika“ durchfihren.

Wir beantragten die Finanzierung einer 36-monatigen Postdoc-Stelle mit 36 Monaten an
Sachleistungen von GEOMAR-Wissenschaftlern sowie die Finanzierung von Reisen und
Ausristung.

Ablauf des Projekts

Der fir den 1. Juni 2020 vorgesehene Projektbeginn wurde aufgrund der
Covid-19-Pandemie verschoben. Wie die meisten anderen Partner waren wir nicht in der
Lage, Stellen zu besetzen oder Sitzungen abzuhalten. Es wurde eine kostenneutrale
Verlangerung des Projekts bis zum 31. Oktober 2024 gewahrt. Nachstehend finden Sie ein
Gantt-Diagramm mit dem Zeitplan des Projekts:
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Wichtigste Ergebnisse

Unsere wichtigsten Ergebnisse des Projekts waren\

1.

Den sommerlichen Hitzeereignissen in Europa gehen haufig kalte Anomalien in der
SST des Nordatlantiks voraus. Die kalte SST und ein Uberlagernder
atmospharischer Trog flihren zu einem anomalen Anstieg des latenten
Warmeflusses, zu Niederschlagen und zur Freisetzung latenter Warme sowie zur
Entwicklung eines Riickens tber Europa im weiteren Verlauf.

Klimamodelle mit verwirbelnden Ozeanen erzeugen eine starkere Verbindung
zwischen der nordatlantischen SST und européischen Hitzeereignissen als Modelle
mit nicht verwirbelnden Ozeanen. CMIP6-Modelle mit geringer Auflosung und
einem nicht verwirbelnden Ozean kdnnten die Schwere und/oder Haufigkeit von
Hitzeereignissen in Europa unterschatzen.

Die Verzerrungen im OpenlFS-Atmospharenmodell verringern sich weitgehend,
wenn die horizontale Auflésung erhéht wird, aber auch, wenn der Modellzeitschritt
verkirzt wird. Die Verklrzung des Zeitschritts eines Modells mit geringer Auflésung
kann kostengunstiger sein als die Erhéhung der horizontalen Auflésung.

Die jungste dekadische eurasische Abkuhlung (1992-2014) wurde in erster Linie
durch die intrinsische Variabilitat der Atmosphare, hauptsachlich die nordatlantische
Oszillation, verursacht. Die interdekadische pazifische Variabilitat hatte einen
geringen Einfluss. Es zeigt sich, dass der starke Temperaturtrend, der mit der
starken Verschiebung der IPV-Phase zusammenfiel, von der intrinsischen
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Variabilitat dominiert wurde.

Die Nordatlantische Oszillation hat eine vorhersagbare Komponente aus
SST-Anomalien. Ein 45-képfiges Ensemble von reinen Atmospharensimulationen
mit beobachteten SSTs kann einige NAO-Ereignisse im Zeitraum 1950-2014
reproduzieren. Die Ergebnisse deuten darauf hin, dass die NAO zwar groftenteils
eine Form der internen atmospharischen Variabilitat ist, es aber eine vorhersagbare
Komponente der SST gibt.

Im FOCI-OpenlFS-Modell gibt es einen Modus der atlantischen Variabilitat auf einer
mehrjahrigen Skala, der die mehrdekadische Variabilitat moduliert. Eine kalte
Phase auf der Hundertjahresskala vergrofiert die Amplitude der mehrdekadischen
Schwankungen stark, wahrscheinlich aufgrund einer
Meereis-Albedo-Rickkopplung.

Grob aufgeldste Modelle haben Schwierigkeiten, extreme Niederschlagsereignisse
zu reproduzieren. Die Verzerrungen sind zum Teil auf die grobe horizontale
Auflésung zurlickzuflihren, die topographische Merkmale nicht erfasst, und zum
Teil auf die langen physikalischen Zeitschritte, die zu einer schlechten Darstellung
der Konvektion fuhren.
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Part 2

Main results

Influence of decadal ocean variability on European heat extremes

The recent decade has seen several severe heat waves (2010, 2015, 2018) while the early
2000s saw very few (2003), indicating that the frequency of European heat extremes
undergo decadal variations. Several of the most severe heat waves in the past 40 years are
also associated with SST anomalies over the North Atlantic Ocean, suggesting that the
decadal variations may be caused by ocean variability. We studied composites of cold or
warm SST anomalies over the North Atlantic Ocean and studied the downstream response
over Europe during the summer season (JJA) (Kriger et al. 2024). We found that a sudden
drop in SST over an already cold SST anomaly is concurrent with a local trough which in
turn produces an upward latent heat flux and further reduction of SSTs. The latent heat is
released in the mid-troposphere and produces a ridge over central Europe with associated
warm 2m air temperatures. We identify 18 European heat waves in the period 1979-2019, of
which 14 (78%) are associated with cold North Atlantic SSTs and 15 (83%) are associated
with a drop of SSTs a few days in advance. Hence, decadal variations in North Atlantic
SSTs, potentially driven by the Atlantic Multidecadal Variability (AMV), modulate the
occurrence of European heat extremes.

a) Composite based on cold North Atlantic SST events with a negative tendency
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Fig 1: Composite of 12 cold North Atlantic SST events with a sudden drop with composite
mean of the North Atlantic SST anomaly (blue line); the associated European T2m anomaly
and quantile ranges (red); b) Composite of 18 European heat events with composite mean of
the European T2m anomaly (red line); the associated North Atlantic SST anomaly, quantile
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ranges (blue) and the number of events with a SST drop (dashed green line), from Kriger et
al. (2024).

Improved simulation of European heat events by increasing ocean resolution in
coupled models

Kriger et al. (2024) found a connection between North Atlantic SST anomalies and the
development of European heat events in summer time. While the connection is evident in
ERA-5 reanalysis data, it is less evident in climate models in the CMIP6 archive. One
possible explanation of why models fail to reproduce the connection is that most CMIP6
models exhibit large biases in the SST over the North Atlantic. To study this in more detail,
we examined models from the HighResMIP project, a part of CMIP6. In HighResMIP
modelling groups participate with two model versions, one standard resolution (similar to
CMIP6) and one high-resolution where typically both the atmosphere and ocean
components use a finer mesh. We also included the FOCI model from GEOMAR which uses
grid refinement to increase the ocean resolution in the North Atlantic.
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Fig 2: Composite mean of events of cold North Atlantic SSTs with a negative tendency for
ERADS5 reanalysis data (a,d,g), the mean of 8 low-resolution configurations (b,e,h) and the
mean of 10 high-resolution configurations (c,f,i) with corresponding anomalies of SST and
T2m at lag = 5 (a-c), Z300 at lag = 5 (d-f) and SLHF at lag = 0 (g-i). Stippling indicates
significant values according to a 95% confidence interval.

The results (Fig 2) show that the high-resolution models are much better at reproducing the
observed connection between North Atlantic SST anomalies and European heat events,
although the amplitudes are somewhat weaker than observed. As the standard- and
high-resolution model versions use the same model physics and parameters, the
improvement in Fig 2 must be due to increased resolution in either the atmosphere or ocean,
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or both. Further analysis of model data revealed that ocean resolution plays a larger role
than atmosphere resolution and the largest improvement is when the ocean resolution is
increased from non-eddying to eddy-present, e.g. approx. 100 km to 25 km grids. Increasing
ocean resolution from eddy-present to eddy-rich, approx 25 km to 8km, had a much smaller
impact. The results suggest that as the ocean resolution is increased, the path of the Gulf
Stream and North Atlantic Current are more realistic leading to reduced SST biases and a
more realistic influence of SST anomalies on the atmosphere.

Impact of model resolution on precipitation extremes over Europe

Precipitation extremes, defined as events where precipitation exceeds a threshold or a high
percentile, are rare events with high impacts on society and the environment. Projections of
future climates show a general increase of global-mean precipitation due to surface
warming, but the changes in extreme precipitation are less clear. A common issue with many
current climate models is that they employ a horizontal resolution too low to adequately
resolve major topographic features or land-sea contrasts, leading to biases in precipitation
extremes.

We performed a suite of simulations with the OpenlFS model at varying horizontal
resolutions, ranging from 100 km to 25 km, and with physics time steps ranging from 1 hour
to 15 minutes. All experiments used observed SST and sea ice conditions to simulate the
period 1979-2014. We found that biases in extreme precipitation generally reduce with
increasing horizontal resolution and shorter model time step. The difference in biases was
larger for higher percentiles, e.g. 99th percentile, than lower ones, e.g. 70th percentile.
Results also suggest that large-scale precipitation is more sensitive to the horizontal
resolution than time step, while the opposite is true for convective precipitation. We note that
none of our model experiments are cloud-resolving and thus convection is parameterized
based on the resolved flow. It is also difficult to estimate the biases in large-scale and
convective precipitation as these quantities are only available from reanalysis but not
observations. The results are presented in a manuscript currently under review for
Geoscientific Model Development.
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Fig 3: RMSEs for annual total precipitation at different percentile ranges (70 th — 80 th, 80 th
- 90 th, 90 th — 95 th, 95 th — 99 th , 99 th — 99.5 th , 99.5 th — 99.9 th and >99.9 th
percentile) in ERAS (black) and OpenlFS simulations (LR60m: magenta, LR30m: orange,
LR: red, MR: green, HR: blue) referenced to GPCC during 1982-2019 over Europe. Dots are
the RMSE values, and error bars are the 95 % CI. Taken from Liu et al. (2024).

Sensitivity of model biases to horizontal resolution and time step in the OpenlFS
model

Most state-of-the-art climate models used in CMIP6, which was used to underpin the IPCC
ARG, use a horizontal resolution of ~100 km in the atmosphere and ocean. Sensitivity
experiments have indicated that some model biases can be reduced by increasing the
horizontal resolution to 50 and 25 km (Jung et al., 2012), but this comes with a high
computational cost. We have evaluated the OpenlFS atmosphere model performance
across the three different horizontal resolutions as well as different model time steps to
assess the sensitivity of model biases to both. We have found that zonal surface wind bias
improves in mid-latitudes in the hemispheres as horizontal resolution increases but also that
roughly 50% of the improvement is due to the shorter time step. We find a similar bias
reduction in surface winds over the tropical oceans. The reduced model biases near the
surface also appear to propagate upward and reduce biases in upper tropospheric
Rossby-wave activity and the representation of weather regimes. These results suggest that
biases in coupled models using the OpenlFS model, and possibly other models with long
time steps, can be reduced by increasing the horizontal resolution or by shortening the
model time step. We note that reducing the computational cost scales linearly with model
time step while it scales approximately cubic with horizontal resolution, and thus reducing
model time step may be a cost-effective method for reducing biases. A manuscript with the
results was recently published in Geoscientific Model Development (Savita et al. 2024).
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Fig 4: (a) Annual mean ERAS surface zonal wind (m/second). Annual mean zonal wind
(m/second) bias for different model time steps using ~100 km resolution (Fig. 2b-d), and also
with different horizontal resolutions (Fig. 2e-f), ~50 and ~25 km, respectively. Biases are
computed with respect to ERA5 shown in (Fig. 2a) over the time interval 1979-2019

Separating forced and intrinsic components of the North Atlantic Oscillation

A control experiment following the HighResMIP protocol for the time period 1950-2013 was
performed at OpenlFS 100 km with a 30-minute time step configuration (recommended by
Savita et al., 2024). The experiment was conducted as a 45-member ensemble. The model
reproduces the pattern of the NAO as the leading mode of wintertime mean sea-level
pressure variability.
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Fig 5: NAO index based on the 1st principal component of an EOF analysis of MSLP in
wintertime (DJF) over the time period 1979-2014. Standardized index is shown for ERA5
(black) and ensemble mean of OpenlFS simulations (red) with shading for +/- 1 standard
deviation.

We find that the ensemble mean from OpenlFS fails to reproduce the observed NAO index
in most years. However, there are some years, in particular in the later period, where the
ensemble mean and observations agree. We explored the possible causes for this and
found a tri-polar pattern of summertime SST anomalies which precede wintertime NAO
events. The SST anomalies in question appear to be largely driven by atmospheric heat
fluxes, i.e. the atmosphere imprints an anomaly in summer which in turn drives a wintertime
NAO event. A manuscript describing the results is currently in preparation.

Causes of Eurasian winter cooling during the late 20th and early 21st century

In addition to the 45-member ensemble experiment for the period 1950-2014 mentioned
above, we also performed two additional experiments in which we removed the respective
signals of the Atlantic Multi-decadal Variability (AMV; hereafter noAMV) and Inter-decadal
Pacific Variability (IPV; hereafter nolPV) from the model SST data. We prescribed the AMV
and IPV SST patterns from the DCPP project (part of CMIP6) by following their protocol.
Using the data, we then studied the influence of low-frequency ocean variability on decadal
temperature trends on land in the Northern Hemisphere.
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Fig 6: Surface air temperature trend comparison for boreal winter over 1993-2013: ERA5
(a), HadCru (b), OpenlFS first-member (c), OpenlFS 45 ensemble mean (d), OpenlIFS 45
ensemble standard deviation (e), and signal-to-noise (s/n) ratio (f). The s/n ratio is greater
than 1 implies that the signal is stronger than the noise.

We find that the model ensemble mean reproduces the observed Arctic warning over the
period 1993-2013 but shows an overall warming over Eurasia and North America, while
observations indicate a cooling. The IPV underwent a significant shift from positive to
negative phase during the period 1993-2013 which can be seen in the 2m air temperatures
over the North Pacific in both reanalysis and the model ensemble mean. The fact that the
temperature trend over Eurasia in reanalysis differs from that in the model ensemble mean is
an indication that the Eurasian temperature trends are due to intrinsic variability, as is also
reflected by the low S/N ratio. We found that the distribution of Eurasian temperature trends
in the control experiments were shifted towards slightly lower values than those in nolPV
experiments, indicating that the IPV can cause a cooling over Europe, but the signal is likely
much weaker than the intrinsic variability, leading to low S/N ratios. A manuscript describing
the results is currently in review for Geophysical Research Letters.

Multi-millennial modulation of Atlantic Multi-decadal Variability in FOCI-OpenlFS

The Atlantic Multi-decadal Variability (AMV) is a mode of variability in North Atlantic SST with
a magnitude of ~0.5K. The AMV is known to influence rainfall in the Sahel, Atlantic hurricane
activity, and European droughts. It has been increasingly clear that the AMV is not a steady
oscillation, but rather an intermittent variability but its driving mechanisms remain unclear.
We study Atlantic SST variability in a 2000-year control simulation with the FOCI-OpenlFS
model (Kjellsson et al. 2020) where greenhouse-gas concentrations and solar input are kept
constant. We find multi-decadal variations in North Atlantic SST similar to the AMV on a
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~80-year time scale, but the magnitude and driving mechanisms of the AMV varies during
the simulation. In an early period when the climate is slightly warmer, the AMV is weak and
appears driven by anomalies in poleward oceanic heat transport linked to AMOC. In a later
period, when the climate is slightly colder, the AMV is much stronger and appears driven by
air-sea fluxes. The results indicate that climate models may be able to reproduce AMV
driven by both air-sea fluxes and ocean heat transport, but it is dependent on the period
chosen. A manuscript is currently in preparation for Nature Communications (Kjellsson &
Park, in review).

PC1 of North Atlantic SST anomalies (normalized)
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Fig 6: Principal component (PC1) for the 1st mode in an EOF analysis of 11-year low-pass
filtered North Atlantic SST in a 2000-year simulation with FOCI-OpenlFS. Lower left shown
is PC1 regressed on SST anomalies. Filled contour indicated 70% explained variance.
Lower right shows the power spectrum of PC1, where the red dashed line indicates that the
power is significantly different from a red noise spectrum with the same variance.

External collaborations

We have collaborated extensively with project partners at MPI-M, Hamburg, mainly Daniela
Matei and Katja Lohmann, on the topic of connecting North Atlantic SST anomalies to
European heat events. While we analysed the connection using ERA5 data, the team at MPI
were working on hindcasts with their coupled model. Analysis of climate model data from
HighResMIP came naturally out of this work.

We also collaborated with the team at CNR, Italy, on multi-centennial variability in the
Atlantic Ocean. While the CNR team used shorter simulations from multiple models, we
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used a longer simulation from a single model. Exchanging thoughts and ideas on our work
has been mutually beneficial.

One of our milestones (M3) was to produce a set of atmosphere-only simulations where
modes of climate variability such as AMV and IPV were filtered out. Such forcing sets were
available via the DCPP project. We collaborated with external partners, mostly UiB, who had
experience with DCPP data from before, to run our experiments.

Deliverables and milestones

D4.1 Report on weather extremes driven by surface forcing and maintenance of
planetary waves including the impact of climate change and model resolution
[GEOMAR]

Three papers from GEOMAR are relevant to this DL (see also Task 4.1):

(1) Kruger et al. (2024) showed a connection between North Atlantic SST anomalies,
planetary and Rossby waves, and European heat extremes.

(2) Savita et al. (2024) showed that atmospheric models of low resolution have biases in the
amplitude and phase speed of Rossby waves

(3) Kruger et al. (in review, GEOMAR&MPI-M) showed that biases in the surface climate in
coupled climate models can weaken the connection between North Atlantic SST anomalies
and European heat extremes.

MS 2 (M27) MDZ atmosphere-only experiments & KCM pacemaker experiments.
Experiments not analysed in ROADMAP due to loss of personnel. Experiments with
OpenlFS atmosphere and FOCI-OpenlFS coupled model used instead (MS 3).

MS 3 (M27) Atmosphere-only experiments & coupled model experiments.

Some delay in coupled-model experiments due to one postdoc on maternity leave and due
to problems during hardware upgrade at HPC.

Two manuscripts in preparation; also used by SCENIC project at GEOMAR.

Outlook

Our results from this project has provided:
e A better understanding of heat events over Europe and how they develop

An analysis over biases in heat events in climate models

Insights into climate variability to put recent climate change into context

A unique set of coupled model experiments using grid refinement in the ocean
New tools for CMORIizing model data and assessing model biases

The work on European heat events and their representation in climate models is ongoing,
despite the project ending.

The atmosphere-only simulations with AMV and IPV filtered out are currently used in a PhD
project not related to ROADMAP, and will likely be used further in the future. Likewise, the



GEFORDERT VOM

% Bundesministerium
22y N fir Bildung
und Forschung

coupled model simulations with grid refinement are currently put to use.

The technique to include grid refinement in a coupled climate model is currently being
explored by other modelling centres for future model versions.

Student theses

Bachelor thesis

e Thies Johnsen, 2023, Impact of Ocean Model Resolution on the Representation of
North Atlantic and European Blocking in the FOCI-OpenlFS Model,
https://oceanrep.geomar.de/id/eprint/59267 (supervisors: Sayantani Ojha & Joakim
Kjellsson, GEOMAR)

e Finn Kdnecke, 2024, What is the fingerprint of AMOC variability and its trends?,
https://oceanrep.geomar.de/id/eprint/60220 (supervisors: Joakim Kjellsson &
Hyacinth Nnamchi, GEOMAR)

Master theses
e Tabea Rahm, 2023, How will the dominant weather regimes change under the
influence of climate warming? https://oceanrep.geomar.de/id/eprint/58633
(supervisors: Joakim Kjellsson & Wenjuan Huo, GEOMAR)

PhD theses
e Julian Kriger, 2023, On the Role of North Atlantic Sea Surface Temperatures for
European Heat Events. Supervisors: Joakim Kjellsson & Martin Claus, GEOMAR

Student projects

Integrating the Climate Model Performance Index (CMPI) tool to FOCI and
FOCI-OpenlFS, Ms. Lina Lucas, 5 months

The CMPI tool is a python toolbox to compute a pre-defined test of climate model indices,
compare with observations, compute a score and then compare the score across models
and model versions. We adapted the tool for use with FOCI-OpenlFS data to benchmark the
FOCI-OpenlFS model against the CMIP6 model mean. The work was successful and the
tool was later further developed to incorporate biogeochemical model data to evaluate the
ocean biogeochemical model at GEOMAR, MOPS.

Exploring CMORization of FOCI-OpenlFS data using ESMValCore, Tim Sieker, 4
months

To facilitate easy model intercomparisons, climate-model data needs to be processed to
conform to the CMOR standard. “CMORIizing” data is usually done by custom scripts at each
modelling centre, sometimes using shell scripts, or python scripts, and community tools such
as CDO or NCO. This often leads to double-work across institutes.

The ESMValTool, which uses ESMValCore at the root, includes a CMORizer which can
CMORIize reanalysis data and observations. We explored if this could be used to build a
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CMORIization tool for use at several institutes. We found that this is possible but requires
modifying some of the underlying code on which ESMValCore is built.

Conferences and workshops

e Julian Kruger, The relation between European heat waves and North Atlantic SSTs: a
two-sided composite study, EGU 2022

e Joakim Kjellsson, Multi-centennial modulation of Atlantic multi-decadal variability in a
2000-year climate integration, EGU 2023

e Abhishek Savita, ECMWF-OpenlFS climate sensitivity to horizontal resolution and
time step, EGU 2023

e Joakim Kjellsson, Multi-centennial modulation of Atlantic multi-decadal variability in a
2000-year climate integration, IUGG Berlin 2023

e Abhishek Savita, ECMWF-OpenlFS climate sensitivity to horizontal resolution and
time step, IUGG 2023

e Yingxue Liu, Impact of horizontal resolution and model time step on European
precipitation extremes in the OpenlFS atmosphere model, EGU 2024

Career advancements

e Dr. Abhishek Savita (GEOMAR) is now a postdoc with Dr. Amy Clement at University
of Miami, USA.

e Junior Prof. Dr. Joakim Kjellsson (GEOMAR) is now a climate modeller (permanent
position) at SMHI, Sweden.
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