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Extreme Weather and the Midlatitude Response to Recent Decadal

Warming in OpenIFS

Joakim Kjellsson & Mojib Latif
GEOMAR Kiel, Germany

November 23, 2017

Short summary

• Assess the sensitivity of extreme weather events and the midlatitude atmospheric circulation to recent
decadal warming and horizontal resolution in the OpenIFS model.

• Understand and quantify model biases that arise due to insufficient horizontal resolution.

• Outcomes will guide the development of a new high-resolution coupled climate model at GEOMAR, but
will also be beneficial for other modelling groups.

Overview

Our knowledge of climate change and climate variability in the 21st century largely relies on predictions using
climate models. The climate-model simulations in the CMIP5 archive can generally reproduce the observed
large-scale flow and low-frequency variability, but do not have fine enough horizontal or vertical resolution to
resolve mesoscale flows (⇠ 10� 100km) and their associated variations, e.g. oceanic eddies or tropical cyclones.
It is well established that increasing the horizontal resolution of the atmosphere model reduces biases and im-
proves the simulation of e.g. precipitation (Wehner et al., 2014), development of extreme storms (Wedi et al.,
2012), tropical atmosphere-ocean interactions (Harlaß et al., 2017), and tropical storms (Atlas et al., 2005).
We will study extreme weather events and the Northern and Southern midlatitude circulation in the OpenIFS
model, using a suite of experiments at T255, T511 and T1023 spectral truncation. The aim is to understand how
extreme weather responds to decadal warming, as well as what horizontal resolution is sufficient to reproduce
the observed response, and what biases may arise from insufficient horizontal resolution.

This project runs in parallel with a project on the impacts of horizontal resolution in OpenIFS at the HLRN
high-performance cluster in Hannover & Berlin, Germany. Current developments of a high-resolution climate
model, FOCI, based on OpenIFS and NEMO, will be guided by the results of this project. The results of this
project will be beneficial for other climate-modelling groups as well, e.g. EC-Earth and FESOM2, which are
coupling with OpenIFS.

c. Vertical resolution

Figure 2 shows that vertical resolution also has a re-
gionally varying impact on the representation of ex-
treme precipitation. Over northern Europe in DJF,
differences between the area averages of the RL20S at
different vertical resolutions are negligible, whereas in
the other regional examples the area average of the
RL20S at coarser vertical resolution is less than the area
average of the RL20S at higher vertical resolution. This
difference is more pronounced at T63 than at T42.
To further investigate the structure of changes in the

RL20S with vertical resolution, zonal means of the
RL20S (Fig. 6) of high vertical resolution (solid lines)
are compared with the RL20S of the low vertical reso-
lution (dashed lines). Coarser vertical resolution causes
a decrease in the RL20S. Additionally, the peak of ex-
treme tropical summer precipitation associated with the
ITCZ is shifted equatorward at coarser vertical resolu-
tion. This effect is stronger in boreal summer (JJA) than
in austral summer (DJF). The spatial structure of
changes in extreme precipitation return levels with
vertical resolution is shown in Fig. 7. The impact of

vertical resolution is higher at T63 than at T42, consis-
tent with the regional examples (Fig. 2). High vertical
resolution is particularly important in a zonal band
around the ITCZ. For extreme precipitation associated
with the Asian monsoon, high vertical resolution is
crucial. However, over parts of the Northern Hemi-
sphere inDJF, coarser vertical resolution is sufficient for
the representation of the RL20S.

d. Comparison with mean precipitation

Figure 8 shows zonal means of mean precipitation
totals (Figs. 8a,b), mean precipitation intensities
(Figs. 8c,d) and themean number of wet days (Figs. 8e,f)
for DJF and JJA to study differences to the scale de-
pendence of extreme precipitation. The impact of hor-
izontal resolution onmean precipitation totals andmean
precipitation intensity is negligible. Peaks of the high
resolutions T213, T159, and T106 are similar; however,
coarser resolutions show slightly decreased peaks. Even
though these differences are small compared to those of
extremes, there is consistency regarding the large dif-
ferences between T106 and T63 observed for extremes.

FIG. 6. Zonal means of 20-season return levels (RL20S) for (left) DJF and (right) JJA: (a),(b) with different
horizontal (solid lines) and vertical (dashed lines) resolutions and (c),(d) additionally normalized with the zonal
mean of RL20S in the respective averaged high resolution. Grid boxes whose seasonal maxima time series contain
more than one zero value in at least one resolution are excluded in all resolutions.
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Figure 1: Zonal mean of 20-year return values of winter precipitation. Extreme precipitation events become
more extreme with higher resolution of the atmosphere model. Taken from Volosciuk et al. (2015).
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equatorward trend in JJA (and SON in the reanalyses, but
not the climate models). No significant annual-mean posi-
tional trends appear on a longitude-by-longitude basis (not
shown).
[14] The reanalyses and both groups of climate models

show significant positive trends in the strength of the annual-
mean wind-stress over the historical period (Figure 3b). The
significant annual trends result from the positive trends in
wind-stress that occur in all seasons. The largest trends in
strength occur in DJF in the reanalyses and CMIP5 models,
while the CMIP3 models exhibit the greatest strengthening
in SON. In general however, the climate models show a
strengthening trend that is significantly weaker than the rea-
nalyses indicate, which can be confirmed by checking that the
confidence intervals of the trends do not overlap (Figure 3b).
[15] Swart and Fyfe [2012] found that the pre-industrial

control SH westerlies in the CMIP3 models were signifi-
cantly stronger than the Twentieth-Century Reanalysis over
the period 1871 to 1900. This is consistent with our current
findings that the modern climatological winds over 1979 to
2010 have roughly the same strength in the reanalysis and
the CMIP3 models, and that the models underestimate the
strengthening of the winds in time relative to the reanalysis.
Note that we have not included the NASA MERRA and

NCEP CFSR reanalyses that exhibit negative strength
trends, which may be related to discontinuities associated
with the assimilation of ocean surface winds (see auxiliary
material).
[16] It should also be noted that wind-stress strength trends

will be sensitive to the form of the drag-coefficient employed
in the climate models and reanalyses. To compare our results
to wind-speed we have computed trends in surface wind-
speed over the historical period from 1979 to 2010 in rea-
nalyses and the CMIP5 models (see auxiliary material). As
for surface wind-stress, we find significant positive trends in
annual mean surface wind speed in both reanalyses and the
CMIP5 models. These positive trends in wind-speed are also
consistent with station based trends from Southern Ocean
islands [Hande et al., 2012; Yang et al., 2007].

3.3. Projected Changes Over the 21st Century
and Sensitivity to CO2 Forcing
[17] The change in the CMIP5 ensemble mean position and

strength of the SH westerlies over the 21st century is com-
puted as an anomaly from the 1979–2010 climatology for
the four RCP scenarios (Figures 4a and 4b). The changes
are greatest under the strongest CO2 forcing in RCP8.5 as
expected, with a poleward shift of around 1.5! and a

Figure 2. Climatologies of the SH surface westerly wind-stress position and strength over 1979–2010. Four reanalyses, 23
CMIP3 models and 21 CMIP5 models are compared in notched box plots of climatological (a) position and (b) strength of
the zonal-mean zonal wind-stress; (c) latitudinal position by longitude for the reanalyses, CMIP3 and CMIP5 ensemble
means and (d) strength by longitude for the respective ensemble means. In Figures 2a and 2b whiskers extend to the most
extreme data point within 1.5 times the interquartile range, and red plus symbols are outliers. The notches represent a robust
estimate of the uncertainty about the medians for box-to-box comparison. Boxes whose notches do not overlap indicate that
the medians of the two groups differ at the 5% significance level. Envelopes in Figures 2c and 2d show the 95% confidence
interval. Dashed black lines indicate the ocean basin boundaries.
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Figure 2: Position (top) and strength (bottom) of the westerlies over the Southern Ocean in reanalysis, CMIP3
and CMIP5 data. The jets are too far north and too strong in the CMIP3 and CMIP5 models. Taken from
Swart and Fyfe (2012).

Specific examples

Extreme weather
Extreme weather events, e.g. tropical storms, heat waves, or heavy-precipitation, are events of large socio-
economic impacts. Studies applying theory and a few climate models suggest that most extreme weather events
will become more intense during the 21st century in response to global warming, and also that these events can
only be represented in atmosphere models which resolve the mesoscale (10� 100 km), which is not the case for
the climate models used in the latest IPCC report (AR5). Previous studies (Wehner et al., 2014; Frei et al.,
2006; Volosciuk et al., 2015) have shown that the intensity of e.g. extreme precipitation events is sensitive to
the horizontal resolution of the atmospheric model (Fig. 1). However, few studies have used horizontal resolu-
tions finer than ⇠ 0.5� (⇠ 50 km). Here, we will study how the horizontal resolution of an atmosphere model
impacts its ability to simulate the frequency and intensity of extreme weather events as well as their recent
trends. Our main focus will be on heavy precipitation, strong winds and heat waves. We will use a horizontal
resolution (T1023L91) that is higher than any previous studies which address extreme events globally. By
using OpenIFS we will use a model that has already been well tuned to present-day climate, thereby increas-
ing the realism of our simulations. While it is not a focus in this project, the model output may be used later
to investigate tropical storms as well. Further, the model output may also be of interest to other research groups.

Midlatitude atmospheric circulation and trends
It has been proposed that the sea-ice loss and enhanced surface warming in the Arctic region, which weakens
the meridional temperature gradient and slows down the Rossby-wave propagation in the Northern Hemisphere
(NH) midlatitudes, could result in more persistent extreme weather events, e.g. cold spells and droughts (Fran-
cis and Vavrus, 2012). While Arctic surface warming can alter the NH midlatitude jet stream, it is unclear
if it has done so recently (Barnes and Screen, 2015). Experiments with climate models have shown that the
response of the Northern midlatitude atmospheric circulation to Arctic warming is highly dependent on the air-
sea interactions (Deser et al., 2015), which in turn are sensitive to the horizontal resolution of the atmosphere
and ocean models (Roberts et al., 2016). Using the OpenIFS model at varying horizontal resolution, we will
investigate if the link between the Arctic warming and trends in midlatitude extreme weather is sensitive to the
horizontal resolution of the atmosphere model.

We will also study the atmospheric circulation over the Southern Ocean. The Southern Ocean and the
North Atlantic are the only regions with oceanic deep-water formation, e.g. where the atmosphere is effectively
in contact with the deep ocean. Climate models generally struggle to reproduce the correct properties of the
surface waters in regions of deep-water formation, but Stössel et al. (2015) reduced biases by increasing the
horizontal resolution of the atmosphere model. We will investigate how the surface climate over the Southern
Ocean changes when horizontal resolution is increased. Furthermore, a common bias in climate models in the
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Table 1: Details and costs of model experiment to be carried out.
Parameter T255 T511 T1023
Spectral truncation T255 T511 T1023
Cluster used HLRN HLRN ECMWF
Horizontal grid resolution ⇠ 0.7� ⇠ 0.35� ⇠ 0.18�

Vertical levels 91 91 91
Time step [min] 45 15 10
Simulated years 1982-2016 1982-2016 1982-1987 / 2011-2016
Ensemble members 3 3 1
Est. cost [SBU/sim.year] N/A N/A 1 million
Est. total cost [SBU] N/A N/A 10 million
Est. total output (6-hourly) [Tb] 9 38 15

CMIP5 archive is that the westerlies over the Southern Ocean are too strong and located too far north (Fig.
2), and wind variability is too zonal (Schroeter et al., 2017). In the Northern Hemisphere, Hourdin et al. (2013)
showed that increasing the horizontal resolution leads to more realistic midlatitude westerlies, suggesting similar
improvements may be attainable for the Southern Hemisphere, and Jung et al. (2012) noticed changes to the
Amundsen Sea Low as horizontal resolution was increased from T159 to T511 and further to T1279.

Model experiments

This project runs in parallel with another project at the North-German HLRN cluster1. At HLRN, we will
run ensembles of global simulations using the OpenIFS model at T255L91 and T511L91 resolution, focusing
on the atmospheric response to the horizontal and temporal resolution of the lower boundary condition, which
we will vary between 1� and 0.25� horizontal resolution and daily to monthly temporal resolution. Previous
results showed a rather strong sensitivity to both the temporal and horizontal resolution of the surface forcing
(Zhou et al., 2015). The HLRN clusters comprise in total two Cray XC30 and two Cray XC40 systems (all with
support for hyperthreading), and OpenIFS has been successfully installed and tested on all.

We propose to run two 5-year simulations of the global atmosphere of 1982-1987 and 2011-2016 (10 years
total) with specified observed surface forcing using OpenIFS at T1023/N512 horizontal resolution with 91 verti-
cal levels. Combining the T1023L91 simulation with the results from the simulations at T255L91 and T511L91
resolution (carried out at HLRN, Germany) we will study the impact of horizontal resolution on the atmospheric
general circulation, extreme weather events, and the atmospheric response to changes in SSTs and sea ice cover
from the period 1982-1987 to 2011-2016. We will use the NOAA High Resolution (0.25�) data set of sea-surface
temperature and sea ice cover as lower boundary condition, which is available from 1982-2016. Details of the
model experiments are given in Table 1.

Since extreme precipitation events are short-lived (⇠ 1 hour), we will store precipitation variables with
hourly frequency. We will also store horizontal velocities, temperature and specific humidity on all model levels
with 6-hourly frequency to properly capture midlatitude storms. Storing 6-hourly data will also allow us to use
the output in possible future projects, e.g. tracking paths and intensities of tropical storms. Table 1 shows the
estimated total output of 6-hourly data from the OpenIFS experiments. End storage will be on the local tape
storage shared between GEOMAR and Christian-Albrechts Universität (CAU) in Kiel.

Outcomes

The key outcome of this project is to understand to what extent coarser-resolution models are able to capture
the frequency and intensity of extreme weather events as well as trends in the midlatitude circulation, and what
biases may arise from using insufficient horizontal resolution. As many state-of-the-art climate models will soon
employ atmospheric models of ⇠ 0.5 � 1� horizontal resolution, it is important to understand to what extent
such models capture the frequency and intensity of extreme weather events, as well as air-sea fluxes in the polar
regions, and transports of heat and water. Awareness of these biases is crucial for our confidence in climate
model projections of future climates. Currently, OpenIFS is being applied as the atmosphere component in
climate models at GEOMAR, Alfred-Wegner Institute (AWI), and the EC-Earth consortium. Understanding
how horizontal resolution impacts the simulated climate as well as its variations and extremes will guide the
decision on what horizontal resolution is necessary in future high-resolution climate simulations, and ultimately

1
Project no. shk00018, lead by Prof. Dr. Mojib Latif, GEOMAR
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improve predictions of future climates and extreme events.

All output from the global simulations with OpenIFS will be stored and made available upon request to
anyone who wishes to use it for research or teaching purposes. The model output may be used by BSc or MSc
courses on atmosphere modelling in Kiel or other places, or students who wish to pursue a MSc project on
e.g. the impacts of horizontal resolution on various atmospheric phenomena. The data may also be used for
future research projects on how horizontal resolution impacts the model’s ability to simulate e.g. quasi-biennial
oscillation (QBO, cf. Hertwig et al. (2015)), tropical storms (cf. Atlas et al. (2005)), mesoscale energy spectra
(e.g. Augier and Lindborg (2013)), or atmospheric air-mass transformations in the thermodynamical framework
of Kjellsson et al. (2014) or Laliberté et al. (2015).

Project members

Dr. Joakim Kjellsson (Principal Investigator)
Dr. Joakim Kjellsson was awarded his PhD at Stockholm University in 2014, in which he studied how the
global atmospheric circulation varies during ENSO phases and how it will change with global warming. He
has experience in ocean and atmosphere modelling and was part of the pilot testing of OpenIFS in 2013. He
has worked on how the kinetic energy budget in the ocean and air-sea exchanges of momentum depend on
the horizontal resolution in ocean models, and is now working on coupling the OpenIFS model into the FOCI
climate model at GEOMAR.

Prof. Dr. Mojib Latif
Prof. Dr. Mojib Latif leads the Marine Meteorology unit and the Ocean Circulation and Climate Dynamics
division at GEOMAR Kiel. He has a long history of studying climate variability on timescales ranging from
monthly, through decadal, to centennial and millennial timescales, as well studying air-sea interactions in the
tropical regions. The Marine Meterology unit at GEOMAR has a strong focus on modelling air-sea interactions
to understand the atmospheric and oceanic role in climate variability on a wide range of timescales, e.g. the
Madden Julian Oscillation (MJO), the North Atlantic Oscillation (NAO), the El Niño/Southern Oscillation
(ENSO), the Atlantic Multidecadal Variability (AMV) or the Pacific Decadal Variability (PDV), as well as the
climate response to (natural and anthropogenic) external forcing.
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