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FIGURE 7 The plots show the frequency bias of 48-72-hour ensemble forecasts of total rainfall during June 2018 for different thresholds of
precipitation compared to (a) OPERA radar observations over Europe and (b) NEXRAD-Stage IV radar data over the continental USA. Results
are shown for one unperturbed member (Control) and the mean of eight perturbed members (Perturbed) using IFS Cycle 46r1 with and

without the moist physics upgrade. The dotted line represents ‘no bias’.

meteorological service (DWD), the deep convection
parametrization includes a smooth reduction of the
parametrized convective fluxes, and therefore a
transition to resolved convection with increasing
resolution (grid spacings smaller than 8 km).

With the deep convection parametrization, the rainfall
patterns in Figure 6¢ are too broad-scale and the
night-time propagating systems at 15°N are absent.
Similar results are obtained with the operational 9 km
grid spacing (not shown). In contrast, without the deep
convection parametrization (Figure 6d) the
representation of the intense westward-propagating
mesoscale systems is improved. However, the
amplitude of these systems is too strong, as is evident
from a comparison with the TRMM data, and global
precipitation is overestimated by more than 10%. Also,
the root mean square error of precipitation and upper-air
forecast skill are significantly degraded with this version
of the model.

We have therefore decided to explore further avenues of
improving the convection parametrization. These include
the coupling between the convection and the dynamics,

a Northern hemisphere b Tropics

which is particularly delicate in the case of mesoscale
convective systems that propagate and regenerate by
producing their own horizontal convergence. During a
research stay of Tobias Becker (Max Planck Institute for
Meteorology) at ECMWF, we analysed output from runs
without deep convection parametrization over Africa for
the whole month of August. It was found that the lack of
intense continental convection in the parametrization can
be corrected for by including the total advective moisture
convergence in the convective instability closure.

The results with the revised closure at 4 km are shown in
Figure 6e. Using the revised parametrization makes the
convection more intense than when using the current
scheme, and realistic propagating features develop when
compared with the observations in Figure 6b. Overall the
results are now somewhere in between the current
operational scheme and the simulations without the deep
convection parametrization.

The evaluation of the IFS with the revised deep
convection, which is part of the moist physics
upgrade, is ongoing. The results so far have shown
that the revised closure improves rainfall distribution
and particularly the prediction of high rainfall rates.

¢ Southern hemisphere
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FIGURE 8 Relative change of 250 hPa wind speed ensemble standard deviation in a set of TCo399 ensemble forecasts using IFS Cycle
46r1 for June 2018 when the moist physics upgrade is applied, for (a) the northern hemisphere, (b) the tropics and (c) the southern

hemisphere. The shaded areas show 95% confidence intervals.
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It also improves the model variability in the medium
and long range. However, it increases root-mean-
square precipitation forecast errors by about 1-2% in
short-range deterministic high-resolution forecasts.
Figure 7 shows an evaluation of the frequency
distribution of 48-72 h forecast rainfall totals against
radar observations for June 2018 over Europe (OPERA
data) and North America (NEXRAD-Stage IV data)
using a small ensemble consisting of one unperturbed
and eight perturbed members at resolution TCo399
(corresponding to a grid spacing of about 25 km).

For both regions a clear underestimation of rainfall
intensities >10 mm/24 h is evident in the operational
model. The underestimation is alleviated by the
revised closure.

Impact on ensemble forecasts

Testing of the ensemble system shows that the revised
physics increases the activity of the model.

For example, Figure 8 shows the relative increase of
250 hPa wind speed ensemble standard deviation
(spread) compared to the IFS Cycle 46r1 baseline for
June 2018. It is apparent that the ensemble spread is
increased more strongly in regions where convection
dominates perturbation growth, i.e. in the northern
hemisphere (in summer) and in the tropics. Here, the
spread increase persists out to day 15. This is valuable
because the current operational ensemble forecasts
are under-dispersive during the northern hemisphere
summer for longer lead times. The increase in spread
will make it possible to re-tune the stochastic model
error representation.

Outlook

The moist physics package for IFS Cycle 48r1 is a major
upgrade to the IFS which:

+ addresses a number of long-standing issues in the
formulation and interaction of parametrized
convection, turbulent mixing and cloud-related
processes

+ improves the physical representation of the
convective boundary layer, deep convection, cloud
and precipitation in the forecast and

+ reduces large-scale systematic errors in cloud and
radiation.

There is also a beneficial increase in the activity of the
forecast model and an improvement in the
computational efficiency of the IFS by around 6%.

Final revisions and comprehensive testing of the physics

upgrade across resolutions and timescales, from
analysis increments to medium-range, extended-range
and seasonal forecasts, will continue, in readiness for
operational implementation. For the longer term, the
upgrade is an important and vital step towards two
strategic targets of ECMWF: ensemble forecasts at a
horizontal grid spacing of about 5 km and a high-
resolution ensemble where model uncertainty is
represented by stochastically perturbed
parametrizations (SPP; Leutbecher et al., 2017), in
which parameter perturbations mainly stem from the
model physics.

Concerning the future evolution of the moist physics
parametrizations, we are currently testing the turbulent
kinetic energy scheme developed by Météo-France.
Further development of the subgrid cloud scheme and
microphysics is planned in readiness for convection-
permitting resolutions. Our good collaboration with the
German national meteorological service (DWD) on the
convection scheme continues as we have a joint
implementation in the DWD’s ICON model and the IFS.
Furthermore, Météo-France is preparing to adapt and
implement the deep convection code in its Arpege
model Cy46T1.

Further reading
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Enhancing tropical cyclone wind forecasts

Jean-Raymond Bidlot, Fernando Prates, Roberto Ri
Frédéric Vitart

bas, Anna Mueller-Quintino, Marijana Crepulja,

his article highlights two developments that

have enhanced the usefulness of tropical

cyclone wind forecasts in ECMWF’s newly
upgraded Integrated Forecasting System (IFS
Cycle 47r1). The first is a change in the model
specification for momentum exchange at the sea
surface. This development is the result of internal
ECMWF work informed by discussions with scientists
at Météo-France and the US National Centers for
Environmental Prediction (NCEP). It goes some way
towards resolving the longstanding issue that
predicted tropical cyclone maximum surface wind
speeds are generally too low, in particular for intense
tropical cyclones. The second development is the
production of new forecast parameters which specify
the maximum distance from the centre of the cyclone
to locations where the surface wind speed reaches
34, 50 and 64 knots (wind radii). This will help users
to assess the risk of wind-related hazards.

a IFS Cycle 46r1

The maximum wind speed problem

Both minimum central pressure and maximum 10 m
wind speeds are used as measures of tropical cyclone
(TC) intensity. There have been several improvements
recently in predicting minimum central pressure and
overall cyclone tracks (Haiden et al., 2019). However,
prior to IFS Cycle 47r1, ECMWEF forecasts generally
severely underestimated maximum wind speed for
intense tropical cyclones even given the correct central
pressure (Figure 1a). While there are many different
factors that could account for this behaviour, we have
found it to be closely linked to the parametrization of
momentum exchange at the ocean surface.

This momentum exchange is generally expressed in
terms of the drag coefficient (Cd), which connects the
magnitude of the surface stress to the square of the
wind speed at a certain height above the surface. In the
IFS, there is an active two-way coupling between the
atmosphere and ocean waves, which results in an extra

b IFS Cycle 47r1
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FIGURE 1 Scatter plots for maximum 10 m wind speed and corresponding minimum mean sea level pressure for all 10-day forecasts at
TCo1279 resolution (corresponding to a grid spacing of about 9 km) from 00 UTC for the period 25 August 2019 to 1 January 2020 (coloured
squares; the dashed line indicates mean central pressure for a given wind speed), and corresponding reported values (6-hourly Best Track

data; purple circles; the dotted line indicates mean central pressure for

a given wind speed), for 20 tropical cyclones, showing results for

(a) IFS Cycle 46r1 and (b) IFS Cycle 47r1 with the new parametrization of unresolved roughness.
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dependency of Cd on the sea state (waves). Figure 2a
shows the distribution of Cd values in IFS Cycle 46r1
plotted against wind speed for Hurricane Irma in
September 2017. There is a large spread of possible Cd
values for most wind speeds, in part due to the sea-
state effect, with a tendency for the drag coefficient to
take larger values for stronger winds.

Over the last decade, it has been suggested that the drag
coefficient should tail off for strong winds. Recent wave
model developments have tried to address this issue.
Since IFS Cycle 43r1 (November 2016), maximum wave
spectral steepness criteria have been imposed on the
evolution of the wave spectra, resulting in reduced Cd
values for high winds (Magnusson et al., 2019). Moreover,
with the introduction in IFS Cycle 46r1 of a new
parametrization of wind input and whitecap dissipation
(June 2019), a further reduction of large Cd values, with a
slight decrease for high winds, was achieved. However, a
mismatch between predicted and observed maximum
winds persisted, and a recent paper by Donelan (2018)
indicated that the drag coefficient should decrease quite
significantly for hurricane-force winds.

Improving maximum winds

In the IFS, the momentum exchange with the sea surface
is modelled via a dependency of the roughness length
(zg) on the surface stress. This expression accounts for
both low and high wind regimes. At low wind speed, the
sea surface becomes aerodynamically smooth and z is
determined by viscosity. At high wind speed, Charnock’s

a IFS Cycle 46r1

relation is used, in which z; is expressed as a function of
surface stress, air density, gravitational acceleration and a
sea-state-dependent Charnock parameter. In ECMWF’s
wave model, the Charnock parameter depends on the
state of development of the resolved waves and a
tuneable parameter (o) which represents the impact of
unresolved short waves (background roughness beyond
the highest frequency resolved by the model) on the
overall surface stress. Until IFS Cycle 47r1, this
parameter had a constant value.

Observational evidence that the drag coefficient should
be much lower for high winds suggests that the
coupling between the ocean surface and the wind
above becomes less efficient at transferring momentum
for strong winds. For this to happen, it was realised that
the Charnock parameter should be considerably smaller
in the case of strong winds (above 35 m/s). This was
achieved by reducing o, for high 10 m wind speeds.

This simple reduction was implemented in IFS Cycle
47r1. As expected, the drag coefficient is sharply
reduced for winds above 35 m/s. Figure 2 illustrates
how this affects the frequency of high winds in tropical
cyclone forecasts. In particular, it can be seen that there
are many more instances of very high winds, up to
about 70 m/s, than without the reduction in o,

The results shown in Figure 2 were obtained for forecasts
at the experimental resolution of TCo1999 (corresponding
to a horizontal grid spacing of about 5 km) in order to test
the limit of this new parametrization. For the current

b IFS Cycle 47r1
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FIGURE 2 Scatter plots for the drag coefficient and corresponding 10 m wind speed for TCo1999 10-day forecasts initialised from the
operational analysis of 00 UTC on 4 September 2017 (during Hurricane Irma), showing results for (a) IFS Cycle 46r1 and (b) IFS Cycle 4711
with the new parametrization of unresolved roughness. All model grid points over the oceans were used every 6 hours. The black crosses
show mean Cd values for given wind speeds.
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operational resolution (TCo1279, about 9 km), we have
looked at a range of tropical cyclone forecasts and found
that, generally, the new parametrization yields a much
better maximum wind speed — minimum pressure relation
(Figure 1b). However, compared to observational
estimates, forecasts continue to underestimate some of
the most intense cases.

Computation of wind radii

To assess wind-related hazards associated with tropical
cyclones, it is useful to see the areas where winds are
predicted to exceed certain thresholds. In IFS Cycle
47r1, this has been made possible by introducing a new
wind radii parameter. The parameter indicates the
maximum distance from a TC centre within which the
surface wind speed is predicted to exceed certain
thresholds. The thresholds have been set at 34, 50 and
64 knots, in line with the values used by global tropical
cyclone warning centres. To compute the wind radii, a
specific module taken from the Vortex Tracker package
(Biswas et. al., 2018) developed at the Geophysics Fluid
Dynamics Laboratory (GFDL) is used. It was chosen for
two main reasons: first, the GFDL Tracker has been
extensively tested by research and operational
communities; second, the GFDL and ECMWF trackers
use the same programming language, which facilitated
porting the module into the ECMWF operational system.

The wind radii computation is performed after the
ECMWEF TC tracker has completed the identification of
cyclonic features for both high-resolution forecasts
(HRES) and ensemble forecasts (ENS). It is carried out for
all TCs that are present from analysis time and also those
that develop during the forecast. To start, the algorithm
establishes four sectors (NE, SE, SW and NW quadrants)
centred on each TC’s predicted positions. Within these
sectors, the only model grid points considered are those
whose distance from the TC centre is shorter than a
predetermined radius, this radius being the distance
beyond which winds are ordinarily below 34 knots. In
each sector the distances of those grid points from the
TC centre are then ranked, and 10 m wind speeds are
checked at each grid point against the 34-, 50- and
64-knot thresholds. The wind radii then represent, for
each sector, the maximum extent from the storm centre
at which those wind thresholds are exceeded.

If the distance of a point where the wind speed is at
least 34 knots is very close to the initial predetermined
radius, then an iterative process follows: the
predetermined radius is increased slightly and the
scheme starts again until a more accurate 34-knot wind
radius is reached. This iterative process is important to
deal with situations where the storm is large and
34-knot winds are spread out far from the TC centre.

Finally, the upgrade to IFS Cycle 47r1 was an opportune

time to remove the ad hoc factor converting 10-minute
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wind speeds to pseudo 1-minute wind speeds in the
output files of the TC tracker (i.e. wind speed in m/s was
multiplied by 2.1 to convert into knots until IFS Cycle
46r1, instead of using the standard conversion factor
of 1.9). Historically, when models had very coarse
horizontal resolutions and consequently TCs were too
weak in forecasts, this conversion factor provided more
realistic values. However, substantial progress made in
recent years (including several model resolution
upgrades) has improved the accuracy of TC forecasts,
and tests confirmed that it could be removed without
reducing forecast quality. Users should not expect an
overall reduction in 10 m winds due to the removal of
the ad hoc factor. On the contrary, 10 m wind speeds
should be higher, at least for hurricane-force winds.
Direct model output 10 m wind forecasts are not
affected by removing the ad hoc factor.

Forecasting the size of Hurricane Dorian

Figure 3 shows an example of an HRES wind radii
forecast starting from 12 UTC on 30 August 2019. Storm
Dorian, which formed in the Atlantic basin on 24 August
2019, was elevated to hurricane category on 28 August
while passing east of the island of Puerto Rico. Two days
later, Dorian became a major hurricane before moving
towards the Bahamas. The HRES 34-knot wind radii
forecast is represented by circle sectors for each
quadrant in 12-hour time steps. It means that 34-knot
winds are predicted anywhere within those sectors.
Similar charts are available for 50- and 64-knot wind radii
if such wind speeds are present in the forecast.

Time series of the wind radii forecasts from the HRES
can be compared with observation-based information
(a combination of satellite passive microwave data,
surface observations, and reconnaissance aircraft when
available). Figure 4 shows the evolution of mean wind
radii over all four quadrants based on a method using
infrared satellite imagery (Knaff et al., 2016) and the
HRES mean wind radii forecast for Hurricane Dorian
from the same start date as before. Overall the model
tends to underestimate the size of the wind structure
around Hurricane Dorian for all wind thresholds. This
suggests a problem in handling a medium-size system
experiencing rapid intensification. As predicted by the
forecast (Figure 3), Hurricane Dorian never made landfall
in the Florida peninsula. We recommend using the wind
radii from the ENS in order to quantify the risk of
wind-related impacts, in particular in the medium range.
Users are also advised to always combine TC track
forecasts with the wind radii forecasts.

Verifying wind radii forecasts is difficult due to the lack of
surface wind observations, which are critical for obtaining
an accurate wind structure of the storms (Cangialosi &
Landsea, 2016). This is why TC forecasting centres are
still reluctant to publicly release on a regular basis
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FIGURE 3 HRES wind radii forecast (IFS Cycle 47r1) for the 34-knot wind threshold up to 240 hours ahead, initialised at 12 UTC on
30 August 2019. The red dots indicate the predicted centre of Hurricane Dorian at 12-hour intervals.

verification metrics of TC size forecast performance.
Despite these limitations, we have performed systematic
verification for the northern hemisphere using the
International Best Track Archive for Climate Stewardship
(IBTrACS) dataset. Figure 5 shows the systematic errors of
wind radii for the 34-, 50- and 64-knot wind speed
thresholds of the HRES based on experiments carried out
using IFS Cycle 47r1. Verification of ENS wind radii will be
carried out once a sufficiently large sample is available.
The HRES results suggest a tendency to underestimate
the wind structure of TCs for all forecast lead times
(consistent with the example of Hurricane Dorian shown in
Figure 4). The systematic biases (mean errors) vary little
with lead time except for the radius bias for the 34-knot
wind speed threshold. Absolute wind radii errors are
similar for 34- and 50-knot winds and nearly twice as big
as the errors for the 64-knot wind speed threshold.

Product availability

To disseminate the wind radii product, changes had to
be made in the publicly available tropical cyclone track
BUFR files to accommodate this supplementary data.
Three additional data descriptors were included in the
BUFR messages: ‘wind speed threshold’, ‘bearing/
azimuth’ and ‘maximum radius for a given wind
threshold’. To decode the TC product files, users will
need a specific version of ecCodes or they can
download the BUFR table version 33 of the BUFRDC.

More information can be found on this web page:
https://confluence.ecmwt.int/display/FCST/
New+Tropical+Cyclone+Wind+Radii+product.

Outlook

Progress has been made in improving the relationship
between predicted maximum wind speed and predicted
minimum mean sea level pressure for intense TCs. This
has been achieved by introducing a change to the
parametrization for the momentum transfer in IFS Cycle
47r1. The current approach relies on reducing the
Charnock parameter when the 10 m wind is above a
threshold value. Ongoing research aims to revise the
parametrization based on an improved representation of
the impact of ocean waves on high winds.

In addition, a new metric providing information on the
surface wind speed structure and thus the size of a TC
for the HRES and ENS is now available to users. It opens
the way to adding other TC structure metrics in the
future, in line with the recommendations of the World
Meteorological Organization working group on tropical
cyclones. Doing so will support forecasting centres and it
will also provide additional metrics for model verification.

These two developments are expected to help
forecasting centres around the world to provide better
warnings of hazards related to high-impact TCs.
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From weather forecasting to climate
modelling using OpenlFS

Joakim Kjellsson (GEOMAR and University of Kiel, Germany), Jan Streffing (AWI, Germany),

Glenn Carver, Marcus Koéhler (both ECMWF)

urrent activities at the GEOMAR Helmholtz

Centre for Ocean Research in Kiel and the

Alfred Wegener Institute, Helmholtz Centre for
Polar and Marine Research (AWI) in Bremerhaven,
Germany, include developing two new versions of
high-resolution coupled climate models. Both climate
models successfully use OpenlFS, a portable version
of ECMWF'’s Integrated Forecasting System (IFS) for
use at universities and research institutes.
The experience gained in using OpenlFS for climate
modelling can in turn provide insights that will help
ECMWEF to further develop the IFS.

Benefits of using OpenlFS

It is becoming increasingly clear that high horizontal
resolution can be very beneficial for coupled climate
models. Experiments with the ECMWF forecasting
system and as part of the high-resolution climate model
intercomparison project, HighResMIP, have shown that
increasing the horizontal resolution in a coupled climate
model reduces biases, improves the representation of
air-sea interactions, and enhances predictability.

In addition, increased horizontal resolution in the
atmospheric model can improve orographic drag, which
in turn can reduce biases in the jet stream position,
blocking and storm tracks.

GEOMAR and AWI are both known for developing and
running eddy-rich ocean-only models with high horizontal
resolution using grid refinement. At AWI, the FESOM2

ocean model employs an unstructured mesh, where the
horizontal resolution is spatially variable depending on,
for example, sea-surface height variance, local Rossby
radius etc. At GEOMAR, the NEMO ocean model uses a
grid refinement tool, AGRIF, to refine the mesh in specific
basins, e.g. the North Atlantic or the South Atlantic/
Western Indian Ocean. Both institutes have built coupled
climate models using their respective eddy-rich ocean
models coupled to the ECHAMG6 atmospheric model:
FOCI at GEOMAR (Matthes et al., 2020) and AWI-CM at
AWI (Sidorenko et al., 2015). These coupled models will
be used in a variety of projects in the future. However,
ECHAM is no longer actively developed and has poor
computational efficiency when running at higher
horizontal resolutions than ~0.5°. The institutes have
therefore developed new versions of FOCI and AWI-CM
which use the ECMWF OpenlFS atmospheric model
(Figure 1). This comes with a number of benefits.

First, the OpenlFS model is well suited to run at both low
and high horizontal resolutions. As an example, a
simulation with ECHAM6 with 95 vertical levels and a
horizontal resolution of 1.875° (209 km grid spacing at the
equator) running on 600 cores runs at about the same
speed as OpenlFS (IFS Cycle 40r1) with 91 vertical levels
and a horizontal resolution of 1.125° (125 km) on

280 cores, i.e. OpenlFS runs at less than half the
computational cost at higher spectral and grid-point
resolutions. The ability to run OpenlFS at higher
atmospheric resolutions therefore enables scientists at
GEOMAR and AWI to make full use of their high-resolution

AWI-CM3.1 FOCI2-OpenlIFS

Biogeochemistry? Ocean wave model

(ECWAM)
OpenlFS FIGURE 1 Schematic of the AWI-CM3.1 (grey
Ocean wave model circle) and FOCI2-OpenlFS (green circle)
LB &‘Eﬁgﬂﬁ‘jg coupled climate models from AWI and
/ with AGRIF GEOMAR, lrespectively. Bothousg tshe OgenIFS
Ocean model . / grid refinement atmospheric model and the OASIS3-MCT
(FESOM2) E ’ coupler. Dark lines show couplings to

components currently in use, while light dashed
lines show couplings planned for future
versions. Note that AGRIF is embedded within
the NEMO executable but has its own coupling
to OASIS3-MCT.

Ice-sheet model
(PISM)
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ocean models in the coupled climate models they run.

Second, the OpenlFS model has an active and growing
user community and a small support team at ECMWF
who are able to assist when configuring atmosphere-
only and coupled simulations.

Third, the OpenlFS model includes much of the world-
leading science provided by ECMWF’s IFS in a portable
atmosphere—-land-wave model. The addition of
interfaces to the OASIS coupler allows it to be
integrated into existing modelling frameworks.

Fourth, joining the OpenlFS community strengthens the
collaborations between AWI, GEOMAR, the EC-Earth
consortium and ECMWEF, which has proven beneficial
for all parties.

OpenlFS for climate modelling

The IFS has already been used for climate modelling
purposes both as part of the EC-Earth model and by
ECMWEF scientists for the EU-funded PRIMAVERA
project (Roberts et al., 2018), while the closely related
ARPEGE-Climat is used in the French National Centre
for Meteorological Research (CNRM) climate model
(Table 1). Now AWI and GEOMAR have jointly adapted
the OpenlFS model for climate integrations with
contributions from the EC-Earth community. In addition,
the EC-Earth model version 4 will also use OpenlFS,
although this is very much at a prototype stage.

The modifications to OpenlFS by AWI and GEOMAR
include adding interfaces for the OASIS3-MCT coupler;
a river-routing scheme; and forcings from the World
Climate Research Programme’s Coupled Model
Intercomparison Project (CMIP5 and CMIP6) as well as
orbital forcing parameters for paleoclimate simulations.
The OASIS development team contributed to the
development of the OASIS interfaces in the OpenlFS

ECMWEF-IFS climate
configuration
(PRIMAVERA project)

EC-Earth v38 | CNRM-CM6

meteorology

model with dedicated support from the EU-funded
IS-ENESS (Infrastructure for the European Network for
Earth System Modelling) project.

The AWI and GEOMAR models with OpenlFS — AWI-
CM8.1 and FOCI2-OpenlFS respectively — use the same
workflow manager, ESM-Tools (Barbi et al., 2020), to
manage the simulations, e.g. compiling the model, linking
forcing data, restarting the model, post-processing
output data etc. The ESM-Tools have been developed by
the Helmholtz ESM project. They are publicly available
and make it easier for new OpenlFS users to get started
with atmosphere-only and coupled simulations.

The OpenlFS developments at AWI and GEOMAR
started with OpenlFS 40r1 in late 2017, and both
institutes are now integrating OpenlFS 43r3 into their
respective coupled models. The second release of
OpenlFS 43r3 from ECMWF will include coupling
interfaces to the sea ice—ocean models FESOM2 and
NEMO/AGRIF. This will enable other licensed OpenlFS
users to benefit from the developments at AWI and
GEOMAR. Examples include the ongoing development
of EC-Earth version 4 as well as new coupled climate
models using OpenlFS in Italy and China. The joint
development of the OpenlFS model for coupled climate
modelling has also led to closer scientific collaboration
between AWI, GEOMAR, the OpenlFS support team at
ECMWEF and the EC-Earth community as well as
participation from all partners at the annual OpenlFS
workshop and visits to ECMWF.

Model frameworks and early results

GEOMAR has set up configurations of FOCI2 with
OpenlFS at low or high horizontal resolution for the
atmosphere, coupled to NEMO with optional grid
refinement with AGRIF. In the near future, FOCI2 will
include coupling between NEMO and ECMWF’s

FOCI2
(OpenlFS)

AWI-CM3.1 EC-Earth v4

Atm IFS Cycle 431 (E;‘;’/‘zfeds%': 4'FS éﬁﬁi&%‘ OpenlFS43r3  OpenlFS43r3  OpenlFS 433
L Nevo va.4 NEMOV3.6  NEMOV36  NEMOV3.6 FESOM2 NEMO v4
LET T single executable OASIS3-MCT3 OASIS3-MCT3 OASIS3-MCT4  OASIS3-MCT4  OASIS3-MCT4
10/1° 0.7°/1° 1.4°/1° 11°/05° 0.56°/[1°,02°] TBD
0.25°/0.25° 0.35°/0.25° 0.23°/[05% 0.1 0.28°/[0.6%, 0.1°]

Grid refinement J\ No No AGRIF Unstructured grid ~ No
SR 0GOM/AOGEM ESM/ESM AOECY AOGCM/AOGCM  AOGCM/ESM AOGCM/ESM
[JET 16} AOGCM

TABLE 1 Overview of the use of versions of the IFS, OpenlFS and the closely related ARPEGE model from Météo-France in current climate
models. The scope denotes whether the model is/will be an Atmosphere—-Ocean General Circulation Model (AOGCM) or a full Earth System
Model (also including a biogeochemical model, dynamic vegetation and atmospheric chemistry). The ECMWEF-IFS climate configuration is

essentially an AOGCM but without river routing.
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ECWAM ocean wave model and it will couple OpenlFS
to the HD river routing scheme developed by Helmholtz
Centre Geesthacht. AWI has developed AWI-CM3.1,
which comprises OpenlFS at low or high horizontal
resolution for the atmosphere, coupled to FESOM2 with
the COREII (100-20 km) or HR (60-10 km) unstructured
meshes (see Table 1). Long-term perspectives include
ice-sheet and atmosphere-wave-ocean coupling with
the PISM ice-sheet model and the MASNUM ocean
wave model, respectively. Future developments of
AWI-CM83.1 will be closely synchronised with EC-Earth
version 4 and will therefore have ESM capabilities.

Atmospheric models forced with high-resolution sea-
surface temperature data show a band of convergent
surface winds and precipitation over the Gulf Stream.
At the same time, climate models with a high-resolution
ocean show that increasing the atmospheric resolution
results in stronger eddy potential energy dissipation
leading to stronger western boundary currents. This
suggests that oceanic mesoscale eddy activity strongly
influences atmospheric motions locally through air-sea
fluxes of momentum, heat and freshwater. However, in
most climate models the air—sea fluxes are calculated in
the atmospheric model. This means that both the
atmosphere and the ocean must have sufficiently high
horizontal resolution for the oceanic mesoscale to
influence the atmosphere. Hence, using an eddy-
resolving ocean model of ~0.1° resolution coupled to a
coarse-resolution atmosphere of ~2° resolution improves
ocean dynamics and reduces surface biases, but the
impact on the atmosphere will likely be underestimated.

Figure 2 demonstrates the capabilities of FOCI2 and AWI-
CMB8.1 by showing results from five years of simulation.
Both models have comparable high-resolution
atmosphere and ocean grids. The FOCI2 simulation has a
0.23° atmospheric resolution with a 0.5° ocean resolution
with a grid refinement down to 0.1° in the North Atlantic.
AWI-CM3.1 has a 0.28° atmospheric resolution with an
unstructured ocean grid where horizontal resolution
varies between 10 and 60 km and is finest where sea-
surface height variance is largest. We have calculated the
mean wintertime surface kinetic energy using daily output
from AWI-CM3.1 and five-daily output from FOCI2. Both
models exhibit an eddy-rich and energetic Gulf Stream
and North Atlantic Current, indicating that the oceanic
horizontal resolution is sufficient to resolve the baroclinic
instabilities and eddy-mean flow interactions in the
region. The Gulf Stream detaches slightly further north in
FOCI2 compared to AWI-CM83.1. This could be the result
of a coarser effective resolution in FOCI2. In the
atmosphere, both models show a band of high
precipitation anchored over the Gulf Stream, which is a
clear signal that the oceanic mesoscale activity is felt by
the atmosphere. Both AWI and GEOMAR are currently
extending these simulations to span up to a century. They
are also carrying out experiments using a low-resolution

atmosphere to evaluate the impact of the high-resolution
atmosphere on mean state and climate variability in
climate models.

Benefits for weather forecasting

The results from climate modelling using OpenlFS can
provide insights that will help ECMWF to evaluate the
representation of coupled Earth system processes in the
IFS and identify model biases. An accurate
representation of such processes is particularly
important at medium-range to seasonal timescales.
With increasing lead time, weather forecasts tend
towards the model climate, which should therefore be
as realistic as possible. The asymptotic behaviour of the
coupled model is also important for the development of
coupled approaches to data assimilation and reanalysis.
The results obtained when coupling the atmospheric
and land components of the IFS to NEMO using
grid-refinement or a different ocean model entirely
(FESOM2) will also usefully complement the insights
gained from the IFS climate configuration experiments
carried out in the PRIMAVERA project.

Outlook

The OpenlFS model already is and will continue to be an
important component for climate modelling at AWI and
GEOMAR. Both institutes plan to use their respective
high-resolution climate models for various projects for
years to come. The ability to run climate models
efficiently at high resolution, the world-leading science
in the IFS, and the integration of active atmospheric
chemistry and parallel netCDF I/0 (XIOS) make the
OpenlFS a very attractive atmospheric model for climate
modelling projects. Ongoing and future projects with
FOCI2 include the following:

+ studying the role of the oceanic mesoscale in driving
atmospheric extreme events (the ROADMAP project,
funded by JPI Oceans)

+ heat uptake over the Southern Ocean (SO-CHIC, an
EU-funded Horizon 2020 project)

+ the impact of Greenland meltwater on North Atlantic
climate (G-shocx, funded by the German Research
Foundation).

GEOMAR also plans to make coupled experiments with
a global 0.25° ocean mesh and 0.05° refinement in the
North Atlantic — an unprecedented resolution in coupled
climate models. AWI-CM3.1 is earmarked for use in the
second phase of the PalMod project (funded by the
German Federal Ministry of Education and Research),
which aims to study transient changes between glacial
cycles. It will also be integrated into the Parallel Data
Assimilation Framework (PDAF) developed at AWI. In
addition, AWI has used OpenlFS to conduct
atmosphere-only simulations for the World Climate
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FIGURE 2 The charts show mean December-January-February values for (a) surface kinetic energy from FOCI2, (b) surface kinetic energy
from AWI-CM3.1, (c) precipitation from FOCI2 and (d) precipitation from AWI-CM3.1. Kinetic energy is calculated from daily means in
AWI-CM83.1 and five-daily means in FOCI. For FOCI2, the grid refinement is north of the white dashed line. Note that the resolution is 0.28° in

AWI-CM83.1 but the output is coarse-grained to 1° resolution.

Research Programme’s Polar Amplification Model
Intercomparison Project (PAMIP).

Integrating OpenlFS into the existing modelling systems
at GEOMAR and AWI has made it possible to break new
scientific ground by allowing the use of a variable-
resolution ocean mesh coupled to a high-resolution
atmosphere. It has also led to new fruitful collaborations
between AWI, GEOMAR, ECMWF and the EC-Earth
consortium. ECMWEF stands to benefit from those
collaborations as the results of climate modelling using
OpenlFS can provide useful pointers for model
development at ECMWEF.

The integration of OpenlFS into ESM-Tools makes it
easier for new OpenlFS users to get started. Using
OpenlFS in FOCI2 and AWI-CM3.1 would not have been
possible without the support of the OpenlFS team at
ECMWEF and the EC-Earth team, and we look forward to
more collaborations with the growing OpenIFS
community in the future.
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ECMWEF publications

(see www.ecmwf.int/en/research/publications)

Technical Memoranda

867 Mason, D., J. Garcia-Pintado, H.L. Cloke,
S. Dance & J. Munoz-Sabater: Assimilating high
resolution remotely sensed soil moisture into a
distributed hydrologic model to improve runoff
prediction. June 2020

866 Sandu, l., P. Bechtold, L. Nuijens, A. Beljaar &
A. Brown: On the causes of systematic forecast

biases in near-surface wind direction over the oceans.

June 2020

865 Ben-Bouallegue, Z.: Accounting for
representativeness in the verification of ensemble
forecasts. June 2020

864 Rennie, M. & L. Isaksen: The NWP impact of Aeolus
Level-2B Winds at ECMWEF. June 2020

863 Geer, A.J.: Learning earth system models from
observations: machine learning or data assimilation?
May 2020

ESA Contract Reports

de Rosnay, P. & P. Weston: SMOS Operational
Emergency Services CCN1: SMOS long term assessment

based on re-analyses: strategy and work plan.
December 2019

Baugh, C., P. de Rosnay & H. Lawrence: SMOS
Operational Emergency Services — Floods. August 20719

Lawrence, H., P. de Rosnay & C. Baugh: ECMWF report:
First steps towards using SMOS soil moisture in the
European Flood Awareness System. June 2019

de Rosnay, P., J. Muinoz-Sabater, C. Albergel,

H. Lawrence, L. Isaksen & S. English: ECMWF Final
Report on SMOS brightness temperature activities over
land: Monitoring and Data Assimilation. March 2019

EUMETSAT/ECMWEF Fellowship Programme Research
Reports

54 Lean, K. & N. Bormann: Replacement of GOES-15
with GOES-17 AMVs. May 2020

53 Lonitz, K. & A.J. Geer: Reducing the drying effect
through a water vapour correction to the all-sky error
model. May 2020

ECMWF Calendar 2020/21

Annual Seminar: Numerical methods for

Sep 14-18 atmospheric and oceanic modelling —
recent advances and future prospects

Sep 15 Council (extraordinary session)
ECMWF-ESA workshop on machine

Oct 5-8 learning for Earth observation and
prediction

Oct 5-8 Training course: Use and interpretation of
ECMWF products

Oct 12-14 Scientific Advisory Committee

Oct 14 Advisory Committee of Co-operating
States

Oct 15-16 Technical Advisory Committee

Oct 19-20 Finance Committee

Oct 20 Policy Advisory Committee
ECMWF/EUMETSAT NWP SAF workshop

Nov 2-5 on the treatment of random and systematic
errors in satellite data assimilation for NWP

Dec 8-9 Council

Training course: Use and interpretation of

T ECMWF products

Mar 15-19 Tralnlqg course: Parametrization of
subgrid physical processes

Mar 29-26 Training course: Predictability and
ensemble forecast systems
Advisory Committee for Data Policy and

Apr 12-16 data policy meetings of EUMETSAT and
ECOMET
Training course: Advanced numerical

RIS methods for Earth system modelling

Apr 27-28 Finance Committee

Apr 28 Policy Advisory Committee

May 47 Training course: EUMETSAT/ECMWF

Y NWP SAF satellite data assimilation

May 10-14  Training course: Data assimilation

May 17-20 Intgrngthnal workshop on ocean data
assimilation methods

May 17-21 Online computing training week

Jun 1-4 Using ECMWF’s Forecasts (UEF2021)
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Contact information

ECMWEF, Shinfield Park, Reading, RG2 9AX, UK ECMWF’s public website www.ecmwf.int/
Telephone National 0118 949 9000 E-mail: The e-mail address of an individual at the Centre
Telephone International +44 118 949 9000 is firstinitial.lastname@ecmwf.int. For double-barrelled

names use a hyphen (e.g. j-n.name-name@ecmwf.int).
Fax +44 118 986 9450

For any query, issue or feedback, please contact ECMWF’s Service Desk at servicedesk@ecmwf.int.

Please specify whether your query is related to forecast products, computing and archiving services, the
installation of a software package, access to ECMWEF data, or any other issue. The more precise you are, the
more quickly we will be able to deal with your query.
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