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(Figure 2e,f) averaged over the 30 days after the central
date of all detected SSWs in the observations (Figure 2a,c,
e) and in SEAS5 (Figure 2b,d,f). The observations show
the expected negative NAO-type response. There are

negative wind anomalies over the North Atlantic and
Scandinavia while wind anomalies over Southern Europe
are positive (Figure 2a). This indicates southward shifted
Atlantic storm tracks, transporting moist air to Southern
Europe. Consistently, precipitation anomalies over
Southern and Central Europe are anomalously high
(Figure 2c). In particular, the Iberian Peninsula as well as
Italy and the Balkan region show increased precipitation.
In contrast, precipitation over Iceland, Ireland, Scotland
and Norway is on average anomalously low in the
months after a SSW. Temperature anomalies are nega-
tive, particularly over Scandinavia. Similar patterns are
found in SEAS5 (Figure 2b,d,f). While negative wind
anomalies over the North Atlantic following SSWs are
more pronounced in the model (Figure 2b), associated
precipitation anomalies are less extreme in SEAS5
(Figure 2d). Moreover, colder than average temperatures
are mostly confined to Northern Europe in SEAS5
(cf. Figure 2e,f). Differences in the response might at least
partly be related to the higher numbers of events in the
model compared to the observations, which will tend to
blur the effects of individual events. Moreover, it is possi-
ble that some of the differences between SEAS5 and
ERA5 are due to a better resolved orography in ERA5
(as it has higher spectral resolution than SEAS5).

In summary, Figures 1 and 2 show that SEAS5 depicts
polar vortex variability and the surface weather impacts
following SSWs reasonably well. This justifies our
approach to use the SEAS5 model data to study the role
of SSW timing on precipitation impacts over Europe.

3.2 | The role of SSW timing on the
surface response

To investigate the role of the SSW timing on European
precipitation, we first study the monthly distribution of

FIGURE 2 Tropospheric response to SSWS. The panels show
the 30-day averages of u850 (top row), precipitation (middle row)
and temperature (bottom row) anomalies after the SSW central
date, averaged over all SSWs in (a,c,e) ERA5 and (b,d,f) SEAS5
[Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 3 Representation of the SSW timing. (a) Number of SSWs per month, shown as a fraction of all the events for ERA5 (red) and
SEAS5 (blue) for each month of the winter season. (b) Distribution of the number of SSWs per winter month, calculated for the 10,000
model time series. The orange lines indicate the median, the boxes indicate the quartiles, and the whiskers show the 5th and 95th
percentiles. The red dots are the observed values [Colour figure can be viewed at wileyonlinelibrary.com]
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[1] Correct global mean-temperature 

[2] Correct zonal-mean basic state 

[3] Correct inter-annual variability 

Byrne et al. (2018, J. Climate)
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Figure 1: Schematic of zonal-mean IFS temperature biases in the middle atmosphere. Red ovals
represent a warm bias and blue ovals a cold bias. The numbers correspond to different biases dis-
cussed in the text.

4. Warm polar mid- to upper stratosphere bias in the winter hemisphere. At present the

reason for this bias is unknown, though it is likely related to deficiencies in the

radiation scheme or ozone climatology, or the resolved waves breaking at too low an

altitude due to too deep a sponge layer. This bias is briefly discussed in section 2.4.4.

The behaviour of T biases shown in Figs. 1 and 2 carries over to forecasts at all lead

times (i.e., for medium-range, extended-range and seasonal forecasts). Therefore, any

model improvements discussed here target all ECMWF forecast ranges.

2.2.1 Global-mean temperature bias: Impact of radiation and ozone

There have been a number of changes to the IFS radiation scheme and ozone

climatology in the last five years that have led to improvements in global-mean

stratosphere and mesosphere temperature, as summarized in Fig. 3. The red solid line

shows a configuration very close to IFS Cy41r1, operational in 2015, which used the

older “McRad” radiation scheme and the “MACC” ozone climatology. The radiation

scheme was called only every 3 h in this simulation. The red dashed line shows that the

warm bias of up to +8.5 K in the upper stratosphere was reduced to +6.5 K when the

ozone climatology was updated to use a climatology from CAMS in Cy41r2.

As documented by Hogan et al. (2017), this was followed by two improvements to the

treatment of radiative transfer in the stratosphere. Hogan and Hirahara (2016) revealed

that the 3-h radiation timestep could explain around 3 K of the upper-stratospheric

warm bias, and this could be largely mitigated by improving the way that the sun angle

is averaged in time. Now that the radiation scheme is called every 1 h in all operational

8 of 70 ECMWF/SAC/49(20)9
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Originally a very large global-mean 
warm bias affecting stratosphere and 
mesosphere.

Radiation and ozone improvements 
reduce global-mean temperature bias.
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Figure 3: (a) Annual-mean temperature from four free-running 1-year TL255L137 simulations us-
ing various versions of the IFS, as well as the Aura MLS and ERA-Interim up to 1 hPa. (b) Bias in
the climate simulations versus ERA-Interim in the troposphere and stratosphere, and MLS in the
mesosphere. (c) As panel b but zoomed into the stratosphere. The 41r1 simulations are from Hogan
et al. (2017) and used prescribed sea-surface temperatures with the radiation scheme called every
3 h, while the 47r1 simulations were coupled to the ocean and called the radiation scheme every 1 h.
Note also that quintic vertical interpolation (section 2.2.2) is applied in 47r1 experiments.

climatology is a clear improvement (see blue dotted and dash dotted lines in Fig. 3), it

does not fully capture the strong diurnal ozone variability in the mesosphere.

Introducing a diagnostic day-night ozone parametrization, which acts on average ozone

values seems therefore a worthwhile development goal. Such a diagnostic

parametrization could also be used to calculate day-time values from prognostic ozone

simulated with the Cariolle scheme or its update the hybrid linear ozone (HLO) scheme.

Both approaches are not able to simulate the diurnal cycle of ozone in the mesosphere

caused by photo-dissociation. The ultimate aim, however, is to replace ozone

climatology with a radiatively interactive HLO scheme, which is currently under the

development and is discussed further in section 2.3.

We now review the evaluation of gas optical properties in the IFS. Clear-sky radiative

transfer is a challenge because the effects of a very large number of spectral lines need

to be represented. Since 2007, the radiation scheme in the IFS has incorporated the

“RRTMG” scheme for representing gas absorption in both the longwave and shortwave.

Along with almost all state-of-the-art gas optics scheme for global models, it uses the

correlated k-distribution (CKD) technique to represent the effects of many spectral

lines. Recently, ECMWF has initiated the CKD Model Intercomparison Project

“CKDMIP” (Hogan and Matricardi, 2020), with over 10 international participating

groups, to evaluate existing CKD models against reference line-by-line calculations, and

to aid in the development of new gas optics schemes.

Figure 4 presents an evaluation of the longwave and shortwave heating rates predicted

by the RRTMG gas optics scheme in ecRad using the 50 present-day evaluation profiles

from CKDMIP, which span a wide range of temperature, water vapour and ozone

concentrations. In the longwave, the stratospheric heating-rate bias exhibits “wiggles”

of either sign, with an amplitude around 0.2 K d°1 in the upper stratosphere and lower

10 of 70 ECMWF/SAC/49(20)9

Figure: Robin Hogan



[1] Correct global mean-temperature

9EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

Update of O3 climatology from CAMS 
Operational in 41r2.
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Figure 3: (a) Annual-mean temperature from four free-running 1-year TL255L137 simulations us-
ing various versions of the IFS, as well as the Aura MLS and ERA-Interim up to 1 hPa. (b) Bias in
the climate simulations versus ERA-Interim in the troposphere and stratosphere, and MLS in the
mesosphere. (c) As panel b but zoomed into the stratosphere. The 41r1 simulations are from Hogan
et al. (2017) and used prescribed sea-surface temperatures with the radiation scheme called every
3 h, while the 47r1 simulations were coupled to the ocean and called the radiation scheme every 1 h.
Note also that quintic vertical interpolation (section 2.2.2) is applied in 47r1 experiments.

climatology is a clear improvement (see blue dotted and dash dotted lines in Fig. 3), it

does not fully capture the strong diurnal ozone variability in the mesosphere.

Introducing a diagnostic day-night ozone parametrization, which acts on average ozone

values seems therefore a worthwhile development goal. Such a diagnostic

parametrization could also be used to calculate day-time values from prognostic ozone

simulated with the Cariolle scheme or its update the hybrid linear ozone (HLO) scheme.

Both approaches are not able to simulate the diurnal cycle of ozone in the mesosphere

caused by photo-dissociation. The ultimate aim, however, is to replace ozone

climatology with a radiatively interactive HLO scheme, which is currently under the

development and is discussed further in section 2.3.

We now review the evaluation of gas optical properties in the IFS. Clear-sky radiative

transfer is a challenge because the effects of a very large number of spectral lines need

to be represented. Since 2007, the radiation scheme in the IFS has incorporated the

“RRTMG” scheme for representing gas absorption in both the longwave and shortwave.

Along with almost all state-of-the-art gas optics scheme for global models, it uses the

correlated k-distribution (CKD) technique to represent the effects of many spectral

lines. Recently, ECMWF has initiated the CKD Model Intercomparison Project

“CKDMIP” (Hogan and Matricardi, 2020), with over 10 international participating

groups, to evaluate existing CKD models against reference line-by-line calculations, and

to aid in the development of new gas optics schemes.

Figure 4 presents an evaluation of the longwave and shortwave heating rates predicted

by the RRTMG gas optics scheme in ecRad using the 50 present-day evaluation profiles

from CKDMIP, which span a wide range of temperature, water vapour and ozone

concentrations. In the longwave, the stratospheric heating-rate bias exhibits “wiggles”

of either sign, with an amplitude around 0.2 K d°1 in the upper stratosphere and lower

10 of 70 ECMWF/SAC/49(20)9
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- ecRad radiation scheme
- improved time averaging of the sun 

angle
- quintic vertical interpolation
- new aerosol climatology

All operational in (47r1).
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Figure 3: (a) Annual-mean temperature from four free-running 1-year TL255L137 simulations us-
ing various versions of the IFS, as well as the Aura MLS and ERA-Interim up to 1 hPa. (b) Bias in
the climate simulations versus ERA-Interim in the troposphere and stratosphere, and MLS in the
mesosphere. (c) As panel b but zoomed into the stratosphere. The 41r1 simulations are from Hogan
et al. (2017) and used prescribed sea-surface temperatures with the radiation scheme called every
3 h, while the 47r1 simulations were coupled to the ocean and called the radiation scheme every 1 h.
Note also that quintic vertical interpolation (section 2.2.2) is applied in 47r1 experiments.

climatology is a clear improvement (see blue dotted and dash dotted lines in Fig. 3), it

does not fully capture the strong diurnal ozone variability in the mesosphere.

Introducing a diagnostic day-night ozone parametrization, which acts on average ozone

values seems therefore a worthwhile development goal. Such a diagnostic

parametrization could also be used to calculate day-time values from prognostic ozone

simulated with the Cariolle scheme or its update the hybrid linear ozone (HLO) scheme.

Both approaches are not able to simulate the diurnal cycle of ozone in the mesosphere

caused by photo-dissociation. The ultimate aim, however, is to replace ozone

climatology with a radiatively interactive HLO scheme, which is currently under the

development and is discussed further in section 2.3.

We now review the evaluation of gas optical properties in the IFS. Clear-sky radiative

transfer is a challenge because the effects of a very large number of spectral lines need

to be represented. Since 2007, the radiation scheme in the IFS has incorporated the

“RRTMG” scheme for representing gas absorption in both the longwave and shortwave.

Along with almost all state-of-the-art gas optics scheme for global models, it uses the

correlated k-distribution (CKD) technique to represent the effects of many spectral

lines. Recently, ECMWF has initiated the CKD Model Intercomparison Project

“CKDMIP” (Hogan and Matricardi, 2020), with over 10 international participating

groups, to evaluate existing CKD models against reference line-by-line calculations, and

to aid in the development of new gas optics schemes.

Figure 4 presents an evaluation of the longwave and shortwave heating rates predicted

by the RRTMG gas optics scheme in ecRad using the 50 present-day evaluation profiles

from CKDMIP, which span a wide range of temperature, water vapour and ozone

concentrations. In the longwave, the stratospheric heating-rate bias exhibits “wiggles”

of either sign, with an amplitude around 0.2 K d°1 in the upper stratosphere and lower

10 of 70 ECMWF/SAC/49(20)9
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Radiatively interactive O3 from hybrid 
linearized O3 scheme trained on 
updated CAMS O3
+
an update above 0.5hPa by combining 
O3 from WACCAM and CMAM

already operational in CAMS

Becoming operational in 48r1.
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Figure 3: (a) Annual-mean temperature from four free-running 1-year TL255L137 simulations us-
ing various versions of the IFS, as well as the Aura MLS and ERA-Interim up to 1 hPa. (b) Bias in
the climate simulations versus ERA-Interim in the troposphere and stratosphere, and MLS in the
mesosphere. (c) As panel b but zoomed into the stratosphere. The 41r1 simulations are from Hogan
et al. (2017) and used prescribed sea-surface temperatures with the radiation scheme called every
3 h, while the 47r1 simulations were coupled to the ocean and called the radiation scheme every 1 h.
Note also that quintic vertical interpolation (section 2.2.2) is applied in 47r1 experiments.

climatology is a clear improvement (see blue dotted and dash dotted lines in Fig. 3), it

does not fully capture the strong diurnal ozone variability in the mesosphere.

Introducing a diagnostic day-night ozone parametrization, which acts on average ozone

values seems therefore a worthwhile development goal. Such a diagnostic

parametrization could also be used to calculate day-time values from prognostic ozone

simulated with the Cariolle scheme or its update the hybrid linear ozone (HLO) scheme.

Both approaches are not able to simulate the diurnal cycle of ozone in the mesosphere

caused by photo-dissociation. The ultimate aim, however, is to replace ozone

climatology with a radiatively interactive HLO scheme, which is currently under the

development and is discussed further in section 2.3.

We now review the evaluation of gas optical properties in the IFS. Clear-sky radiative

transfer is a challenge because the effects of a very large number of spectral lines need

to be represented. Since 2007, the radiation scheme in the IFS has incorporated the

“RRTMG” scheme for representing gas absorption in both the longwave and shortwave.

Along with almost all state-of-the-art gas optics scheme for global models, it uses the

correlated k-distribution (CKD) technique to represent the effects of many spectral

lines. Recently, ECMWF has initiated the CKD Model Intercomparison Project

“CKDMIP” (Hogan and Matricardi, 2020), with over 10 international participating

groups, to evaluate existing CKD models against reference line-by-line calculations, and

to aid in the development of new gas optics schemes.

Figure 4 presents an evaluation of the longwave and shortwave heating rates predicted

by the RRTMG gas optics scheme in ecRad using the 50 present-day evaluation profiles

from CKDMIP, which span a wide range of temperature, water vapour and ozone

concentrations. In the longwave, the stratospheric heating-rate bias exhibits “wiggles”

of either sign, with an amplitude around 0.2 K d°1 in the upper stratosphere and lower
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CKDMIP shows that shortwave heating 
rates in IFS are overestimated in the 
upper stratosphere/mesosphere. 

Improved shortwave solar spectrum 
reduces the warm bias BUT cools the 
lower stratosphere too much

Updated ecCKD gas optics scheme 
mitigates the lower stratosphere 
cooling

Coming to operations in 49r1…
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Figure 3: (a) Annual-mean temperature from four free-running 1-year TL255L137 simulations us-
ing various versions of the IFS, as well as the Aura MLS and ERA-Interim up to 1 hPa. (b) Bias in
the climate simulations versus ERA-Interim in the troposphere and stratosphere, and MLS in the
mesosphere. (c) As panel b but zoomed into the stratosphere. The 41r1 simulations are from Hogan
et al. (2017) and used prescribed sea-surface temperatures with the radiation scheme called every
3 h, while the 47r1 simulations were coupled to the ocean and called the radiation scheme every 1 h.
Note also that quintic vertical interpolation (section 2.2.2) is applied in 47r1 experiments.

climatology is a clear improvement (see blue dotted and dash dotted lines in Fig. 3), it

does not fully capture the strong diurnal ozone variability in the mesosphere.

Introducing a diagnostic day-night ozone parametrization, which acts on average ozone

values seems therefore a worthwhile development goal. Such a diagnostic

parametrization could also be used to calculate day-time values from prognostic ozone

simulated with the Cariolle scheme or its update the hybrid linear ozone (HLO) scheme.

Both approaches are not able to simulate the diurnal cycle of ozone in the mesosphere

caused by photo-dissociation. The ultimate aim, however, is to replace ozone

climatology with a radiatively interactive HLO scheme, which is currently under the

development and is discussed further in section 2.3.

We now review the evaluation of gas optical properties in the IFS. Clear-sky radiative

transfer is a challenge because the effects of a very large number of spectral lines need

to be represented. Since 2007, the radiation scheme in the IFS has incorporated the

“RRTMG” scheme for representing gas absorption in both the longwave and shortwave.

Along with almost all state-of-the-art gas optics scheme for global models, it uses the

correlated k-distribution (CKD) technique to represent the effects of many spectral

lines. Recently, ECMWF has initiated the CKD Model Intercomparison Project

“CKDMIP” (Hogan and Matricardi, 2020), with over 10 international participating

groups, to evaluate existing CKD models against reference line-by-line calculations, and

to aid in the development of new gas optics schemes.

Figure 4 presents an evaluation of the longwave and shortwave heating rates predicted

by the RRTMG gas optics scheme in ecRad using the 50 present-day evaluation profiles

from CKDMIP, which span a wide range of temperature, water vapour and ozone

concentrations. In the longwave, the stratospheric heating-rate bias exhibits “wiggles”

of either sign, with an amplitude around 0.2 K d°1 in the upper stratosphere and lower
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Figure 1: Schematic of zonal-mean IFS temperature biases in the middle atmosphere. Red ovals
represent a warm bias and blue ovals a cold bias. The numbers correspond to different biases dis-
cussed in the text.

4. Warm polar mid- to upper stratosphere bias in the winter hemisphere. At present the

reason for this bias is unknown, though it is likely related to deficiencies in the

radiation scheme or ozone climatology, or the resolved waves breaking at too low an

altitude due to too deep a sponge layer. This bias is briefly discussed in section 2.4.4.

The behaviour of T biases shown in Figs. 1 and 2 carries over to forecasts at all lead

times (i.e., for medium-range, extended-range and seasonal forecasts). Therefore, any

model improvements discussed here target all ECMWF forecast ranges.

2.2.1 Global-mean temperature bias: Impact of radiation and ozone

There have been a number of changes to the IFS radiation scheme and ozone

climatology in the last five years that have led to improvements in global-mean

stratosphere and mesosphere temperature, as summarized in Fig. 3. The red solid line

shows a configuration very close to IFS Cy41r1, operational in 2015, which used the

older “McRad” radiation scheme and the “MACC” ozone climatology. The radiation

scheme was called only every 3 h in this simulation. The red dashed line shows that the

warm bias of up to +8.5 K in the upper stratosphere was reduced to +6.5 K when the

ozone climatology was updated to use a climatology from CAMS in Cy41r2.

As documented by Hogan et al. (2017), this was followed by two improvements to the

treatment of radiative transfer in the stratosphere. Hogan and Hirahara (2016) revealed

that the 3-h radiation timestep could explain around 3 K of the upper-stratospheric

warm bias, and this could be largely mitigated by improving the way that the sun angle

is averaged in time. Now that the radiation scheme is called every 1 h in all operational
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Spurious 2∆𝑧 noise due to inadequate vertical-to-horizontal resolution aspect ratio 
spuriously cools the stratosphere at high horizontal resolution.
Solutions: 
1) increase vertical resolution (ENS in 47r3); 
2) use quintic vertical interpolation on T & q in the semi-Lagrangian advection (47r1); 
3) filter 2∆𝒛 noise in T in the semi-Lagrangian advection (48r1). 

Figure 5: Temperature response at TCo1279 horizontal resolution to (a) increasing vertical reso-
lution from L137 to L198; (b) applying quintic vertical interpolation on temperature and specific
humidity at L137 vertical resolution; and (c) applying semi-Lagrangian vertical grid-point filter
(SLVF) at L137 vertical resolution. Results are shown for forecasts at a lead time of 10 days for July
2016. The mean over 31 forecasts is shown.

the sharp gradients are better resolved. The insensitivity of this bias to increases of

horizontal resolution beyond TCo319 and vertical resolution beyond 300-400 m,

however, suggests that at these resolutions the hydropause gradients are well resolved.

It is possible that the dynamics around the tropopause may involve a complex

mesoscale spectrum of moist processes (e.g. moist conveyor belts, overshooting

convection) and unbalanced motion that might not converge until much higher spatial

resolution. However, as part of the Horizon 2020 INCITE project, a 1.4 km horizontal

resolution four-month free-running IFS simulation was performed covering winter

NDJF 2018/2019. This simulation also shows a persistent cold bias in this region despite

well-resolved mesoscale motions. It is therefore possible that other model processes

contribute to the moist bias and the concomitant cold bias at high resolution. An

investigation is underway to characterize the moisture bias in the extratropical LMS in

more detail and analyse short forecast tendencies to pinpoint the model processes that

result in moistening of the LMS polar region. The moisture bias is also present in the

analysis and persists into the forecast. Thus improving the analysis of moisture in the

LMS is an area for future improvement. It should be noted that forecasts initialized from

a moist-bias corrected analysis maintain cold-bias free LMS initially, with the moist and

cold bias starting to develop after ª5 days.

For horizontal resolutions lower than TCo319 it is found that switching off the default

2D quasi-monotone limiter — applied in the IFS to ensure positivity and “shape

preservation” of cubic interpolation in the semi-Lagrangian scheme — reduced the cold

bias by reducing moisture leakage across the hydropause. The limiter ensures that the

new interpolated value at the departure point is no lower or higher than the

neighbouring grid points in the horizontal to avoid overshoots or undershoots and is

therefore a desirable feature. However, it is probably too restrictive and a 3D version of
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Figure 1: Schematic of zonal-mean IFS temperature biases in the middle atmosphere. Red ovals
represent a warm bias and blue ovals a cold bias. The numbers correspond to different biases dis-
cussed in the text.

4. Warm polar mid- to upper stratosphere bias in the winter hemisphere. At present the

reason for this bias is unknown, though it is likely related to deficiencies in the

radiation scheme or ozone climatology, or the resolved waves breaking at too low an

altitude due to too deep a sponge layer. This bias is briefly discussed in section 2.4.4.

The behaviour of T biases shown in Figs. 1 and 2 carries over to forecasts at all lead

times (i.e., for medium-range, extended-range and seasonal forecasts). Therefore, any

model improvements discussed here target all ECMWF forecast ranges.

2.2.1 Global-mean temperature bias: Impact of radiation and ozone

There have been a number of changes to the IFS radiation scheme and ozone

climatology in the last five years that have led to improvements in global-mean

stratosphere and mesosphere temperature, as summarized in Fig. 3. The red solid line

shows a configuration very close to IFS Cy41r1, operational in 2015, which used the

older “McRad” radiation scheme and the “MACC” ozone climatology. The radiation

scheme was called only every 3 h in this simulation. The red dashed line shows that the

warm bias of up to +8.5 K in the upper stratosphere was reduced to +6.5 K when the

ozone climatology was updated to use a climatology from CAMS in Cy41r2.

As documented by Hogan et al. (2017), this was followed by two improvements to the

treatment of radiative transfer in the stratosphere. Hogan and Hirahara (2016) revealed

that the 3-h radiation timestep could explain around 3 K of the upper-stratospheric

warm bias, and this could be largely mitigated by improving the way that the sun angle

is averaged in time. Now that the radiation scheme is called every 1 h in all operational
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Spurious 2∆𝑧 noise due to inadequate vertical-to-horizontal resolution aspect ratio 
spuriously cools the stratosphere at high horizontal resolution.
Solutions: 
1) increase vertical resolution (ENS in 47r3); 
2) use quintic vertical interpolation on T & q in the semi-Lagrangian advection (47r1); 
3) filter 2∆𝒛 noise in T in the semi-Lagrangian advection (48r1). 

Figure 5: Temperature response at TCo1279 horizontal resolution to (a) increasing vertical reso-
lution from L137 to L198; (b) applying quintic vertical interpolation on temperature and specific
humidity at L137 vertical resolution; and (c) applying semi-Lagrangian vertical grid-point filter
(SLVF) at L137 vertical resolution. Results are shown for forecasts at a lead time of 10 days for July
2016. The mean over 31 forecasts is shown.
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climatology in the last five years that have led to improvements in global-mean
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shows a configuration very close to IFS Cy41r1, operational in 2015, which used the

older “McRad” radiation scheme and the “MACC” ozone climatology. The radiation

scheme was called only every 3 h in this simulation. The red dashed line shows that the
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Spurious 2∆𝑧 noise due to inadequate vertical-to-horizontal resolution aspect ratio 
spuriously cools the stratosphere at high horizontal resolution.
Solutions: 
1) increase vertical resolution (ENS in 47r3); 
2) use quintic vertical interpolation on T & q in the semi-Lagrangian advection (47r1); 
3) filter 2∆𝒛 noise in T in the semi-Lagrangian advection (48r1). 

Figure 5: Temperature response at TCo1279 horizontal resolution to (a) increasing vertical reso-
lution from L137 to L198; (b) applying quintic vertical interpolation on temperature and specific
humidity at L137 vertical resolution; and (c) applying semi-Lagrangian vertical grid-point filter
(SLVF) at L137 vertical resolution. Results are shown for forecasts at a lead time of 10 days for July
2016. The mean over 31 forecasts is shown.
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radiation scheme or ozone climatology, or the resolved waves breaking at too low an
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There have been a number of changes to the IFS radiation scheme and ozone

climatology in the last five years that have led to improvements in global-mean

stratosphere and mesosphere temperature, as summarized in Fig. 3. The red solid line

shows a configuration very close to IFS Cy41r1, operational in 2015, which used the

older “McRad” radiation scheme and the “MACC” ozone climatology. The radiation

scheme was called only every 3 h in this simulation. The red dashed line shows that the

warm bias of up to +8.5 K in the upper stratosphere was reduced to +6.5 K when the

ozone climatology was updated to use a climatology from CAMS in Cy41r2.

As documented by Hogan et al. (2017), this was followed by two improvements to the

treatment of radiative transfer in the stratosphere. Hogan and Hirahara (2016) revealed

that the 3-h radiation timestep could explain around 3 K of the upper-stratospheric

warm bias, and this could be largely mitigated by improving the way that the sun angle

is averaged in time. Now that the radiation scheme is called every 1 h in all operational

8 of 70 ECMWF/SAC/49(20)9

[2] Correct zonal-mean basic state 

[K]



17EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

Figure 1: Schematic of zonal-mean IFS temperature biases in the middle atmosphere. Red ovals
represent a warm bias and blue ovals a cold bias. The numbers correspond to different biases dis-
cussed in the text.

4. Warm polar mid- to upper stratosphere bias in the winter hemisphere. At present the

reason for this bias is unknown, though it is likely related to deficiencies in the

radiation scheme or ozone climatology, or the resolved waves breaking at too low an

altitude due to too deep a sponge layer. This bias is briefly discussed in section 2.4.4.

The behaviour of T biases shown in Figs. 1 and 2 carries over to forecasts at all lead

times (i.e., for medium-range, extended-range and seasonal forecasts). Therefore, any

model improvements discussed here target all ECMWF forecast ranges.

2.2.1 Global-mean temperature bias: Impact of radiation and ozone

There have been a number of changes to the IFS radiation scheme and ozone

climatology in the last five years that have led to improvements in global-mean

stratosphere and mesosphere temperature, as summarized in Fig. 3. The red solid line

shows a configuration very close to IFS Cy41r1, operational in 2015, which used the

older “McRad” radiation scheme and the “MACC” ozone climatology. The radiation

scheme was called only every 3 h in this simulation. The red dashed line shows that the

warm bias of up to +8.5 K in the upper stratosphere was reduced to +6.5 K when the

ozone climatology was updated to use a climatology from CAMS in Cy41r2.

As documented by Hogan et al. (2017), this was followed by two improvements to the

treatment of radiative transfer in the stratosphere. Hogan and Hirahara (2016) revealed

that the 3-h radiation timestep could explain around 3 K of the upper-stratospheric

warm bias, and this could be largely mitigated by improving the way that the sun angle

is averaged in time. Now that the radiation scheme is called every 1 h in all operational
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15382 W. Woiwode et al.: LMS moist bias in ECMWF IFS model during winter–spring 2016

Figure 1. Principle of LMS moist bias quantification. Vertical cross section of water vapor during the flight on 12 January 2016 (a) derived
from GLORIA observations and (b) forecasted by the IFS. (c) Relative difference of water vapor IFS minus GLORIA. Solid contour lines
(white and dark blue, respectively) in panels (a)–(c) indicate the PV levels of 2 and 8 PVU. Black solid lines indicate the flight altitude.
(d) Flight path of HALO (cyan), tangent points of GLORIA limb observations (grey to white dots) and PV field at 10 km (contour). (e) Cor-
relation between water vapor IFS and GLORIA (grey). Data points selected for the quantification are color-coded with PV (see flight sections
marked by dashed dark blue lines in panels a and d) and average line (cyan). The yellow solid line denotes a 1 : 1 correlation and the yellow
dotted line a bias of +50%. Panels (a) and (b) are modified from Woiwode et al. (2018).

turbed sub-vortex region, with structures characterized by
lower PV stretching into the air volume observed by GLO-
RIA (Fig. 2b). The correlation of the IFS and GLORIA data
shows a systematic moist bias of the IFS data, which is lower
than during the previous flight. When the data points are fil-
tered for a rounded potential vorticity of 9 PVU, a mean bias
of +32 % and a standard deviation of 25 % are diagnosed.
The observed decreasing mean bias towards the highest PV
values is attributed to the structures from outside the sub-
vortex region which are not affected by the moist bias. For
the flight on 20 January 2016, again a slightly lower system-
atic moist bias is found in the IFS data when compared to the
flight on 12 January 2016. When the data points are filtered
for a rounded potential vorticity of 9 PVU, a mean bias of
+45 % and a standard deviation of 19 % are diagnosed.

Note that in situ comparisons with FISH show water va-
por mixing ratios measured by GLORIA during PGS until
the end of January 2016 to be systematically lower by 0.01 to
0.75 ppmv at flight altitude (Johansson et al., 2018a). Differ-

ences between FISH and GLORIA practically cancel out on
average in February and March. While the results in January
might be partially caused by the different sampling charac-
teristics of the GLORIA limb observations when compared
to in situ observations (e.g., GLORIA viewing deeper into
sub-vortex air masses in some cases), remaining issues in the
calibration of the GLORIA data version used here cannot be
excluded. To avoid a potential overestimation of the moist
bias peak value in the IFS data in January, we therefore pro-
vide a conservative estimate for the flight on 12 January 2016
of > +50 % at 10 PVU instead of the value of +70 % (see
above) to account for this potential uncertainty.

At the end of the winter, during the flight on 26 Febru-
ary 2016, largely unperturbed sub-vortex air masses were
probed by GLORIA from east Canada to West Greenland
(Fig. 2g, h). For the correlation analysis, we use the data
points characterized by the strongest downwelling (dashed
blue arrows in Fig. 2g, h). Here, the mean moist bias peaks
at 7 PVU, stretches down to ⇠ 4 PVU, and also decreases to-

Atmos. Chem. Phys., 20, 15379–15387, 2020 https://doi.org/10.5194/acp-20-15379-2020

No H2O observations currently assimilated in the stratosphere.

à ECMWF analysis suffers from moist bias in the lowermost polar stratosphere (due to model 
errors) as verified against MLS, aircraft, radiosonde and GLORIA observations.
à Too strong LW cooling from excess H2O 
à Stratosphere develops a cold bias

Woiwode et al., 2020

Comparison of ECMWF analysis to 
GLORIA H2O observations.
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Other cause of the polar lower stratosphere cold bias: much too moist!

• Up to 5 K too cold

• Problem in IFS for at 
least 25 years

• Common to most/all 
global models
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• Water vapour bias 
compared to MLS (%)

• Erroneous transport of 
water vapour from 
troposphere, emits too 
strongly in longwave

• What if we artificially 
reduce humidity seen 
by radiation?

• Just for experimental 
purposes, not 
operations!

• Cold bias removed!

Comparison of ECMWF analysis MLS 
H2O observations.
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Artificially eliminating moist bias in radiation results in extended-range fcst improvement in 
the troposphere à need to solve the bias but also have better initial conditions of H2O.Radiation in numerical weather prediction

Pos. sign. Pos. not sign. Neg. sign. Neg. not sign.

Meridional wind 850 hPa

Zonal wind 850 hPa

Temperature 850 hPa

Meridional wind 500 hPa

Zonal wind 500 hPa

Temperature 500 hPa

Geopotential height 500 hPa

Meridional wind 200 hPa

Zonal wind 200 hPa

Temperature 200 hPa

Meridional wind p200 hPa

Streamfunction 200 hPa

Meridional wind 50 hPa

Zonal wind 50 hPa

Temperature 50 hPa

Sea-level pressure

Sea-surface temperature

Soil temperature

2-m temperature

Precipitation

Europe Tropics
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Figure 28: Scorecard indicating the change to monthly forecast skill over Europe and in the tropics (as measured
by the Ranked Probability Skill Score) arising from artificially fixing the polar lower stratosphere cold bias by
reducing humidity seen by radiation, between forecast weeks 1 (w1) and 4 (w4), for a range of model variables.
The scores are computed from 26 years of re-forecasts for February, May, August and November start dates (a
total of 104 cases).

8.1 Optimizations in ecRad

The rewriting of the radiation scheme presented the opportunity to introduce not only a much more mod-
ular structure, but also a number of significant optimizations. Figure 29 is taken from Hogan and Bozzo
(2016) and compares the cost of the main parts McRad and ecRad. The main optimizations in ecRad are:

• Switching the fastest varying dimension to be spectral interval, rather than column (as in the rest
of the model physics). This is because conditional operations (which inhibit vectorization) depend
on the presence of cloud or whether the sun is above the horizon, and these are functions of column
but not spectral interval. This change makes all parts of the scheme faster, except for gas optics
since the original McRad code is still used for this part, and an additional permutation of arrays is
now required at the end. In principle this could be much improved in a future implementation of
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Figure 27: Impact of artificially reducing humidity seen by radiation scheme: (left) multiplier applied to specific
humidity seen by radiation, and (right) change to annual-mean temperature in four 1-year TL255 simulations
(compare to the model bias in Fig. 3a).

It should also be noted that the temperature bias in the zonal mean hides larger transient biases asso-
ciated with individual cyclones (not shown); it is possible that more predictive skill will emerge when
the source of the humidity bias is fixed leading to more accurate simulation of the zonally asymmetric
component of the radiative heating and cooling.

8 Challenge 5: Efficiency

There is a strong impetus at ECMWF to optimize the major components of the IFS, and radiation has
historically been regarded as one of the most expensive. However, in the HRES configuration of current
IFS Cycle 43R3 (TCo1279 resolution), the new ecRad radiation scheme is responsible for only around
5% of the computational cost of the forecast model. This figure is much less than the 19% reported
by Morcrette et al. (2008b) for the McRad radiation scheme when it became operational a decade ago
in Cycle 32R2 (TL799 resolution). Part of this difference is because ecRad is faster than McRad, as
described in section 8.1. But the majority is because the increase in horizontal resolution has been
accompanied both by a reduction in model timestep while the radiation timestep has been kept constant
at 1 h, and an increase in the ratio of model to radiation gridpoints from 6.25 to 10.24.

Going forward, the challenge is to configure the radiation scheme to provide the maximum accuracy and
hence forecast skill within an approximately fixed computational envelope. In section 8.2 it is argued that
the trade-off is currently skewed too much in favour of spectral resolution rather than temporal or spatial
resolution, and indeed we show that shortening the ENS radiation timestep from its current value of 3 h
results in a measurable increase in forecast skill. Section 2 described a decade of progress in radiation
modelling, but because of the high spectral resolution of the underlying RRTM-G gas optics scheme,
neither McRad nor ecRad are fast enough to use in the simplified physics of the data assimilation system;
instead the tangent-linear and adjoint calculations are based on the old Morcrette radiation scheme. If the
option became available for ecRad to use a much faster gas optics scheme then it would be possible to
use it also in the data assimilation system, leading to greater consistency between the full and simplified
physics schemes.

Technical Memorandum No. 816 37

Hogan et al. 
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reason for this bias is unknown, though it is likely related to deficiencies in the

radiation scheme or ozone climatology, or the resolved waves breaking at too low an

altitude due to too deep a sponge layer. This bias is briefly discussed in section 2.4.4.

The behaviour of T biases shown in Figs. 1 and 2 carries over to forecasts at all lead

times (i.e., for medium-range, extended-range and seasonal forecasts). Therefore, any

model improvements discussed here target all ECMWF forecast ranges.

2.2.1 Global-mean temperature bias: Impact of radiation and ozone

There have been a number of changes to the IFS radiation scheme and ozone

climatology in the last five years that have led to improvements in global-mean

stratosphere and mesosphere temperature, as summarized in Fig. 3. The red solid line

shows a configuration very close to IFS Cy41r1, operational in 2015, which used the

older “McRad” radiation scheme and the “MACC” ozone climatology. The radiation

scheme was called only every 3 h in this simulation. The red dashed line shows that the

warm bias of up to +8.5 K in the upper stratosphere was reduced to +6.5 K when the

ozone climatology was updated to use a climatology from CAMS in Cy41r2.

As documented by Hogan et al. (2017), this was followed by two improvements to the

treatment of radiative transfer in the stratosphere. Hogan and Hirahara (2016) revealed

that the 3-h radiation timestep could explain around 3 K of the upper-stratospheric

warm bias, and this could be largely mitigated by improving the way that the sun angle

is averaged in time. Now that the radiation scheme is called every 1 h in all operational
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Strat-trop coupling occurs due to inter-annual variability in spring-time polar vortex breakdown 
date:  Anomalously early breakdown years reduce the amplitude of the poleward 
tropospheric jet transition in Sep-Nov and accelerate the summer equatorward transition.

respectively. The non-cross-validated correlations are 0.44 and 0.43. The
cross-validated correlation values are comparable to the springtime SAM
prediction skill in the lower troposphere demonstrated by Seviour et al.
(2014) who used the Antarctic polar cap geopotential height anomalies
at the 10-hPa level on 1 August as a predictor (their Figure 7b). Byrne
and Shepherd (2018) also showed a moderate but statistically signi!cant
(non-cross-validated) correlation between the Antarctic polar cap geopo-
tential height anomalies at the 30-hPa level during August and the surface
SAM of October to November (r = 0.36; their Figure 14a). Our results sug-
gest that predictability of the lower tropospheric SAM during spring can
be extended up to 2months earlier than the time proposed in Seviour et al.
(2014) and Byrne and Shepherd (2018) by using anomalous conditions
from a higher level of the stratosphere (e.g., 1 hPa). This extension to ear-
lier lead times by moving higher up in the stratosphere makes sense given
that the anomalous polar vortex signal detected at the 10- and 30-hPa
levels during August can be traced upward to possibly the lower
mesosphere-upper stratosphere level 2–3 months earlier (Figure 4; see
also Hartmann et al., 1984; Hardiman et al., 2011; Kuroda & Kodera, 1998;
Shiotani et al., 1993).

4. Impacts of the S-T Coupled Mode

The association of the S-T coupled mode with the SAM, both at the surface
and aloft, implies that the S-T coupledmode is linked to variations in a vari-
ety of phenomena throughout the troposphere and stratosphere. For
instance, the S-T coupled mode is closely linked to variations in Antarctic
polar ozone concentration (O3), as evidenced by the strong correlations
between detrended values of monthly mean polar cap O3 with the S-T
coupled mode PC1 during austral spring to early summer (Figure 7a). As
summarized by Stolarski et al. (2005) and Seviour et al. (2014; and also
observed during the SH SSW of 2002), weakenings of the Antarctic polar
vortex are associated with higher concentrations of O3 in the lower strato-
sphere and vice versa.

As suggested in Figures 4 and 6, the S-T coupled mode PC1is also signi!-
cantly correlated with the tropospheric component of the SAM from
October to January (Figure 7b). The histogram of monthly SAM values at
the 700-hPa level during October–January is displayed in Figure 7c, strati-
!ed for strong positive and negative values of PC1. Positive values of the S-
T coupled mode are strongly linked to negative values of the SAM and vice
versa. The difference in the means of the two distributions is statistically
signi!cant at the 99.9% con!dence level, with an especially apparent
impact on the frequency of occurrence of extreme SAM excursions.

The strong relationship between the S-T coupled mode and the lower tropospheric SAM implies a similarly
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polarity of the S-T coupled mode is associated with lower than normal sea ice concentrations in the eastern
Ross Sea-western Amundsen Sea and higher than normal sea ice concentrations over the Weddell Sea, which
are similar to the respective sea ice responses to the negative polarity of the SAM (Lefebvre et al., 2004;
Simpkins et al., 2012; Figures 7d and 7e). However, it is interesting to note that the linkages between the
Weddell Sea sea ice anomalies and the tropospheric SAM are stronger in the winter-spring seasons (Figure
7e), whereas the linkages to the S-T coupled mode persist from late spring to the following autumn
(Figure 7d). The difference between Figures 7d and 7e seems to derive from the fact that the S-T coupled
mode is only linked to the surface component of the SAM during spring to summer months when the
Weddell Sea sea ice has strong persistence for the following several months (Figure 7f). For instance,

Figure 8. Correlation of the S-T coupled mode PC1 with October–January
mean (a) 2-m air temperature, (b) precipitation, and (c) mean sea level
pressure (MSLP) anomalies. Before the correlation calculation, a linear trend
and the in"uence of eastern Paci!c and central Paci!c El Niño–Southern
Oscillation were removed from the temperature, precipitation, and MSLP
data by regressing out the relationship with time and the NINO3 and El Niño
Modoki indices using multiple linear regression (details of the NINO3 and El
Niño Modoki indices can be found in Table 1). Stippling indicates
statistically signi!cant correlation at the 5% level, assessed by a two-tailed
Student t test with 38 samples.
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Figure 17. Polar-cap geopotential height interannual standard devi-
ation for the SEAS5 default simulation (a) and the SEAS5 simula-
tion using the BMS ozone model (b); simulations cover the period
1993–2015 (1 August start dates have been used). The year 2002
has been excluded. The red dotted line shows corresponding values
from ERA-Interim. Solid black lines show the interannual standard
deviation from the model experiments, and grey shaded regions cor-
respond to the 1 %, 5 %, 25 %, 50 %, 75 %, 95 % and 99 % threshold
values for each day from 1 August until 1 March.

September–October–November (SON), as well as at tropo-
spheric levels, where the default SEAS5 simulation was not
showing any significant correlation. This can be explained
by the ability of the new ozone model to realistically respond
and feed back to the rapid dynamical changes that took place
during the unusual Antarctic vortex split of year 2002; in
Sect. 3.1.1 we have shown the capability of the new BMS
scheme to simulate realistic ozone distributions during the
2002 Antarctic vortex split.

Results in Fig. 18 demonstrate that using a stratospheric
ozone model capable of reproducing realistic evolution of
ozone vertical concentrations also improves meteorological
fields, both on average over the whole period considered,
1993–2015, and also during very unusual meteorological
events such as the 2002 Antarctic vortex split.

A model without a realistic description of stratospheric
ozone underestimates the role of the stratosphere in shaping
tropospheric meteorological fields at different timescales.

5 Discussion and conclusions

In this section we summarise the main findings of our study
and discuss further work plans and recommendations deriv-
ing from our investigations.

5.1 Summary

We have implemented the stratospheric ozone model by
Monge-Sanz et al. (2011) (also known as the BMS model)
in the ECMWF system, compared its performance to that
of the default ozone used by ECMWF, and assessed its im-
pacts on meteorological fields at medium-range and seasonal
timescales.

The BMS scheme is the first stratospheric ozone linear
model that consistently accounts for heterogeneous chem-
istry (e.g. ozone destruction due to polar stratospheric
clouds), instead of using a separate ad hoc term, providing
a more realistic link with temperature and radiation. The
new approach is in better agreement with the current sci-
entific knowledge of chemical and physical processes that
affect stratospheric ozone (World Meteorological Organiza-
tion, 2019) than approaches adopted by previous linear ozone
models (McLinden et al., 2000; McCormack et al., 2006;
Cariolle and Teyssèdre, 2007).

The present study is, to the best of our knowledge, the
first time that the impacts of a stratospheric ozone model
are assessed at different NWP timescales to evaluate its per-
formance towards its implementation in a seamless model
system. We have shown that the new scheme provides sig-
nificantly better ozone distribution and variability in the
ECMWF model than the currently default ozone configura-
tion, showing particularly good agreement with observations
over the high southern latitudes and the ozone hole season,
even during the unusual atmospheric conditions of the 2002
Antarctic vortex split.

When used interactively with radiation in the ECMWF
model, the BMS ozone scheme reduces stratospheric temper-
ature biases both for medium-range and seasonal timescales,
compared to the default ECMWF model configuration in
which the radiation scheme uses an ozone climatology, and
improves temperature and wind fields during Arctic SSWs.

We have also shown that the BMS ozone improves the
NAO signal in seasonal model runs, therefore contributing
to a more realistic stratosphere–troposphere coupling in the
model. The interannual variability and seasonality of the SH
polar vortex is also improved when using the BMS ozone
model in runs performed with the ECMWF seasonal sys-
tem (SEAS5), compared to the default SEAS5 configuration
which uses an ozone climatology. All this demonstrates that
the BMS scheme is realistically linked to temperature and
dynamics and therefore well prepared to adapt and feed back
to rapid changes in meteorology. The same adaptability can-
not be achieved with an ozone climatology in the radiation
scheme.

https://doi.org/10.5194/acp-22-4277-2022 Atmos. Chem. Phys., 22, 4277–4302, 2022
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model in runs performed with the ECMWF seasonal sys-
tem (SEAS5), compared to the default SEAS5 configuration
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GWs:
[1] Are important drivers of the QBO.

Contribute to the deceleration of the:
[2] polar night jet and to polar-cap 
downwelling.
[3] sub-tropical jets. 

Horizontal wavelengths 10 km <𝜆ℎ< 3000 
km à
Models too coarse resolve whole GW 
spectrum à
Parametrizations of GWs needed.
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Tool: Global 1 km simulations, resolving most of the GW spectrum
Vertical flux of zonal momentum at 50hPa, November 2018
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F IGURE 1 Latitude-longitude distributions of vertical flux of zonal momentum due to gravity waves (shading,
[mPa]) at 50 hPa, averaged over day 5 to 15 from the start of the simulation from simulations for November 2018with
explicit representation of deep convection at (a) TCo7999 (or 1.25 km); (b) TCo2559 (or 3.9 km); and (c) TCo1279 (or
7.8 km) horizontal resolution; and from the simulation for November 2018with (d) parametrized representation of
deep convection at TCo1279 horizontal resolution. The simulation for August 2019 at TCo7999 horizontal resolution
with explicit representation of deep convection is shown in (e). Black contours show zonal wind (negative dashed, [m/s]),
with 8m/s contour interval. Convective gravity wavemomentum flux is larger in the tropical stratosphere with explicit
representation of deep convection thanwith the parametrized deep convection at a given horizontal resolution.
Convective gravity wavemomentum flux is of the samemagnitude at TCo7999, TCo2559 and TCo1279 horizontal
resolutions with explicit representation of deep convection. Note the non-linear contour interval.
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rate. The model is integrated for 40 days. To prevent
wave reflection from the model top, a sponge layer above
0.5 hPa is applied in a form of a linear damping at a rate
!!1 = "max{0, [(0.5 ! p)"0.5]2}, where p is pressure and
" =4day!1. The damping is not applied on the mean flow.

Results at T170L80 resolution are mostly discussed.
This resolution is equivalent to horizontal grid spacing of
0.7! and the vertical grid spacing of approximately 800 m.
The convergence of results to both the horizontal and
vertical resolutions will be investigated in section 3.1, by
performing simulations also at T85 and T341 horizon-
tal resolution (or 1.4! and 0.35!, respectively) and L40
and L160 vertical resolution (or 1,600 and 400 m, respec-
tively). Enstrophy at small scales is removed by applying
a scale-selective hyperdiffusion #8, with a hyperdiffu-
sion coefficient chosen such that the highest resolved
wavenumber is dissipated at a time-scale of 1.5 hr at all
horizontal resolutions.

2.2 Gravity wave diagnostics

The gravity waves found in our simulations are
low-frequency IGWs. The dispersion relation for hydro-
static IGWs under the approximation m # kh is (e.g.,
Holton, 1992; Fritts and Alexander, 2003):

$%2 = N2 k2
h

m2 + f 2, (4)

where $% = % ! k " u is the intrinsic frequency, u is the hor-
izontal background wind, k is the horizontal wavenum-
ber vector (k, l), and m is the vertical wavenumber; kh =!

k2 + l2; f = 2$ sin& is the Coriolis parameter; and, N
is the Brunt–Väisälä frequency. The ground-based group
velocity cg of an IGW packet is:

cg = u + N2

$% m2

"
k, l,!

k2
h

m

#
. (5)

The convention is that for westward (k < 0) and
upward (m < 0) group velocity, the intrinsic phase propa-
gation is westward and downward.

In what follows, gravity wave packets are diagnosed
from the divergence field, filtered by removing plane-
tary and synoptic scales, necessary since the balanced
flow itself contains a substantial divergent component. To
achieve this, it was found to be sufficient to simply remove
all zonal wavenumbers 1–8 (i.e., horizontal scales larger
than approximately 3,500 km at midlatitudes). It should
be noted that more reliable balance–imbalance decom-
position methods exist (e.g., Viúdez and Dritschel, 2006;
Kafiabad and Bartello, 2016; Eden et al., 2019), but are

unnecessary for the relatively simple flows considered in
this study.

The vertical flux of horizontal momentum of a gravity
wave is calculated as follows:

(Fpx,Fpy) = ' (u%w%, v%w%), (6)

where ' is the background density, and u, v,w are the
zonal, meridional and vertical wind, respectively. The
overbar denotes a time and zonal mean, and primes are
obtained by removing all zonal wavenumbers 1–8. The
total vertical flux of horizontal momentum due to gravity
waves is then:

Fph =
$

F2
px + F2

py. (7)

3 RESULTS

Spontaneous IGW emission from the deforming idealized
polar vortex is now discussed beginning with the initial
condition (1). At t = 0, the topographic wave forcing begins
to increase, generating zonal wavenumber-2 Rossby waves
with broad meridional scale. These propagate upward and
equatorward on the curvature of the background flow 1,
and encounter an absorbing critical layer region near 30!N
(i.e., in the region of diminishing westerlies), deforming
the flow streamlines into the typical “cat's-eye” pattern.
The location of the critical layer region here is consis-
tent with that in the real stratosphere (e.g., Hitchman and
Huesmann, 2009).

Figure 2 shows latitude–longitude cross-sections of
streamlines with filtered divergence field (shading) at dif-
ferent altitudes and times in the evolution. As the flow
deformations increase, two monochromatic gravity wave
packets are emitted at 30!N, at t = 26 days (at which time
the amplitude of the topographic forcing at 60!N has
reached 260 m). The emission begins most strongly at
z = 20 km, approximately one scale height up from the bot-
tom boundary. Since the only explicit wave source in the
system is the zonal wavenumber-2 topography, and since
there is no obvious shear instability of the balanced flow,
the gravity waves appear to be spontaneously emitted from
the balanced flow in the anticyclone, in the jet exit region.
The stronger emission in the anticyclones compared to
the cyclones is consistent with previous analytical studies
(Vanneste and Yavneh, 2004; Olafsdóttir et al., 2008).

The IGW packets in Figure 2 in the jet exit region
resemble those present in the jet exit region in tropospheric

1Refractive index (Matsuno, 1970) can be used to assess the meridional
and vertical location of Rossby wave propagation, although the
assumptions of scale separation and small-amplitude disturbances are
often not appropriate in the winter stratosphere (e.g., Scott, 2019).
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F IGURE 1 Latitude-longitude distributions of vertical flux of zonal momentum due to gravity waves (i.e., waves with
horizontal wavelengths smaller than 1900 km; shading, [mPa]) at 50 hPa, averaged over day 5 to 15 from the start of the
simulation from simulations for November 2018with explicit representation of deep convection at (a) TCo7999 (or
1.25 km); (b) TCo2559 (or 3.9 km); and (c) TCo1279 (or 7.8 km) horizontal resolution; and from the simulation for
November 2018with (d) parametrized representation of deep convection at TCo1279 horizontal resolution. The
simulation for August 2019 at TCo7999 horizontal resolution with explicit representation of deep convection is shown
in (e). Gray contours show zonal wind (negative dashed, [m/s]), with 8m/s contour interval. Convective gravity wave
momentum flux is larger in the tropical stratosphere with explicit representation of deep convection thanwith the
parametrized deep convection at a given horizontal resolution. Convective gravity wavemomentum flux is of the same
magnitude at TCo7999, TCo2559 and TCo1279 horizontal resolutions with explicit representation of deep convection.
Note the non-linear contour interval.
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rate. The model is integrated for 40 days. To prevent
wave reflection from the model top, a sponge layer above
0.5 hPa is applied in a form of a linear damping at a rate
!!1 = "max{0, [(0.5 ! p)"0.5]2}, where p is pressure and
" =4day!1. The damping is not applied on the mean flow.
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0.7! and the vertical grid spacing of approximately 800 m.
The convergence of results to both the horizontal and
vertical resolutions will be investigated in section 3.1, by
performing simulations also at T85 and T341 horizon-
tal resolution (or 1.4! and 0.35!, respectively) and L40
and L160 vertical resolution (or 1,600 and 400 m, respec-
tively). Enstrophy at small scales is removed by applying
a scale-selective hyperdiffusion #8, with a hyperdiffu-
sion coefficient chosen such that the highest resolved
wavenumber is dissipated at a time-scale of 1.5 hr at all
horizontal resolutions.
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In what follows, gravity wave packets are diagnosed
from the divergence field, filtered by removing plane-
tary and synoptic scales, necessary since the balanced
flow itself contains a substantial divergent component. To
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Background: Gravity waves 
• GWs exist in any medium where density decreases with height. Restoring force gravity.

• Atmospheric GWs can be generated via different mechanisms, such as flow over orography, 
deep convective plumes and jets/fronts.

• Background wind and temperature determine
generation, propagation and dissipation.

• In the stratosphere, horizontal wavelengths 
10 km <!ℎ< 3000 km à Resolution of most 
global models too coarse to represent the
whole GW spectrum explicitly (also true for obs!)
à Parametrizations of GWs needed.

the bias was most dominant. Moreover, global increases in
surface friction drag can have deleterious effects elsewhere:
e.g., excessively weak southern hemispheric circumpolar
flow (Boer and Lazare, 1988). (For a discussion on various
drag processes that arise at the surface, see Appendix Aa.)

If the atmosphere were in radiative equilibrium, there
would exist a polar night jet in the middle atmosphere that is
much stronger and extends higher than is observed (see
Fig. 1; see also Fig. 6 of Hamilton, 1996). On the other hand,
“Rayleigh friction” (e.g., Boville, 1986) and “Newtonian
cooling” (Dickinson, 1973), which exponentially damp winds
and temperatures, respectively, to some reference state as a
function of time and are often used to suppress spurious
reflection of waves from model tops, were found to be quite
effective in reducing the magnitude of the polar night jet in
models (Leovy, 1964; Schoeberl and Strobel, 1978; Holton
and Wehrbein, 1980). The success here is qualified: an impor-
tant drawback of Rayleigh damping is that it always drags the
winds back toward zero (or climatology), whereas observed
winds go to zero then generally change direction (see Fig. 1).
Moreover, this kind of ad-hoc damping usually requires a
thick vertical model domain and may produce excessive
damping accompanied by unrealistic changes and reductions
in atmospheric variability (e.g., Shepherd et al., 1996;
Lawrence, 1997a; Kim et al., 1998). Nonetheless, the ability
of such ad-hoc damping over a thick stratospheric domain to
alleviate the problem of excessively strong stratospheric jets
suggested that some kind of drag mechanism was missing
from the models. 

Later studies eventually concluded that the wind bias was
mainly due to the lack of an explicit simulation of “drag” gen-
erated by breaking subgrid-scale gravity waves (Houghton,
1978; Lindzen, 1981; Matsuno, 1982; Holton, 1982, 1983;

details are discussed in Section 3). Earlier lower top models
enjoyed apparently successful simulation of the jet because
the resolution was coarse enough for the underestimated
meridional eddy momentum transport by planetary waves to
balance approximately the underestimated vertical momen-
tum transport, as illustrated in Fig. 2. When the horizontal res-
olution of these models increased, the meridional momentum
transport was more accurately resolved and thus increased,
and it could no longer be balanced by the still underestimated
vertical momentum transport. Without a parametrization of
subgrid-scale GWD, the mid-latitude westerly (easterly)
winds in winter (summer) became excessively strong due to
unresolved momentum transport to the ground that should
balance the resolved meridional momentum transport (see
Section 7 of Palmer et al., 1986 and Section 5 of Boer and
Lazare, 1988). 

b Enhanced Orography with Effects Resembling Gravity
Wave Drag
Although there were several pioneering theoretical and ana-
lytical studies on the treatment and effects of GWD on the
large-scale background flow (e.g., Sawyer, 1959; Lindzen,
1981; Holton, 1982), the first practical attention to this sub-
ject came with the introduction of “envelope orography”
(e.g., Wallace et al., 1983). Envelope orography is a type of
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orography is given by the average of the mountain peaks
within each grid box (Mesinger and Janjic, 1986): Mesinger
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ous model representations of grid-scale orography. By using
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Background: Gravity waves 
• GWs exist in any medium where density decreases with height. Restoring force gravity.

• Atmospheric GWs can be generated via different mechanisms, such as flow over orography, 
deep convective plumes and jets/fronts.

• Background wind and temperature determine
generation, propagation and dissipation.

• In the stratosphere, horizontal wavelengths 
10 km <!ℎ< 3000 km à Resolution of most 
global models too coarse to represent the
whole GW spectrum explicitly (also true for obs!)
à Parametrizations of GWs needed.

the bias was most dominant. Moreover, global increases in
surface friction drag can have deleterious effects elsewhere:
e.g., excessively weak southern hemispheric circumpolar
flow (Boer and Lazare, 1988). (For a discussion on various
drag processes that arise at the surface, see Appendix Aa.)

If the atmosphere were in radiative equilibrium, there
would exist a polar night jet in the middle atmosphere that is
much stronger and extends higher than is observed (see
Fig. 1; see also Fig. 6 of Hamilton, 1996). On the other hand,
“Rayleigh friction” (e.g., Boville, 1986) and “Newtonian
cooling” (Dickinson, 1973), which exponentially damp winds
and temperatures, respectively, to some reference state as a
function of time and are often used to suppress spurious
reflection of waves from model tops, were found to be quite
effective in reducing the magnitude of the polar night jet in
models (Leovy, 1964; Schoeberl and Strobel, 1978; Holton
and Wehrbein, 1980). The success here is qualified: an impor-
tant drawback of Rayleigh damping is that it always drags the
winds back toward zero (or climatology), whereas observed
winds go to zero then generally change direction (see Fig. 1).
Moreover, this kind of ad-hoc damping usually requires a
thick vertical model domain and may produce excessive
damping accompanied by unrealistic changes and reductions
in atmospheric variability (e.g., Shepherd et al., 1996;
Lawrence, 1997a; Kim et al., 1998). Nonetheless, the ability
of such ad-hoc damping over a thick stratospheric domain to
alleviate the problem of excessively strong stratospheric jets
suggested that some kind of drag mechanism was missing
from the models. 

Later studies eventually concluded that the wind bias was
mainly due to the lack of an explicit simulation of “drag” gen-
erated by breaking subgrid-scale gravity waves (Houghton,
1978; Lindzen, 1981; Matsuno, 1982; Holton, 1982, 1983;
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Is total GWF at O(10 km) equal to resolved GWF at O(1km)?

During Antarctic final warming total GWF@9km 1.5x>> resolved GWF@1km, due to large 
parametrized non-orographic GWF. 
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F IGURE 7 Same as Fig. 6, but for simulations in Aug 2019. Note that the contour interval for the zonal wind at
10 hPa is 16 [m/s].

F IGURE 8 (a) Southern Hemisphere polar-cap averaged (60S-90S) zonal wind at 10hPa (in [m/s]) for ERA5
reanalysis and short 18-hour forecasts started from ERA5 for years 1980-2021, composited on the final warming day
(defined as the day when the zonal-mean zonal wind at 60S and 10hPa reverses sign). (b) Cumulative analysis increment
(i.e., ERA5 reanalysis minus the 18-hour forecast) of the composited polar-cap averaged zonal wind at 10 hPa (in [m/s]).
Note that year 2002 is excluded from the analysis, due to this year experiencing the only major sudden stratospheric
warming. Note also that the forecast started from ERA5 systematically predicts weaker polar-cap averaged zonal wind.

Days before FW

+AN increment à
tries to accelerate 
the jet

Polichtchouk, van Niekerk & Wedi (2022, JAS)
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Figure 1: Schematic of zonal-mean IFS temperature biases in the middle atmosphere. Red ovals
represent a warm bias and blue ovals a cold bias. The numbers correspond to different biases dis-
cussed in the text.

4. Warm polar mid- to upper stratosphere bias in the winter hemisphere. At present the

reason for this bias is unknown, though it is likely related to deficiencies in the

radiation scheme or ozone climatology, or the resolved waves breaking at too low an

altitude due to too deep a sponge layer. This bias is briefly discussed in section 2.4.4.

The behaviour of T biases shown in Figs. 1 and 2 carries over to forecasts at all lead

times (i.e., for medium-range, extended-range and seasonal forecasts). Therefore, any

model improvements discussed here target all ECMWF forecast ranges.

2.2.1 Global-mean temperature bias: Impact of radiation and ozone

There have been a number of changes to the IFS radiation scheme and ozone

climatology in the last five years that have led to improvements in global-mean

stratosphere and mesosphere temperature, as summarized in Fig. 3. The red solid line

shows a configuration very close to IFS Cy41r1, operational in 2015, which used the

older “McRad” radiation scheme and the “MACC” ozone climatology. The radiation

scheme was called only every 3 h in this simulation. The red dashed line shows that the

warm bias of up to +8.5 K in the upper stratosphere was reduced to +6.5 K when the

ozone climatology was updated to use a climatology from CAMS in Cy41r2.

As documented by Hogan et al. (2017), this was followed by two improvements to the

treatment of radiative transfer in the stratosphere. Hogan and Hirahara (2016) revealed

that the 3-h radiation timestep could explain around 3 K of the upper-stratospheric

warm bias, and this could be largely mitigated by improving the way that the sun angle

is averaged in time. Now that the radiation scheme is called every 1 h in all operational
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GWF in the tropics

Scale decomposition of resolved GWF

• As the horizontal resolution 
increases, forcing from !ℎ<100 km 
GWs increases. 

• When DC is explicitly resolved 
@9km and 4 km, resolved 100 
<!ℎ<2000 km  GWF is too strong.

• Need to parametrized DC @9km 
and 4km together with the 
parametrization of non-orographic 
GWF to represent missing forcing 
from !ℎ<100 km GWs.
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F IGURE 5 Horizontal scale decomposition of vertical profiles of zonal-mean zonal gravity wave forcing in the
tropical stratosphere (averaged between 10N to 10S) for the four simulations averaged over day 5 to 15 from the start
of the simulation. (a) Total gravity wave forcing (for all total wavenumbers n > 20 up to the truncation scale) in solid
lines. The dotted lines show the large-scale wave drag (EP-flux divergence). (b) Gravity wave forcing from the long- and
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• Resolved equatorial GWF is stronger w/o parametrized DC AND almost independent of ∆𝑥.
• When DC is explicit @9km and 4km, resolved LS GWF is too strong.
• Need to parametrized DC @9km and 4km together with the parametrization of non-orographic 

GWF to represent missing forcing from SS GWs.
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Overall summary
• Recent changes to the radiation, ozone and aerosol representation improve global 

mean temperature biases. Vertical discretization also important.

• Wet bias exerts a strong control on lowermost stratosphere cold bias à assimilating 
water vapour in the stratosphere should improve this bias, which is important for 
predictability in the troposphere.

• Inclusion if radiative interactive ozone is important for stratospheric variability in the 
Southern Hemisphere.

• km-scale simulations useful to understand resolved gravity waves and inform 
parametrization design. Gravity waves not yet fully resolved at 4km.

• Still need for parametrization development (convection and gravity wave drag) even in 
the grey-zone of 3-5km grid-spacing. 


