
© ECMWF September 15, 2020

Temperature discretizations for 
the IFS, horizontal to vertical 
resolution aspect ratio and their 
importance for accurate weather 
prediction
Inna Polichtchouk, Michail Diamantakis, Sylvie Malardel, Filip Vana, 
Tim Stockdale + the cast of many

16 September 2020



Outline 

Brief overview of the IFS dynamical and ECMWF forecasts

Part I:  Horizontal to vertical resolution aspect ratio

Part II: Potential temperature as a prognostic variable in IFS



Background: Integrated Forecast System (IFS) dynamical core
• The operational IFS is a semi-Lagrangian, semi-implicit, hydrostatic dynamical core. 

Spectral in the horizontal, vertical finite elements with hybrid eta-coordinate in the 
vertical. 
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Background: Forecast configuration at ECMWF

• Medium-range (10 days ahead):
High resolution forecasts at 
TCo1279L137 resolution (9 km in 
the horizontal) + 51 member 
ensemble at TCo639L91 resolution 
(18 km in the horizontal).

• Extended-range (46 days ahead):
51 member ensemble at 
TCo639L91 resolution for days 0-
15, followed by TCo319L91 (36 km 
in the horizontal) for days 16-46.

• Seasonal (7 months ahead):
51 member ensemble at 
TCo319L91 resolution. 
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Stratosphere in the IFS: Temperature biases against ERA-5
• Cold mid- to lower stratosphere bias of ~3K. Worse at higher horizontal resolution due to 

the cooling in the global mean of the stratosphere in the dynamical core at higher 
horizontal resolution.
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Stratosphere in the IFS: Horizontal resolution sensitivity
• Question: Does the cooling at higher horizontal resolution arise due to inadequate 

horizontal to vertical resolution aspect ratio? OR: Is the vertical resolution too coarse?
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Theoretical considerations: Horizontal to vertical resolution aspect ratio
• Aspect ratio relevant for balanced quasi-geostrophic dynamics (Lindzen & Fox-

Rabinovitz, 1989) and inertia-gravity wave dispersion relation

• Stratified turbulence develops shear layer of thickness (e.g., Waite & Bartello, 2004) 

• Gravity wave propagation:
Dispersion relation (medium-frequency)  

Sensitivity of lower-stratospheric temperature to resolution in the IFS

circulation or the vertical heat flux divergence can not explain the observed cooling with horizontal res-
olution increase. There is some indication of increased gravity wave drag at TCo1279. However, any
increase in resolved drag appears to be completely compensated by the decrease in parametrized gravity
wave drag (Fig. 7d)2. Therefore, it is unlikely that mechanisms 1) or 2) above, are responsible for the ob-
served global-mean cooling with increased horizontal resolution. The change in w⇤q p is nearly-identical
to Fig. 7a (not shown) and clearly can not be responsible for the global-mean cooling. Therefore, mecha-
nism 3) is unlikely. Moreover, increase in residual circulation would lead to a concomitant warming over
the winter pole, and, could not alone explain the global-mean cooling of the stratosphere at higher hor-
izontal resolution. This leads us to conclude that discretization errors in the semi-Lagrangian advection
would result in this unphysical behaviour.

As the horizontal wavenumbers driving the stratospheric cooling are well resolved in the horizontal di-
rection at TCo1279 resolution, the likely culprit behind the cooling is the vertical advection. Indeed,
Figs. 1 and 2 show that an increase in the vertical resolution alleviates global-mean T sensitivity to hor-
izontal resolution. In what follows theoretical reasons for why higher vertical resolution is needed with
increase in horizontal resolution are discussed together with the results with higher vertical resolution.

3 Towards more accurate vertical advection

3.1 Theoretical considerations

The appropriate vertical to horizontal resolution aspect ratio for atmospheric models has been discussed
in many previous studies and recently summarized in Waite (2016). It is reviewed here for motivation.

To resolve horizontal grid-scale quasi-geostrophic (QG) vortices (Lindzen & Fox-Rabinovitz 1989), the
aspect ration should be consistent with f/N, such that

Dz
Dx

⇠ f
N
. (6)

As the total wavenumbers 25 < N < 300, responsible for the horizontal resolution sensitivity, fall par-
tially into the synoptic scales characterized by balanced dynamics, this ratio might be relevant outside
the tropics. Dx for 25 < N < 300 is O(100-1000km), giving Dz ⇠500-5000m in the stratosphere. For
TCo1279 truncation, the requirement is Dz ⇠ 100 m.

The total wavenumbers 25 < N < 300 also fall into the mesoscale. This scale includes stratified turbu-
lence and gravity waves, both of which have different requirements for vertical resolution. For example,
stratified turbulence has a �5/3 energy spectrum like that observed in the lower stratosphere in obser-
vations (e.g., Nastrom & Gage 1985, Bacmeister et al. 1996) and in the IFS analysis (e.g., Burgess et al.
2013). Stratified turbulence develops shear layers with thickness around the buoyancy scale Lb ⌘ 2pU/N
(Billant & Chomaz 2001, Waite & Bartello 2004), where U is a typical horizontal velocity scale. In the
tropical lower stratosphere, U ⇠ 5 m s�1 and N > 2⇥10�2 giving Lb ⇠ 1km.

In the lower- to mid- stratosphere, the unbalanced dynamics consists mainly of upward-propagating
gravity waves (Shepherd et al. 2018). The gravity wave dispersion relation for medium frequency waves
is (e.g., Fritts & Alexander 2003)
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2The lack of compensation by the parametrized gravity wave drag is likely the reason why in the ‘dynamics-only’ forecasts
the cooling with increase in horizontal resolution is larger.
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ŵ = N

�����

p
k2 + l2

m

����� , (7)

2The lack of compensation by the parametrized gravity wave drag is likely the reason why in the ‘dynamics-only’ forecasts
the cooling with increase in horizontal resolution is larger.

8 Technical Memorandum No. ?

| !z | ~ | c-U | / N        If vertical resolution not adequate to resolve !z, 
discretization errors occur

Sensitivity of lower-stratospheric temperature to resolution in the IFS

circulation or the vertical heat flux divergence can not explain the observed cooling with horizontal res-
olution increase. There is some indication of increased gravity wave drag at TCo1279. However, any
increase in resolved drag appears to be completely compensated by the decrease in parametrized gravity
wave drag (Fig. 7d)2. Therefore, it is unlikely that mechanisms 1) or 2) above, are responsible for the ob-
served global-mean cooling with increased horizontal resolution. The change in w⇤q p is nearly-identical
to Fig. 7a (not shown) and clearly can not be responsible for the global-mean cooling. Therefore, mecha-
nism 3) is unlikely. Moreover, increase in residual circulation would lead to a concomitant warming over
the winter pole, and, could not alone explain the global-mean cooling of the stratosphere at higher hor-
izontal resolution. This leads us to conclude that discretization errors in the semi-Lagrangian advection
would result in this unphysical behaviour.

As the horizontal wavenumbers driving the stratospheric cooling are well resolved in the horizontal di-
rection at TCo1279 resolution, the likely culprit behind the cooling is the vertical advection. Indeed,
Figs. 1 and 2 show that an increase in the vertical resolution alleviates global-mean T sensitivity to hor-
izontal resolution. In what follows theoretical reasons for why higher vertical resolution is needed with
increase in horizontal resolution are discussed together with the results with higher vertical resolution.

3 Towards more accurate vertical advection

3.1 Theoretical considerations

The appropriate vertical to horizontal resolution aspect ratio for atmospheric models has been discussed
in many previous studies and recently summarized in Waite (2016). It is reviewed here for motivation.

To resolve horizontal grid-scale quasi-geostrophic (QG) vortices (Lindzen & Fox-Rabinovitz 1989), the
aspect ration should be consistent with f/N, such that

Dz
Dx

⇠ f
N
. (6)

As the total wavenumbers 25 < N < 300, responsible for the horizontal resolution sensitivity, fall par-
tially into the synoptic scales characterized by balanced dynamics, this ratio might be relevant outside
the tropics. Dx for 25 < N < 300 is O(100-1000km), giving Dz ⇠500-5000m in the stratosphere. For
TCo1279 truncation, the requirement is Dz ⇠ 100 m.

The total wavenumbers 25 < N < 300 also fall into the mesoscale. This scale includes stratified turbu-
lence and gravity waves, both of which have different requirements for vertical resolution. For example,
stratified turbulence has a �5/3 energy spectrum like that observed in the lower stratosphere in obser-
vations (e.g., Nastrom & Gage 1985, Bacmeister et al. 1996) and in the IFS analysis (e.g., Burgess et al.
2013). Stratified turbulence develops shear layers with thickness around the buoyancy scale Lb ⌘ 2pU/N
(Billant & Chomaz 2001, Waite & Bartello 2004), where U is a typical horizontal velocity scale. In the
tropical lower stratosphere, U ⇠ 5 m s�1 and N > 2⇥10�2 giving Lb ⇠ 1km.

In the lower- to mid- stratosphere, the unbalanced dynamics consists mainly of upward-propagating
gravity waves (Shepherd et al. 2018). The gravity wave dispersion relation for medium frequency waves
is (e.g., Fritts & Alexander 2003)
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Historical background: Vertical discretization in the IFS prior to 2003 was finite difference 
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can generate spurious cooling/heating.

Lorenz staggering produces spurious 
heating/cooling, due to 2       noise
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would result in this unphysical behaviour.

As the horizontal wavenumbers driving the stratospheric cooling are well resolved in the horizontal di-
rection at TCo1279 resolution, the likely culprit behind the cooling is the vertical advection. Indeed,
Figs. 1 and 2 show that an increase in the vertical resolution alleviates global-mean T sensitivity to hor-
izontal resolution. In what follows theoretical reasons for why higher vertical resolution is needed with
increase in horizontal resolution are discussed together with the results with higher vertical resolution.

3 Towards more accurate vertical advection

3.1 Theoretical considerations

The appropriate vertical to horizontal resolution aspect ratio for atmospheric models has been discussed
in many previous studies and recently summarized in Waite (2016). It is reviewed here for motivation.

To resolve horizontal grid-scale quasi-geostrophic (QG) vortices (Lindzen & Fox-Rabinovitz 1989), the
aspect ration should be consistent with f/N, such that
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As the total wavenumbers 25 < N < 300, responsible for the horizontal resolution sensitivity, fall par-
tially into the synoptic scales characterized by balanced dynamics, this ratio might be relevant outside
the tropics. Dx for 25 < N < 300 is O(100-1000km), giving Dz ⇠500-5000m in the stratosphere. For
TCo1279 truncation, the requirement is Dz ⇠ 100 m.

The total wavenumbers 25 < N < 300 also fall into the mesoscale. This scale includes stratified turbu-
lence and gravity waves, both of which have different requirements for vertical resolution. For example,
stratified turbulence has a �5/3 energy spectrum like that observed in the lower stratosphere in obser-
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2013). Stratified turbulence develops shear layers with thickness around the buoyancy scale Lb ⌘ 2pU/N
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ŵ = N

�����

p
k2 + l2

m

����� , (7)

2The lack of compensation by the parametrized gravity wave drag is likely the reason why in the ‘dynamics-only’ forecasts
the cooling with increase in horizontal resolution is larger.

8 Technical Memorandum No. ?

Question: Why insufficient vertical resolution leads to a thermal response?
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Question: Why insufficient vertical resolution leads to thermal response?

Untch & Hortal (2004)

Historical background: From 2003 IFS uses vertical finite element vertical discretization, 
which damps the 2      noise, but does not fully eliminate it (Untch & Hortal, 2004) à
Aliasing of vertically unresolved waves onto the 2      noise can still generate spurious 
thermal response. 

• Damping the computational 
mode via VFE reduced 
spurious global-mean cooling
in the lower to mid stratosphere
in IFS in comparison to FD with 
Lorenz staggering.

Sensitivity of lower-stratospheric temperature to resolution in the IFS
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TCo1279 truncation, the requirement is Dz ⇠ 100 m.
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lence and gravity waves, both of which have different requirements for vertical resolution. For example,
stratified turbulence has a �5/3 energy spectrum like that observed in the lower stratosphere in obser-
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2013). Stratified turbulence develops shear layers with thickness around the buoyancy scale Lb ⌘ 2pU/N
(Billant & Chomaz 2001, Waite & Bartello 2004), where U is a typical horizontal velocity scale. In the
tropical lower stratosphere, U ⇠ 5 m s�1 and N > 2⇥10�2 giving Lb ⇠ 1km.

In the lower- to mid- stratosphere, the unbalanced dynamics consists mainly of upward-propagating
gravity waves (Shepherd et al. 2018). The gravity wave dispersion relation for medium frequency waves
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Figs. 1 and 2 show that an increase in the vertical resolution alleviates global-mean T sensitivity to hor-
izontal resolution. In what follows theoretical reasons for why higher vertical resolution is needed with
increase in horizontal resolution are discussed together with the results with higher vertical resolution.
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The appropriate vertical to horizontal resolution aspect ratio for atmospheric models has been discussed
in many previous studies and recently summarized in Waite (2016). It is reviewed here for motivation.

To resolve horizontal grid-scale quasi-geostrophic (QG) vortices (Lindzen & Fox-Rabinovitz 1989), the
aspect ration should be consistent with f/N, such that
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As the total wavenumbers 25 < N < 300, responsible for the horizontal resolution sensitivity, fall par-
tially into the synoptic scales characterized by balanced dynamics, this ratio might be relevant outside
the tropics. Dx for 25 < N < 300 is O(100-1000km), giving Dz ⇠500-5000m in the stratosphere. For
TCo1279 truncation, the requirement is Dz ⇠ 100 m.

The total wavenumbers 25 < N < 300 also fall into the mesoscale. This scale includes stratified turbu-
lence and gravity waves, both of which have different requirements for vertical resolution. For example,
stratified turbulence has a �5/3 energy spectrum like that observed in the lower stratosphere in obser-
vations (e.g., Nastrom & Gage 1985, Bacmeister et al. 1996) and in the IFS analysis (e.g., Burgess et al.
2013). Stratified turbulence develops shear layers with thickness around the buoyancy scale Lb ⌘ 2pU/N
(Billant & Chomaz 2001, Waite & Bartello 2004), where U is a typical horizontal velocity scale. In the
tropical lower stratosphere, U ⇠ 5 m s�1 and N > 2⇥10�2 giving Lb ⇠ 1km.

In the lower- to mid- stratosphere, the unbalanced dynamics consists mainly of upward-propagating
gravity waves (Shepherd et al. 2018). The gravity wave dispersion relation for medium frequency waves
is (e.g., Fritts & Alexander 2003)
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2The lack of compensation by the parametrized gravity wave drag is likely the reason why in the ‘dynamics-only’ forecasts
the cooling with increase in horizontal resolution is larger.
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1524 A. UNTCH and M. HORTAL

Figure 11. Mean temperature verification scores at 50 hPa for 98 10-day forecasts (67 summer and 31
winter cases) showing the anomaly correlation, root-mean-square error and bias (mean error) for the northern
hemisphere, the tropics and the southern hemisphere. The cubic FE scheme (solid line) is compared with the

control experiments using FDs in the Lorenz grid (FD L-grid, dashed line). See text for details.

(b) Impact of the cubic finite-element scheme in assimilation–forecast experiments
Extended periods of data assimilation with the 4D-Var method have been run using

the cubic FE scheme in the forecast model, as well as in the tangent linear and adjoint
models. From the analyses corresponding to 12 UTC, 10-day forecasts were run. The
results are compared to control experiments using the (then operational) FD scheme
in the Lorenz grid. Figure 10 compares the fit of first guess and analysis to reported
temperature observations, averaged over 62 assimilation cycles, from the FE and the
control FD experiments. The number of observations accepted into the analysis is larger
in the FE experiment at most levels, with the largest differences (of 0.5–3%) in the
tropical stratosphere. Also, the bias and the standard deviation of the difference between
the first guess and the observations are markedly reduced in the stratosphere in the
FE experiment compared to the control, in spite of more observations having been
accepted into the analysis (first guess and analysis are compared only to the accepted
observations and not to all available observations). Figure 10 shows results for a winter
period (January 2001); very similar results have been obtained for the summer period
(not shown). The improved fit of the first guess to observations at stratospheric levels
in the FE experiments is partly due to the reduction of vertical noise in the stratosphere

VFE

FD

AT 50 hPa

Untch & Hortal
(QJRMS, 2004)



Stratosphere in the IFS: Horizontal resolution sensitivity
• Question: Does the cooling at higher horizontal resolution arise due to inadequate 

horizontal to vertical resolution aspect ratio? Is the vertical resolution too coarse?

stratosphere

mesosphere

90°S60°S30°S0°N30°N60°N90°N
Latitude [deg]

0.01

0.02

0.05

0.1

0.2

0.5

1

2

5

10

20

50

100

200

500

1000

Pr
es

su
re

 [h
Pa

]

237.5 237.5 237.5

237.5
237.5

237.5

237.5
237.5237.5

237.5

287.5
287.5

212.5 212.5 212.5

212.5

212.5
212.5

212.5

262.5262.5262.5

262.5

262.5 262.5 262.5

262.5
262.5

262.5

4 Dates: 20000801, ...   Averaging Period Start: 200009  Length: 12 Months
Climate Forecast (h5ju) - (hap9)
Difference: Zonal Mean Average T (n=4)

-15-14.-14-13.-13-12.-12-11.-11-10.-10-9.5-9-8.5-8-7.5-7-6.5-6-5.5-5-4.5-4-3.5-3-2.5-2-1.5-1-0.5
0.511.522.533.544.555.566.577.588.599.51010.51111.51212.51313.51414.515

TCo639-TCo319 (18km –36km)

troposphere

High res warmer

High res colder



Figure courtesy: 
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137L – HRES IFS

198L – 200m in the lower strat.

Stratosphere in the IFS: Horizontal to vertical resolution aspect ratio
• Perform 10-day forecast experiments at high (9 km) and low (80 km) horizontal 

resolution and gradually increasing vertical resolution in the lower to mid-stratosphere. 

91L – ENS IFS



Stratosphere in the IFS: Horizontal to vertical resolution aspect ratio
• Vertical resolution of 200 m in the lower to mid stratosphere eliminates global mean 

cooling there at high horizontal resolution. 

Average over 
31 forecasts 
in July at 10-
day lead time.

Polichtchouk et al. 
(2019, TM)

Sensitivity of stratospheric temperature to resolution in the IFS

Figure 10: Same as Fig 3a, but at L198 vertical resolution.
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High (9 km) – Low (80 km): 137L

Sensitivity of stratospheric temperature to resolution in the IFS

Figure 2: 70 hPa temperature error in SEAS5 as a function of resolution. Red and orange are TCo199L91 and
TCo319L91; dark blue and light blue are TCo199L137 and TCo319L137; green and pink are TCo199L198 and
TCo319L198; both grey lines are TCo199L320 and TCo319L320.

Figure 3: Latitude-pressure cross sections of zonal-mean temperature difference between TCo1279L137 and
TL255L137 resolutions at a lead time of 10 days in (a) July and (b) December 2016. The mean over 31 fore-
casts is shown.
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Sensitivity of stratospheric temperature to resolution in the IFS

Figure 10: Same as Fig 3a, but at L198 vertical resolution.
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Stratosphere in the IFS: Horizontal to vertical resolution aspect ratio
• Increase in the vertical resolution leads to warming in the stratosphere at high 

horizontal resolution. No impact at low horizontal resolution.

Polichtchouk et al. 
(2019, TM)

Low (80 km) :198L – 137L High (9 km):198L – 137L

Sensitivity of stratospheric temperature to resolution in the IFS

Figure 10: Same as Fig 3a, but at L198 vertical resolution.
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Question: Which horizontal scales contribute to the global mean cooling?
• Filtering gravity waves out with horizontal wavelengths 100-1000 km reduces global 

mean cooling at high horizontal resolution in the mid- to lower stratosphere. 

• Such scales are well resolved at 18-9 km horizontal resolution à 200 m vertical resolution 

should be enough for horizontal resolutions finer than18 km.

Polichtchouk et al. 

(2019, TM)

High (9 km) – Low (80 km) High (9 km) – Low (80 km): Filtered

Latitude

Sensitivity of stratospheric temperature to resolution in the IFS

Figure 10: Same as Fig 3a, but at L198 vertical resolution.
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Higher order vertical Semi-Lagrangian interpolation
• Increasing vertical resolution is expensive à seek cheaper solutions to solve the problem.

• Question: Does improving the accuracy of the vertical semi-Lagrangian interpolation help?

• Going from 3rd to 5th order vertical interpolation helps à Stratosphere warms with higher 
order interpolation at high horizontal resolution. 

Sensitivity of lower-stratospheric temperature to resolution in the IFS

Figure 12: (a-b): Latitude-pressure cross sections of the zonal-mean T difference between TCo1279 and TL255 for
(a) quintic, and, (b) cubic vertical interpolation. (c-d) Difference in zonal-mean T between quinitc and cubic at (c)
TL255 horizontal resolution, and, (d) TCo1279 horizontal resolution. Note the larger impact quintic interpolation
at high horizontal resolution. Note also the reduction in horizontal resolution sensitivity with quintic interpolation.
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High (9 km): quintic - cubic

Sensitivity of lower-stratospheric temperature to resolution in the IFS

Figure 12: (a-b): Latitude-pressure cross sections of the zonal-mean T difference between TCo1279 and TL255 for
(a) quintic, and, (b) cubic vertical interpolation. (c-d) Difference in zonal-mean T between quinitc and cubic at (c)
TL255 horizontal resolution, and, (d) TCo1279 horizontal resolution. Note the larger impact quintic interpolation
at high horizontal resolution. Note also the reduction in horizontal resolution sensitivity with quintic interpolation.
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Low (80 km): quintic - cubic



Filtering 2∆" noise during semi-Lagrangian interpolation 
• Question: Does filtering 2∆"-noise in temperature via semi-Lagrangian vertical filter help 

horizontal resolution sensitivity?

• Filtering warms high horizontal resolution forecasts, no impact on low horizontal 
resolution. 

Sensitivity of lower-stratospheric temperature to resolution in the IFS

Figure 13: (a): Latitude-pressure cross sections of the zonal-mean T difference between TCo1279L137 and
TL255L137 for forecasts with 2Dz-filter on T . (b) Difference in T between filtered and unfiltered forecasts at
TCo1279L137. (c) Same as (b), but at TL255L137 resolution. The filter strength is SLHDEPSV=0.0025.
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Figure 13: (a): Latitude-pressure cross sections of the zonal-mean T difference between TCo1279L137 and
TL255L137 for forecasts with 2Dz-filter on T . (b) Difference in T between filtered and unfiltered forecasts at
TCo1279L137. (c) Same as (b), but at TL255L137 resolution. The filter strength is SLHDEPSV=0.0025.
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Figure 13: (a): Latitude-pressure cross sections of the zonal-mean T difference between TCo1279L137 and
TL255L137 for forecasts with 2Dz-filter on T . (b) Difference in T between filtered and unfiltered forecasts at
TCo1279L137. (c) Same as (b), but at TL255L137 resolution. The filter strength is SLHDEPSV=0.0025.
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Low (80 km): Filtered - CTRL High (9 km): Filtered - CTRL

Sensitivity of lower-stratospheric temperature to resolution in the IFS

Figure 13: (a): Latitude-pressure cross sections of the zonal-mean T difference between TCo1279L137 and
TL255L137 for forecasts with 2Dz-filter on T . (b) Difference in T between filtered and unfiltered forecasts at
TCo1279L137. (c) Same as (b), but at TL255L137 resolution. The filter strength is SLHDEPSV=0.0025.
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Impact of alleviating the cold bias on the tropospheric skill

• Quintic vertical interpolation 
applied on temperature and specific 
humidity alleviates the bias.

• Alleviating the bias has no 
statistically significant impact on 
extended range forecast skill scores 
(RPSS) in the Northern Hemisphere 
or on medium-range skill scores in 
the troposphere.  

Figure courtesy: Frederic Vitart
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Part I: Summary

• At higher horizontal resolution, IFS dynamical core cools in the global mean in the 
stratosphere à cold bias in the 150-50hPa region worse. Affects all forecast ranges. 

• Behaviour linked to 2∆"-noise in the vertical arising from inconsistent vertical to 
horizontal resolution aspect ratio and inability to resolve gravity waves in the vertical.

• Increasing the vertical resolution to 200 m eliminates the global mean cooling at 
higher horizontal resolution. 

• Filtering out 2∆"-noise or increasing the order of vertical SL interpolation also 
alleviate the global mean cooling at high horizontal resolution.  

• Alleviating the bias via quintic vertical interpolation or modest vertical resolution 
increase has no statistically significant impact on tropospheric skill scores.
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Part II: 
Potential temperature as a 
prognostic variable in IFS 

dynamical core
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IFS: Temperature and potential temperature formulation

• Question: Can using the potential temperature ! = # $%
$

&
instead of temperature T 

as a prognostic variable improve the temperature biases and the behavior of the IFS?    
Original, T-formulation '-formulation



Potential temperature as a prognostic variable in IFS
• Benefits of !-formulation:  

- Thermodynamic equation is simpler. No non-linear ‘Tw’ term. 
- Potential temperature is materially conserved in adiabatic scenario. Temperature 
is not.

• Note: In practice, the semi-Lagrangian advection in the "-formulation is performed on 
T-Tb with:

This means that the advected thermodynamic variable is essentially independent of 
orography. A compensating expression is then added to the right-hand side:

This procedure is redundant in θ-formulation, because θ naturally follows orography.

Chapter 3: Semi-Lagrangian formulation

where [RHS ] represents right-hand-side terms. The total derivative on the left-hand side is discretized in
a semi-Lagrangian fashion, and the final form of the discretized equation involves a vertical summation.

Now split ln ps into two parts:
ln ps = l∗ + l′ (3.32)

where the time-independent part l∗ depends on the underlying orography φs such that

l∗ = (−φs)/(RdryT̄ ) (3.33)

where T̄ is a reference temperature. This choice gives

∇φs +RdryT̄∇l∗ = 0 (3.34)

so that l∗ is (to within an additive constant) the value of ln ps appropriate for an isothermal state at rest
with underlying orography.

Using (3.32) and (3.33) gives
d

dt
(ln ps) =

dl′

dt
−

(

1

RdryT̄
v
∼H ·∇

∼
φs

)

(3.35)

The second term on the right-hand side is computed in an Eulerian manner and transferred to the
right-hand side of the continuity equation (3.31), which becomes

dl′

dt
= [RHS ] +

1

RdryT̄
v
∼H ·∇

∼
φs (3.36)

The new advected variable is much smoother than the original variable, since the influence of the
underlying orography has been subtracted out; hence, the semi-Lagrangian advection is presumably more
accurate.

3.6.3 Thermodynamic equation

As mentioned above, the semi-Lagrangian treatment of the continuity equation is improved by changing
the advected variable to a smoother quantity which is essentially independent of the underlying orography.
A similar modification has been implemented in the thermodynamic equation, borrowing an idea from
the treatment of horizontal diffusion. To approximate horizontal diffusion on pressure surfaces, thereby
avoiding spurious warming over mountain tops in sigma or hybrid vertical coordinates, the diffused
quantity is (T − Tc), with

Tc =

(

ps
∂p

∂ps

∂T

∂p

)

ref

ln ps (3.37)

where the subscript ‘ref’ denotes a reference value which is a function only of model level. For the purposes
of the semi-Lagrangian advection ln ps is replaced by a time-independent value as in (3.33), to define a
“temperature” Tb which depends only on the model level and the underlying orography:

Tb =−

(

ps
∂p

∂ps

∂T

∂p

)

ref

· φs/(RdryT̄ ) (3.38)

The semi-Lagrangian advection is now applied to the quantity (T − Tb), while a compensating expression

− v
∼H ·∇Tb − η̇

∂Tb

∂η
(3.39)

appears on the right-hand side of the equation and is computed in an Eulerian fashion (note that this
time it includes a vertical advection term).

24 IFS Documentation – Cy47r1

Chapter 3: Semi-Lagrangian formulation
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Potential temperature as a prognostic variable: Semi-implicit formulation 
• The semi-implicit formulation for ! as a prognostic variable can be achieved by considering a 

perturbation ! from a pressure dependent basic state θ0 (p). Details can be found in 
Polichtchouk, Malardel & Diamantakis (ECMWF TM, 2020)



IFS: Temperature and potential temperature formulation

• Question: Can using the potential temperature ! = # $%
$

&
instead of temperature T as a 

prognostic variable improve the temperature biases and the behavior of the IFS?

• To answer this question, perform several simulations in increasing complexity with 
'-formulation and T-formulation:

1. Dry and moist baroclinic instability adiabatic test cases (see Ullrich et al, 2012)

2. Uniform 10m/s flow over idealized Schär mountain in an isothermal atmosphere and 
on a small planet test case

3. Full complexity simulations with physical parametrizations. Longer 1-year forecasts 
and medium range forecasts are performed at varying horizontal resolutions.

• Physical parametrizations in the '-formulation are not changed and use temperature as input. 
This means that !àT conversion is performed before the call to physics and Tà! conversion 
after physics.  



Results: Dry and moist baroclinic instability idealized, adiabatic test cases
T-formulation
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Figure 1: Latitude-longitude cross sections of surface pressure [hPa] at day 10 of (left) dry and (right) moist
baroclinic wave test case. Top: IFS-CTRL; middle: IFS-q ; and bottom: IFS-CTRL minus IFS-q . Resolution is
TCo79L60, time step size is 3600s. Note the much smaller contour interval in the bottom panels.
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!-formulation

DRY MOIST

Difference

Surface pressure at t=10 days 
for the dry (left) and moist 
(right) baroclinic instability. 

Both formulations very similar. 

Polichtchouk, Malardel & Diamantakis
(2019, ECMWF TM)
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Figure 3: Model level vs. longitude cross sections at the equator of temperature perturbation [K] at t=31.5 min
for Schär-type mountain test case. Top: IFS-CTRL; middle: IFS-q ; and bottom: IFS-CTRL minus IFS-q .
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Results: Flow over idealized topography test case

T-formulation

!-formulation

Difference
(CI 14x smaller)

Polichtchouk, Malardel & Diamantakis

(2019, ECMWF TM)
Longitude

M
o
d
e
l 
le

v
e
l

Temperature perturbation at the 

equator at t=32 mins in the flow 

over topography test case.

Both formulations very similar. 



Results: Full complexity four 1-year forecasts at TL255L137 resolution 

!-formulation minus T-formulation
Potential temperature as a prognostic variable in hydrostatic SISL IFS
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Figure 6: Pressure vs. latitude cross sections of annual mean zonal mean (left) temperature and (right) zonal
wind differences between IFS-CTRL and IFS-q , for four year ensemble of one-year free-running simulations at
TL255L137 resolution.
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Figure 7: Same as Fig. 6, but for the differences between IFS-CTRL and IFS-lnq .

in the temperature anomaly correlation in Fig. 9. As the analysis above 10 hPa is influenced by the
underlying model (as comparatively little observations exist to constrain it), whether the small improve-
ments/degradations above 10 hPa are real is not clear.

Figure 11 shows the impact of IFS-q on medium-range weather forecast performance at TCo1279L137
resolution for July 2017 when verified against operational analysis. It was found that a smaller timestep
size of 360 s (instead of 450 s) was necessary for IFS-q stability. Preliminary investigations into the use
of different q0(p) (by choosing TR = 250 K and TR = 450 K, as well as by using a vertically varying TR),
or into advecting lnq , did not stabilize the integration with 450 s timestep. Again, the impact of IFS-q
on forecast skill at HRES is similar to TCo399L137 resolution performance with largely neutral impact.
Therefore, the conclusion is that IFS-q performs comparatively to IFS-CTRL.
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Zonal-mean, time-mean T Zonal-mean, time-mean U

• Both formulations produce very similar zonal-mean climate in the troposphere and 
stratosphere. Some global-mean warming signal evident in the "-formulation in the 
mesosphere.



Results: Full complexity medium-range weather forecasts

• No clear signal in the 
medium-range forecast 
scores at either high 
horizontal resolution 
(TCo1279 or 9 km) or 
low horizontal 
resolution (TCo319 or 
36 km).

• Currently no benefit 
identified from moving 
to potential temperature 
formulation. 

Potential temperature as a prognostic variable in hydrostatic SISL IFS

Figure 11: Change in (top left) RMSE and (top right) AC of temperature forecasts and in (bottom) RMSE of
vector wind forecasts when moving from IFS-CTRL to IFS-q at TCo1279L137 resolution in July 2017. Blue (red)
colours for RMSE indicate that errors are smaller (larger) for IFS-q . Blue (red) colours for AC indicate that AC
is smaller (larger) for IFS-q , and therefore worse (better) forecast. Hatched areas indicate statistical significance
at an estimated 90% confidence level.
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!-formulation
better

!-formulation
worse

Change in anomaly correlation for T: TCo1279 fcsts in December



Part II: Summary

• IFS semi-implicit, semi-Lagrangian, hydrostatic dynamical core re-written to use 
potential temperature instead of temperature as a prognostic variable. 

• Under a series of tests in increasing complexity, the potential formulation was 
shown to perform very comparably to the temperature formulation à no apparent 
benefit of adapting potential temperature as a prognostic variable seen as yet. 
Likely due to the IFS is already formulated to advect temperature, which is 
essentially independent of orography.

• Temperature biases in the stratosphere not due to the use of temperature 
instead of potential temperature as a prognostic variable.

• Horizontal resolution sensitivity of global-mean temperature not alleviated by 
using potential temperature as a prognostic variable. 



• Spatial distribution of resolution sensitivity likely a result of background conditions.
Large increase in N and small changes to U in the tropical lower stratosphere.

Increase in N à decrease in !z
Increase in U à increase in !z

Latitude       

[13] We cannot perform the same sensitivity tests with the
NCEP-RA. However, there are ‘natural’ sensitivity tests
included within the RA system. Assimilation of satellite
data (the main data contributor in the SH), started mainly in
1979, whereas assimilation of radiosonde data (mainly in
the NH) started in the early sixties. It is therefore useful to
analyze Nmax

2 over the full available NCEP-RA period
(1948–2005). Figure 4 (top) shows time-series of Nmax

2

from 1948–2005 obtained in the same way as for CMAM,
but averaged over consecutive years. A distinct jump in
Nmax
2 toward smaller values exists in the SH when satellite

data start to be assimilated (1979). No such jump is evident
in the NH in 1979. However, in the NH, Nmax

2 seems to
undergo a jump-like behavior toward larger values in the
early sixties when radiosonde data start to be assimilated.
Globally, the jump in Nmax

2 is still very evident, as is the case
in the tropics (not shown).

Figure 2. Zonal mean TB-mean buoyancy frequency squared (10!4 s!2, color shading) and isentropes (contours,
overworld dashed). (left) January, (right) July. From top to bottom: CMAM, CMAM-DA (year 2002), NCEP-RA (years
1998–2002). Thick white lines denote ~zTP. Dotted horizontal lines mark approximate location of model levels.

Figure 3. Time-series of Nmax
2 from CMAM (see text) for

December 2001–January 2002. DA is switched on
15 December, 00 UT and switched off 1 January, 00 UT
(indicated by gray shading). Global mean (full), 45! S–
75! S (dashed), 45! N–75! N (dotted).
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Question: Which horizontal scales contribute to the global mean cooling?

Unbalanced, gravity 
waves dynamics 
dominates

Balanced dynamics 
dominates

Rotational 
spectrum

Divergent 
spectrum

Total (horizontal) wavenumber N

• At higher horizontal resolution, more energy in the divergent part of the spectrum à
more of the gravity wave spectrum is resolved.


