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Stratosphere in IFS: Temperature biases in 46R1 against ERA-5

TCo639L137: 4 x 1yr forecasts 
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Stratosphere in IFS: Temperature biases in 46R1 against ERA-5

1) Cold polar 
lowermost 
stratosphere (LMS) 
bias of ~5K, 
maximizing in the 
Northern Hemisphere 
summer. 

Related to excessive 
water vapor and too 
much longwave 
cooling in this region 
(Stenke et al., 2008).

TCo639L137: 4 x 1yr forecasts 
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Stratosphere in IFS: Temperature biases in 46R1 against ERA-5

2) Cold mid- to lower 
stratosphere bias of 
~3K. Worse at higher 
horizontal resolution.

TCo639L137: 4 x 1yr forecasts 



1) Cold polar LMS bias: Historical perspectiveHistorical facts from Mike Blackburn’s office wall  

4 EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS 

 

 •  Cold bias almost identical in 
location in CY13R4 ! bias 
removed at T42L31 resolution 
by switching to semi-
Lagrangian (SL) dynamics ! 
water vapor advection better in 
SL scheme. 

 

•  The cold tropopause bias is 
common to almost all models  
(Boer et al. 1992, Butchart et al. 
2011)   

Cold bias was present in IFS already in 
1995. Bias was alleviated at T42L31 
resolution by switching to semi-
Lagrangian dynamics (SL)  à water 
vapor advection better in SL scheme. 

The cold tropopause bias is common to 
many models (e.g., Boer et al. 1992):

BOER ET AL.: INTERCOMPARISON OF RESULTS FROM ATMOSPHERIC GENERAL CIRCULATION MODELS 12,773 

TABLE 2. Comparative Resolution 

Model 

Number of 
Grid Total Number 

Model Horizontal Horizontal Points in Comparative Vertical of Grid Points 
Identifier Resolution Grid Horizontal Ratio Levels (x 1000) 

Comparative 
Ratio of 

Total 
Number of 
Grid Points 

LLNL/OSU 
MRI 
LMD-LO 
BMRC-LO* 
GFDL 
NCAR-LO 
MGO 
CCC-1 
ECHAM 
UGAMP-LO* 
UM* 
CCC-II 
BMRC-HI* 
UKMO 
NCAR-HI 
ECMWF 
UGAMP-HI* 
CNRM 
UGAMP-VHI* 

5 x 4 ø 72*45 3240 1.7 2 6.5 
A 5 16.2 

7.5 x 5 ø 48*36 1728 0.9 11 19.0 
B R15 48*40 1920 1.0 9 17.3 
C 9 17.3 
D 12 23.0 
E T21 64' 32 2048 1.1 9 18.4 
F 10 20.5 
G 19 38.9 
H 19 38.9 
I R21 64'54 3456 1.8 9 31.1 
J T32 96*48 4608 2.4 10 46.1 
K R31 96*80 7680 4.0 9 69.1 
L 3.75 x 2.5 ø 96*72 6912 3.6 11 76.0 
M T42 128'64 8192 4.3 12 98.3 
N 19 155.6 
P 19 155.6 
O 20 163.8 

T106 320* 160 51200 26.7 19 972.8 

0.4 
0.9 
1.1 
1.0 
1.0 
1.3 
1.1 
1.2 
2.2 
2.2 
1.8 
2.7 
4.0 
4.4 
5.7 
9.0 
9.0 
9.5 

56.3 

*Models run in "perpetual" mode. 

It must also be remembered that ocean surface tempera- 
tures and sea ice boundaries are specified based on climato- 
logical values in the simulation reported here. This acts to 
constrain the simulated surface climate to a considerable 
extent. Over land and sea ice, however, surface tempera- 
tures and other quantities are internally calculated. 

Previous intercomparisons of the results of AGCMs in- 
clude the "Report of the JOC study conference on climate 
models" [Gates, 1979], sections of the report entitled "The 
potential climatic effects of increasing carbon dioxide" 
[MacCracken and Luther, 1985], the report on the "Work- 
shop on systematic errors in models of the atmosphere 
[World Meteorological Organization (WMO), 1988], "Atmo- 
sphere-ocean heat fluxes and stresses in general circulation 
models" [Lambert and Boer, 1988, 1989], and the section 
"Validation of climate models" of the IPCC report [Gates et 
al., 1990], among others. 

Only a few of the most basic variables can be treated in 
any intercomparison of simulated climate. For this study, 
zonal cross sections of the differences in simulated and 

observed temperatures and cross sections of zonal wind and 
meridional stream function are investigated together with 
global distributions and zonal averages of mean sea level 
pressure and precipitation rate. Only a small subset of this 
information is presented here. As noted previously and 
indicated in Appendix B, a more complete presentation is 
available in report form. 

3. SIMULATED TEMPERATURE DISTRIBUTIONS 

Temperature is perhaps the most basic of all climate 
parameters. Its structure represents the balance of the 
energetic processes occurring in the climate system. All 
GCMs are capable of simulating the broad structure of the 
observed temperature distribution with its strong variation 
with height and latitude. Differences between plots of simu- 
lated and observed temperatures are difficult to discern 
visually because of these strong gradients. Subtracting ob- 

served from simulated temperatures highlights the differ- 
ences between them and an example of these differences are 
displayed in Figure 1. The results from only 2 of 14 models 
are shown for a single season but serve to illustrate the 
general nature of deficiencies in the simulated temperature 
as well as providing some direct and indirect information on 
the effects of resolution. 

It is immediately clear from Figure 1 (and the figures for 
the other 12 models which are not shown) that simulated 
temperatures are colder than observed temperatures when 
averaged over the mass of the atmosphere. This is true of all 
models to a greater or lesser degree, despite their marked 
differences in resolution and the variety of their physical 
parameterizations. 

There are characteristic regions of the atmosphere where 
simulated temperatures from all models have the same 
sense. This is shown in Figure 2 where the sense of the 
simulated temperature differences from those observed for 
all models is summarized for six broad atmospheric regions. 
The organization of Figure 2 and similar figures is explained 
in Table 3. All models evidence simulated temperatures that 
are colder than observed temperatures in regions 1 and 3 of 
Figure 2, namely the polar upper troposphere and lower 
stratosphere in both hemispheres. In these areas, tempera- 
ture differences are generally large, exceeding 20øC in some 
models. All models also exhibit generally colder than ob- 
served temperatures in region 5 of Figure 2, the broad 
"nonpolar" lower troposphere. Although the temperature 
anomalies are much smaller here than in regions 1 and 3, 
near-surface values are very important for the calculation of 
fluxes of sensible heat and moisture between the atmosphere 
and the underlying surface. 

It is rather remarkable that all models simulate tempera- 
tures which are too cold in regions 1, 3, and 5 given the 
various numerical methods, resolutions, and physical pa- 
rameterizations used in the different models. Such common 
model deficiencies are termed "systematic," "tenacious," 

12,774 BOER ET AL ß INTERCOMPARISON OF RESULTS FROM ATMOSPHERIC GENERAL CIRCULATION MODELS 
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Fig. 1. Differences between simulated and observation-based temperatures for northern winter/southern summer for 
the BMRC and NCAR models at different horizontal resolutions. Units are degrees Celsius. 

"insensitive," "universal," or "essential." Their existence 
suggests that all models suffer from a common deficiency in 
some aspect of their formulation. 

Although the majority of model results are also too cold in 
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Fig. 2. Differences in simulated temperatures from those ob- 
served for several regions of the atmosphere. C and W imply that 
simulated temperatures are predominantly too cold or too warm 
compared to observations. Asterisk indicates not clearly either 
warm or cold. The order of entries is shown in Table 3. 

regions 2, 4, and 6 of Figure 2, there are enough exceptions 
to indicate that the simulated temperatures in these regions 
do not display the universal and tenacious deficiencies 
discussed above. The tropical upper troposphere exhibits 
simulated temperatures which are warmer than observed in 
some models and colder than observed in others. The same 
is true in the lower troposphere in both polar regions. 
Apparently, the simulated temperatures in these regions are 
not insensitive to differences in model numerics, resolution, 
and physics. 

The separation of model deficiencies into those which are 
universal and tenacious in the face of differing numerics, 
resolution, and physical parameterizations and into those 
which are not is of modest interest, but it is necessary to ask 
how to overcome these errors and deficiencies. We consider 
in turn (1) the general coldness of the system as a whole, (2) 
the spatial distribution of the temperature differences, (3) 
any indication of the effects of resolution, and (4) any 
immediate indications of the sensitivity of the simulated 
climate to the parameterization of model physics. 

3.1. The Average Temperature 

The coldness of the average temperature simulated by the 
models is a notable and general feature. From the simplest 
point of view the global system should be in a radiative 
balance indicated by S(1 - a) =strT 4 where S is the net 
incoming solar energy per unit area, a is the planetary 
albedo, and e and T are the effective emissivity and temper- 
ature of the climate system. From this simple point of view 
an error in the effective average temperature implies 

Mike Blackburn’s office wall

~15K

~7K



1) Cold polar LMS bias: What else controls it?

• Switching off quasi-monotone 
filter and higher order SL 
interpolation in the IFS at low 
horizontal resolutions < TCo255  
(Diamantakis, 2014). 

• Modest increase in the vertical 
resolution at low horizontal 
resolution (Pope et al., 2000).

• Move to isentropic coordinates in 
the stratosphere (Chen & Rasch, 
2012).

Snapshot of 200hPa humidity at T+120
IFS TL255 (80km resolution)

Less diffusive (turn off quasi-monotone filter)

More diffusive (linear interp. for advection of humidity)

Figure courtesy: Richard Forbes 



1) Cold polar LMS bias: Resolution sensitivity in IFS

TCo639-TCo319 (18km –36km)TCo319-TL255 (36km-80km)

• For horizontal resolutions higher than TCo319 (36km) not much improvement.

• For vertical resolutions higher than 400m (or L137) also no improvement. 
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1) Cold polar LMS bias: Why still there at high resolution and in medium-
range forecasts?

TCo639L137 (18km horiz. res.) TCo1279L137 (9km horiz. res.)

• At 9-18km horizontal resolution and 300m vertical resolution, hygropause
gradients should be well resolved and numerics much less diffusive. 
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1) Cold polar LMS bias: Analysis too moist

• ECMWF analysis too moist in the 
lowermost polar stratosphere 
when compared to Microwave 
Limb Sounder (MLS). 

• Similar conclusions from 
comparison to aircraft 
observations (Dyroff et al., 2015) 
and to high vertical resolution 
Gimballed Limb Observer 
for Radiance Imaging of 
the Atmosphere (GLORIA) 
observations (see talk by 
Wolfgang Woiwode). 

Shepherd et al. (2018, TM)
Pr

es
su

re
 [h

Pa
]

Report on Stratosphere Task Force   
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mesoscale spectrum of moist processes and unbalanced motion around the tropopause, which becomes 
more active in the model as resolution increases, but is not well resolved. Diagnostics targeting such 
processes would be useful, and the sensitivity of cross-tropopause water vapour transport to numerics 
should be explored. High vertical-resolution water vapour measurements should be used for model 
evaluation, and are available from aircraft campaigns as well as from the ACE-FTS limb sounder. The 
possibility of assimilating sparse vertically-resolved stratospheric water vapour measurements should 
be explored. 

 

 

Figure 15. Bias in water vapour (in %) of the operational analysis from 2012/2013 (based on Cy38R2) 
with respect to Aura MLS, for DJF (left) and JJA (right).  

 

 

Figure 16. Impact on zonal-mean temperature of artificial reduction of water vapour above the 
extratropical tropopause.  
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1) Cold polar LMS bias: Impact of fixing the bias on the troposphere

• Artificially reducing specific humidity 
seen by the radiation scheme eliminates 
the bias.

• Removing the bias improves extended 
range forecast skill scores (RPSS) in 
Europe in the troposphere in weeks 2-3.  

Figure courtesy: Frederic VitartFigure courtesy: Robin Hogan

T: fixed-control

Europe Tropics



1) Cold polar LMS bias: Summary

• A cold polar lowermost stratosphere bias exists in many global models.

• Present in the IFS at all resolutions and all forecast lead times.

• An overestimate of water vapour in the lowermost stratosphere leads to 
too strong LW cooling.

• Reasons for the temperature and water vapour bias:

• Analysis too moist (due to lack of constraint from observations): 
Affects medium-range

• Water vapour leakage from moist troposphere to dry stratosphere 

• Fixing the bias has a positive impact on tropospheric predictability over 
Europe in extended-range forecasts.
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¸ ¸

T [K]: 9 - 80km 10day fc for July

2) Cold mid- to lower stratosphere bias: Horizontal resolution sensitivity
• Stratosphere cools in the global mean with increase in horizontal resolution à

biases worse. Affects all forecast ranges, from medium to seasonal.

• Resolved dynamics the culprit. Forecasts with no physical parametrizations, show 
the same horizontal resolution dependence. 

80 km

9 km

Verification against analysis
Full 
forecasts Fcsts with no 

parametrizations 



2) Cold mid- to lower stratosphere bias: Kinetic energy spectrum 

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

Unbalanced, gravity 
waves dynamics 
dominates

Balanced dynamics 
dominates

Rotational 
spectrum

Divergent 
spectrum

Total (horizontal) wavenumber N



2) Cold mid- to lower stratosphere bias: Role of gravity waves 

• Filter gravity waves out à reduces horizontal resolution sensitivity in the mid- to lower 
stratosphere.

• Total wavenumbers 40<N<300 (wavelengths:100-1000km) cool at high TCo1279 
horizontal resolution. Such scales are well resolved à not due to truncation errors in 
the horizontal direction.

High – Low: 
CTRL

High – Low: 
Filtered

¸ ¸

Latitude 

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

Polichtchouk et 
al. (2019, TM)



Other arguments:
• Stratified turbulence develops shear layer of thickness (e.g., Waite & Bartello, 

2004) 

• Gravity wave propagation through the stratosphere:

Dispersion relation (medium-frequency):  

2) Theoretical considerations: horizontal to vertical resolution aspect ratio

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
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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-
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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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2) Theoretical considerations: Gravity wave propagation
• 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.

|!z| ~ |c-U|/N

• Increase in Nà
decrease in !z.

• Increase in Uà

increase in !z.

[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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2) Cold mid- to lower stratosphere bias: Vertical resolution sensitivity
• Question: Does increasing vertical resolution eliminate the horizontal 

resolution sensitivity?

• 200m vertical resolution in the 150-50hPa region enough to eliminate 
horizontal resolution sensitivity (up to 9km horizontal res.).
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Figure courtesy: Tim Stockdale 

137L – standard IFS

198L – 200m in the lower strat.



2) Cold mid- to lower stratosphere bias: Vertical resolution sensitivity 

• Increase in vertical resolution leads to warming in the stratosphere at high 
horizontal resolution. No impact at low horizontal resolution.

Low horiz res. TL255:198L – 137L High horiz res. TCo1279:198L – 137L



2) Cold mid- to lower stratosphere bias: Higher order vertical SL interpolation
• Question: Does improving accuracy of vertical semi-Lagrangian advection 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 horiz res. TCo1279: 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 horiz res. TL255: quintic - cubic



2) Cold mid- to lower stratosphere bias: Filtering 2∆" waves out
• Question: Does filtering 2∆#-oscillations 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
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Low horiz res. TL255: Filtered - CTRL High horiz res. TCo1279: Filtered - CTRL
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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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2) Cold mid- to lower stratosphere bias: Impact on the troposphere

• 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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2) Cold mid- to lower stratosphere bias: Summary

• At higher horizontal resolution, IFS 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∆"-oscillations in the vertical arising from 
inconsistent vertical to horizontal resolution aspect ratio.

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

• Filtering out 2∆"-oscillations or increasing the order of 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.


