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Sensitivity of stratospheric temperature to resolution in the IFS

Abstract

All operational forecast systems at ECMWF suffer from lower tropical stratosphere cold bias, which
has a distinctive resolution dependency. At typical vertical resolutions of the ECMWF Integrated
Forecasting System (∼450m or ∼350m in the lower stratosphere), the lower stratospheric cold bias
is increased when the horizontal resolution is increased, while the upper stratospheric warm bias is
concomitantly reduced. This is because the stratosphere cools in the global-mean when horizontal
resolution is increased. The cooling is due to discretization errors in the vertical advection, associ-
ated with inadequate representation of resolved gravity waves in the vertical direction. Although for
typical climate model resolutions this problem is negligible, for high resolution numerical weather
prediction systems this is a serious problem. It is shown that an increase in i) the vertical resolution
and/or 2) the order of semi-Lagrangian vertical interpolation reduce the temperature sensitivity to
horizontal resolution via better representation of gravity waves in the vertical direction. It is alterna-
tively shown that filtering grid-point temperature oscillations in the vertical direction alleviates the
global-mean cooling of the stratosphere at high horizontal resolutions.

1 Introduction to the problem

Forecast skill scores are expected to improve as the resolution of a numerical weather prediction (NWP)
model increases. However, in the ECMWF Integrated Forecast System (IFS) forecast skill scores degrade
in the 100 to 50 hPa region at higher horizontal resolution. This is because IFS experiences a reduction in
global-mean temperature in the stratosphere (Shepherd et al. 2018). As the upper stratosphere in IFS is
biased warm and the lower stratosphere is biased cold (see Fig. 9 in Shepherd et al. (2018); also see Fig. 4
ahead), the lower-to mid-stratospheric cold bias is exacerbated, whilst the upper stratospheric warm bias
is alleviated to some extent, as a result of an increase in horizontal resolution. The focus of this report is
to elucidate this resolution sensitivity, and if possible, eliminate it. Such a behaviour is undesirable for
model development and tuning 1.

The cooling in the lower stratosphere with horizontal resolution increase can be seen in Fig. 1, which
shows the drift in zonal-mean temperature (with respect to high resolution operational analysis) for
medium-range forecasts started on each day at 00UTC in December (top) and July (bottom) in CY43R32.
The cooling at 50 hPa occurs at all latitudes — i.e., there is a global-mean cooling — and is larger for high
horizontal resolutions. For example, compare the drift in the TCo1279 horizontal resolution (∼9 km grid
spacing) forecasts (black line) to TCo399 horizontal resolution (∼30 km grid spacing) forecasts (pink
line in the top panel, and brown line in the bottom panel) at L137 vertical resolution. The seasonal ensem-
ble prediction system (henceforth SEAS5) shows the same behaviour for the global-mean temperature at
70 hPa in Fig. 2. This figure further shows that the cooling saturates on a time scale of few months, which
is the radiative timescale in the lower stratosphere. Both figures also reveal that lower vertical resolution
forecasts suffer from larger decrease in global-mean temperature for a given horizontal resolution (e.g.,
compare red line to green line in the top panel of Fig. 1, and, red line to dark blue line in Fig. 2).

A latitude-pressure cross section of the stratospheric temperature response to increase in horizontal reso-
lution is shown in Fig. 3 for medium-range forecasts. The figure shows that the cooling with the increase
in horizontal resolution is strongest in the tropics and in the summer hemisphere. Figure 4 shows the
horizontal resolution sensitivity of temperature bias in JJA in SEAS5. Since the horizontal resolution

1For example, changes to the radiation scheme discussed in Hogan et al. (2017), which improve the upper stratospheric and
mesospheric warm bias, slightly increase the lower- to mid- stratospheric cold bias. This degradation is larger at high horizontal
resolution and therefore prevents the otherwise beneficial radiation changes from being implemented operationally in the IFS.

2This behaviour is not limited to CY43R3, and is present in later and earlier model cycles.
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Figure 1: Regional temperature error verified against operational high resolution (HRES) analysis at 50 hPa for
medium-range forecasts started each day at 00UTC in December (top) and July (bottom) 2016 in CY43R3. Differ-
ent color lines show forecasts at different horizontal and vertical resolutions. “T” denotes horizontal resolution,
and “L” vertical. For example, “TCo639L91” stands for cubic octahedral grid at 639 spectral truncation, with 91
vertical levels; “TL799L137” stands for Gaussian linear grid at 799 spectral truncation, with 137 vertical levels.
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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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Figure 4: Latitude-pressure cross sections of JJA zonal-mean temperature bias against ERA-I (2001-2010, control
member) for TCo319 (left) and TCo199 (right) seasonal experiments with 137 levels.

sensitivity is present for all forecast ranges and in all seasons, this report focuses on understanding the
resolution sensitivity in medium-range forecasts in July.

This report is structured as follows. Section 2 shows that the cooling observed when the horizontal res-
olution is increased comes from the dynamical core, and in particular, from the discretization errors in
vertical advection, brought about by inadequate representation of resolved gravity waves in the verti-
cal direction. Section 3 presents solutions on how the horizontal resolution sensitivity of global-mean
temperature can be reduced via 1) an increase in the vertical resolution; 2) an increase in the order of
semi-Lagrangian vertical temperature interpolation; and 3) filtering grid scale waves in the vertical di-
rection in the temperature field. This section also gives theoretical arguments for why an increase in
horizontal resolution should be accompanied by an increase in vertical resolution (and/or more accurate
treatment of the vertical advection). Section 4 shows the impact on forecast skill scores of the solutions
proposed in section 3. Finally, summary, conclusions and recommendations are given in section 5.

2 Dynamical core

It is natural to ask whether the increase in the global-mean cooling observed at higher horizontal res-
olution is caused by the resolution sensitivity of the resolved or parametrized processes. To address
this, 10-day forecasts for July are performed at TL255 and TCo1279 horizontal resolutions (∼80 km
and ∼9 km, respectively), where all physical parameterizations and the wave model are switched off.
The latitude-pressure distribution of the temperature response to the increase in horizontal resolution is
shown in Fig. 5a. By comparing this figure to Fig. 3, it is clear that the resolution sensitivity is present,
and is larger, in the absence of physical parameterizations. This suggests that the cooling with horizontal
resolution increase is due to the dynamical core.

That the cooling is coming from the dynamical core can be further verified by running the full forecasts
(i.e., with all the parameterizations switched on) and examining the temperature tendencies from the
parametrized processes and the dynamical core (before applying the semi-implicit correction, the hyper-
viscosity and the sponge). The parametrized processes affecting the temperature budget are radiation,
clouds and convection, vertical diffusion, and, heating by dissipating gravity waves. The combined effect
of these parametrized processes is called the ‘total physics’ temperature tendency. The response to the
increase in horizontal resolution in the ‘dynamics’ and the total physics temperature tendencies is shown
in Fig. 6, together with the temperature response for forecasts at lead time of 3 days. It is clear that
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the difference in the dynamics tendencies can explain the total cooling observed when increasing the
horizontal resolution. From this, two other conclusions can be drawn: 1) The lack of response in the
radiation tendency (not shown) indicates that the cooling can not be attributed to an increase in water
vapour transport into the stratosphere at higher horizontal resolution that would result in an increase in
longwave cooling; and 2) dynamical core tendencies from semi-implicit correction, the hyper-viscosity
and the sponge — which are not included in the dynamics tendency shown in Fig. 6a— are not the
leading order terms behind the horizontal resolution sensitivity.

As the horizontal resolution is increased, a larger part of the gravity wave spectrum is resolved and more
energy is present in the stratosphere in the divergent part of the kinetic energy spectrum. This is shown in
Fig. 7. The transition to the divergence dominated regime occurs for total wavenumbers N greater than
∼20 (cf. thin lines to thick blue line in Fig. 7). However, the difference in the divergent kinetic energy
spectrum between low (TL255) and high (TCo1279) horizontal resolutions can be seen for N > 40:
There is considerable less energy in total wavenumbers 40 < N < 255 at low horizontal resolution (cf.
thin black line to thin blue line in Fig. 7). More energy in the divergent part of the spectrum indicates
more gravity wave activity.

To test if more gravity wave activity at higher horizontal resolution is the reason for the global-mean
cooling, additional forecasts were performed at TCo1279 and TL255 horizontal resolutions, in which a
strong damping on the divergence field was applied from 150 hPa upwards in order to eliminate resolved
gravity waves in the stratosphere. Note that in the current operational IFS, a strong divergence damp-
ing (i.e., the “sponge”) is applied from at 1 hPa upwards to filter out gravity waves and prevent wave
reflection from the upper boundary.

That filtering out gravity waves in the lower to mid stratosphere (i.e., applying the “deep sponge”), helps
to alleviate the horizontal resolution temperature sensitivity can be seen by comparing Fig. 5b to Fig. 3a.
Moreover, the filtering impacts higher horizontal resolution more than the lower horizontal resolution
(Fig. 5c vs Fig. 5d). Further tests where the divergence damping was restricted to a specified total
wavenumber range indicate that total wavenumbers 40 < N < 300 are responsible for this cooling (not
shown). This indicates that the representation of resolved gravity waves with horizontal wavelengths of
O(50−500km) is the reason for the global-mean cooling at high horizontal resolution with the current
operational distribution of vertical levels. It should be emphasised that the total wavenumbers 40 < N <
300 are not close to the truncation scale of the TCo1279 resolution. Therefore, further tests at TCo1279
where the hyper-dissipation —designed to remove energy near the truncation scale—was increased to
that of TL255 resolution, showed no sensitivity in the global-mean temperature.

Several mechanisms exist via which an increase in gravity wave activity at higher horizontal resolution
in 40 < N < 300 could lead to temperature changes: 1) via an increase in gravity wave drag and a
concomitant increase in adiabatic cooling via strengthened residual-mean meridional circulation; 2) via
an increase in eddy forcing terms in the thermodynamic equation (see ahead to equation 1); and, 3) via
discretization errors and non-conservation in the dynamical core.

From the spatial structure of the resolution dependence in Figs. 3 and 5a (i.e., with warming over the
winter pole and cooling elsewhere), there is some evidence that 1) could be playing a role. However,
we need a careful examination of the model output to establish if this, or the other two possibilities may
be at play. To do this, let us examine the horizontal resolution sensitivity of terms in the transformed
Eulerian-mean (TEM) thermodynamic equation in pressure p-coordinates (Andrews et al. 1987):

θ t +a−1v∗θ φ +ω
∗
θ p−Q =−[v′θ ′θ̄φ/aθ p +ω ′θ ′]p, (1)

where θ = T (p/p0)
κ is the potential temperature, with κ = R/cp, R the gas constant, and, cp the specific

heat at constant pressure; a is the radius of the Earth; Q comprises of diabatic heating (i.e., the radiation)
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Figure 5: Latitude-pressure cross sections of zonal-mean temperature response to an increase in horizontal reso-
lution from TL255 to TCo1279. (a) ‘Dynamics only’ forecasts, and, (b) ‘divergence damping in the stratosphere’
forecasts (see text) at lead time of 10 days in July. The mean over 31 start dates in July 2016 is shown. Difference
between the control forecast and the divergence damping forecast at (c) TCo1279 and (d) TL255 horizontal reso-
lutions. Notice the larger impact of divergence damping in the lower stratosphere at high horizontal resolution.
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Figure 6: Latitude-pressure cross sections of response in the accumulated zonal-mean temperature tendency [in
K/s × 3 days] to horizontal resolution increase (from TL255 to TCo1279) due to (a) dynamics and (b) total
physics. (c) Temperature response [in K] to horizontal resolution increase (from TL255 to TCo1279). Mean over
‘full physics’ July forecasts at lead time of three days are shown.

and other parametrized processes; and v∗ and ω
∗ is the residual-mean meridional circulation:

v∗ ≡ v− (v′θ ′/θ p)p (2)

ω
∗ ≡ ω +(acosφ)−1(cosφv′θ ′/θ p)φ , (3)

where v is meridional wind, and, ω = Dp/Dt is the vertical pressure velocity. As Q (i.e. the “physics”)
was shown not to be important for the global-mean cooling at higher horizontal resolution (see Fig. 6),
the only terms that can modify θ are i) the residual mean meridional circulation a−1v∗θ φ +ω

∗
θ p and

ii) eddy forcing term [v′θ ′θ̄φ/aθ p +ω ′θ ′]p. It should be noted that the second term in the eddy forcing
term is the convergence of gravity wave heat flux, which dominates in the stratosphere over the first
term (not shown). The primes refer to eddies. Because we will be comparing terms i) and ii) between
TCo1279 and TL255 horizontal resolutions, an eddy is chosen to mean a physical space representation of
a variable with total wavenumbers 40 < N < 255. In practice, the ω

∗ term dominates the residual mean
meridional circulation. In the stratosphere, the residual circulation is predominantly upward in the tropics
and downward over the winter pole. Upwelling is associated with adiabatic cooling and downwelling
with adiabatic warming (see e.g., a schematic of the residual circulation in the middle atmosphere in
Plumb (2002)).

Additionally, variation in static stability, which is proportional to θ p, plays a role in the global-mean
temperature budget (Fueglistaler et al. 2011). Therefore, it is also of interest to establish if ω

∗
θ p changes

when horizontal resolution increases.

By the downward control (Haynes et al. 1991), ω
∗ can also be computed as follows:

ω
∗ =

H
pacosφ

∂

∂φ

{
cosφ

∫ 0

p

D
f − (acosφ)−1∂ (ucosφ)/∂φ

}
d p′, (4)

where H is the scale height, f is the Coriolis parameter, u is the mean zonal wind, and, D is the zonal-
mean wave drag composed of the resolved and parametrized gravity wave drag. The contribution from
the resolved gravity wave drag to D is

− ∂

∂ p
ω ′u′. (5)
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Figure 7: Kinetic energy spectrum at 50hPa. Thin lines show divergent kinetic energy spectrum at different resolu-
tions: TL255L137 (black), TCo399L137 (red), TCo1279L137 (blue), and, TCo1279L198 (green). Thick blue line
shows rotational kinetic energy spectrum at TCo1279L137 resolution. For total wavenumbers N > 20, divergent
kinetic energy spectrum dominates in the stratosphere. Note the increase in wave energy with increase in vertical
resolution (cf. green and blue thin lines).
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It is conceivable that at high horizontal resolution, the resolved gravity wave drag from total wavenum-
bers 40 < N < 300 increases, leading to stronger ω

∗ and stronger adiabatic cooling in the tropics.

Let us now examine the change in the residual mean meridional circulation, the eddy forcing term in the
thermodynamic equation, and, the resolved gravity wave drag, with an increase in horizontal resolution.
This is shown in Fig. 8 (panels a-c). It is clear that the change in residual mean meridional circulation, or,
the eddy forcing term can not explain the observed cooling when horizontal resolution is increased (cf.
Fig. 8a-b to Fig. 3a). 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 (cf. Fig. 8c with Fig. 8d). Therefore, it is unlikely that mechanisms 1) or 2) proposed above,
are responsible for the cooling observed when increasing the horizontal resolution. The change in ω

∗
θ p

is nearly-identical to Fig. 8a (not shown). Therefore change in static stability (proportional to θ p) can
not be responsible for the global-mean cooling.

It should be further noted that an 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
horizontal resolution. This leads us to conclude that the discretization errors in the dynamical core are the
reason for this unphysical behaviour. Further evidence for this is provided in the Appendix, where results
from adiabatic dry, idealized gravity wave propagation experiments also show a global-mean cooling
with an increase in horizontal resolution. This is so even in the absence of critical and/or shear layers
and with no explicitly applied numerical damping. Moreover, the cooling with an increase in horizontal
resolution can also be observed in both the semi-Lagrangian and less diffusive Eulerian dynamical cores
of the IFS (not shown). Therefore, not accounting for frictional heating due to removal of kinetic energy
by diffusion (both explicit and implicit) in the dynamical core (Becker 2003), is an unlikely reason.

As the horizontal wavenumbers 40 < N < 300 driving the stratospheric cooling are well resolved in
the horizontal direction at TCo1279 resolution, the likely culprit behind the cooling is the vertical ad-
vection. Indeed, Fig.2 already shows that an increase in the vertical resolution alleviates global-mean
temperature sensitivity to horizontal resolution: This can be seen by e.g., comparing temperature drift
for TCo199L91 (red line) and TCo319L91 (orange line) to temperature drift for TCo199L198 (green
line) and TCo319L198 (pink line. In what follows theoretical reasons for why higher vertical resolution
is needed when increasing the horizontal resolution are reviewed and the results from forecasts with
higher vertical resolution presented.

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 reviewed in Waite (2016). It is reviewed here for completeness.

To resolve horizontal grid-scale quasi-geostrophic (QG) vortices, the aspect ratio should be consistent
with (Lindzen & Fox-Rabinovitz 1989):

∆z
∆x
∼ f

N
, (6)

where ∆z is the vertical grid spacing, ∆x is the horizontal grid spacing, f is the Coriolis parameter, and
N is the Brunt-Väisälä buoyancy frequency. As the total wavenumbers 40 < N < 300, responsible
for the horizontal resolution sensitivity, fall partially into the synoptic scales characterized by balanced
dynamics, this ratio might be relevant outside the tropics. If ∆x is taken to represent horizontal grid
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Figure 8: Latitude-pressure cross sections of zonal-mean potential temperature tendency [in K/s] difference
(TCo1279-TL255) due to (a) residual mean-meridional circulation, and, (b) eddy forcing term in the thermo-
dynamic equation (including the gravity wave heat flux convergence). Change in (c) resolved gravity wave drag
[in m/s/day], and, (d) parametrized gravity wave drag [in m/s/day]. Time mean over ‘full physics’ forecasts valid
at day three in July are shown. All the quantities have been computed on model levels.
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spacing applicable to 40 < N < 300 (i.e., ∆x ∼ 50-500km), at mid-latitude this results in vertical reso-
lution requirement of ∆z ∼100-1000m. For N =1279 (i.e, ∆x ∼10km), however, the vertical resolution
requirement is ∆z∼ 200 m.

Total wavenumbers 40 < N < 300 also fall within the mesoscale, characterized by stratified turbulence
and gravity waves, both of which have different requirements for vertical resolution. For example, strati-
fied turbulence has a −5/3 energy spectrum like that observed in the lower stratosphere (e.g. Nastrom &
Gage 1985, Bacmeister et al. 1996, Burgess et al. 2013). Stratified turbulence develops shear layers with
thickness around the buoyancy scale Lb ≡ 2πU/N (Billant & Chomaz 2001, Waite & Bartello 2004),
where U is a typical horizontal velocity scale. In the tropical lower stratosphere3, U ∼ 5 m s−1 and
N > ∈×∞′−∈ giving Lb ∼ 1km. Therefore, to resolve such shear layers a vertical resolution of ∼200m
would be required (given that at least four grid points are needed to represent a wave).

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 hydrostatic medium
frequency waves is (e.g., Fritts & Alexander 2003)

ω̂ = N

∣∣∣∣∣
√

k2 + l2

m

∣∣∣∣∣ , (7)

where (k, l,m) are the zonal, meridional and vertical wavenumber components, and, ω̂ ≡ ω− ku− lv is
the frequency that would be observed in a frame of reference moving with the background horizontal
wind u and v. Or equivalently, (7) can be rewritten for vertical wavenumber m

|m|= N

|ĉh|
, (8)

where ĉh ≡ ω̂/kh = (ch− ūh), with kh =
√

k2 + l2. Note that kh > 0 for ĉh > 0, and, kh < 0 for ĉh < 0.
Thus the vertical wavenumber can be related to static stability and background winds. Moreover, for
a given frequency and stratification, equation (7) implies that a decrease in the horizontal wavelength
should be accompanied by a decrease in the vertical wavelength. This further emphasizes the need to
increase vertical resolution with an increase in the horizontal resolution.

At the tropopause, a sharp transition between less stable tropospheric air and more stable stratospheric
air occurs. The increase in N is particularly pronounced in the tropics (see e.g., Figure 2 in Birner et al.
2006), where N increases by more than a factor of two. Moreover, the climatological tropical horizontal
winds change little at the tropopause. Therefore, from (8) the vertical wavelength of a gravity wave
should shrink by a factor of two as the wave propagates from the troposphere into the stratosphere. As a
result, a better vertical resolution would be needed in the stratosphere to model gravity wave propagation
accurately. Estimates of vertical wavelength from MU Radar measurements in Japan indicate that the
dominant vertical wavelengths in the lower stratosphere are 1-3 km (Sato 1994).

Lindzen & Fox-Rabinovitz (1989) state that inadequate vertical to horizontal resolution aspect ratio in
models can lead to many undesired artefacts, such as “spatial instability”, “incorrect solutions”, and
“other more complicated manifestations”. Moreover, 2∆z waves can be spuriously generated as a short
vertical wavelength gravity wave can no longer be resolved by the vertical grid as it propagates into the
stratosphere. Untch & Hortal (2004) showed that a vertical finite element scheme currently operational
in IFS, suffers less from the presence of 2∆z spurious waves in the stratosphere than the previously used
finite difference formulation on the Lorenz grid. Untch & Hortal (2004) also showed that the cold bias

3For zonal wind climatology please see ERA-40 Atlas https://software.ecmwf.int/static/ERA-
40 Atlas/docs/section D25/parameter zmzwsp.html
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Figure 9: Approximate IFS vertical resolution [m] as a function of pressure [Pa]. The black line shows 137 level
vertical resolution, which is used for the operational HRES. The orange line shows 91 level vertical resolution,
which is operational in ENS and in SEAS5. Other curves show different vertical level configurations tested in this
study.

in the lower stratosphere in IFS was markedly improved as a result of the move to the vertical finite
elements. Indeed, it is found here that the use of the vertical finite elements markedly reduces horizontal
resolution sensitivity of temperature in comparison to the finite difference scheme on the Lorenz grid
(compare Fig. 25a to Fig. 25d in the Appendix). It is possible that an increase in vertical resolution further
eradicates the spurious 2∆z waves and therefore an investigation into the vertical resolution sensitivity of
the global-mean temperature is warranted.

Let us now examine the vertical resolution in the IFS. Figure 9 shows approximate vertical resolutions
(based on the standard atmosphere approximation) for the operational high resolution (HRES) 137 level
configuration (in black), and operational medium-range ensemble prediction system (ENS) and SEAS5
91 level configuration (in orange). The vertical resolution reduces in the upper troposphere/lower strato-
sphere (UTLS) in both configurations, where the vertical coordinate is stretched at ∼250hPa. In the
137-level (91-level) configuration, the vertical resolution degrades from 300m (400m) in the free tropo-
sphere to 400-500m (500-600m) in the lower- to mid-stratosphere. If at least four to six grid points are
needed to represent a wave, the effective vertical resolution in the UTLS is >2km for the 137-level con-
figuration and >3km for the 91-level configuration. From equation (8) and the discussion above, such
stretching is undesirable for gravity wave propagation into the stratosphere. It should be noted that Wedi
& Smolarkiewicz (2006) found that a quasi-biennial oscillation in the stratosphere was not produced
with less than five grid points per vertical wavelength. Instead 10-15 grid points per vertical wavelength
were needed to achieve convergence. Therefore, the four to six grid points quoted above is an optimistic
estimate.

Given the above theoretical considerations, it is possible that the current vertical resolution in the strato-
sphere is too coarse for the higher TCo1279 horizontal resolution. To test what impact increasing vertical
resolution has on the “cooling with horizontal resolution” problem, forecasts with increased vertical res-
olution in the lower- to mid- stratosphere were performed (see other curves in Fig. 9 for the vertical
resolutions tested). The results are discussed in the following section.
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Figure 10: Same as Fig 3a, but at L198 vertical resolution.
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3.2 Vertical resolution sensitivity experiments

Figure 10 shows the impact of increased vertical resolution (to 198 levels) on the horizontal resolution
sensitivity of temperature. As can be seen from the figure, L198 vertical resolution — which implies
200m vertical grid spacing in the mid- to lower stratosphere — is enough to eliminate the horizontal
resolution sensitivity, at least in forecasts at a lead time of 10 days (cf. Fig. 10 to Fig. 3a). Moreover, as
is shown in Fig. 11, the vertical resolution increase has the largest impact at high horizontal resolution,
whereas the low horizontal resolution simulations are hardly affected by the vertical resolution increase
(cf. Fig. 11a-e with Fig. 11f). That the near convergence in the mid- to lower stratosphere for medium-
range forecasts is achieved at 200m (or L198) vertical resolution at TCo1279 horizontal resolution can
be seen by comparing panel d) to panels a-c) in Fig. 11.

Examination of the eddy kinetic energy spectrum between high and low vertical resolution forecasts at
TCo1279 horizontal resolution, reveals that the high vertical resolution forecasts have more energy in
total wavenumbers N > 50 in the stratosphere, than their low vertical resolution counterparts (cf. thin
blue line to thin green line in Fig. 7). An increase in divergent kinetic energy in the stratosphere with
increase in vertical resolution has also recently been reported in the Met Office UM by Cullen (2017).

Interestingly, the vertical resolution requirement for convergence in the mid- to lower stratosphere in
SEAS5 is also 200m (compare green and pink lines at L198 vertical resolution to grey lines at L320
vertical resolution in Fig. 2), despite the much lower horizontal resolution in SEAS5 than in medium-
range forecasts (i.e., TCo199 and TCo319 vs TCo1279). It is possible that for longer lead times than 10
days, the TCo1279 forecasts would continue to cool more than the lower horizontal resolution forecasts.
Therefore, vertical grid spacing finer than 200m in the mid- to lower stratosphere might be required to
alleviate horizontal resolution sensitivity of temperature at longer lead time.

However, it is also possible that the vertical resolution requirement for alleviating the global-mean cool-
ing problem in the stratosphere is determined by the amplitude of gravity wave energy (i.e., the divergent
kinetic energy spectrum) in total wavenumbers 40 < N < 300, as these horizontal scales appear to pro-
duce 1-3km vertical scales that require high vertical resolution. As the divergent eddy kinetic energy in
horizontal wavenumbers 40 < N < 300 is similar for horizontal resolutions >TCo399 (cf. red to blue
thin line in Fig. 7), similar vertical resolution requirement is likely for all horizontal resolutions larger
than TCo399.

3.3 Higher order vertical interpolation

The increase in the vertical resolution ultimately results in a more accurate vertical advection. Therefore,
the next natural question to ask is whether an implementation of a higher order vertical interpolation
in the semi-Lagrangian dynamical core could help to alleviate the global-mean cooling observed when
increasing the horizontal resolution. In the current operational IFS (at the time of writing, CY46R1), a
third-order Lagrange interpolation is used to interpolate prognostic variables to the trajectory departure
point in the horizontal and vertical directions. To test if higher order vertical interpolation is of benefit
to the cooling problem, forecasts with a quintic Lagrange vertical interpolation, applied on temperature
and specific humidity are performed 4.

Figure 12 shows that the quintic vertical interpolation indeed reduces the horizontal resolution sensitivity
(Fig. 12a vs Fig. 12b) by warming the higher horizontal resolution forecasts (Fig. 12c vs Fig. 12d).

4Quintic vertical interpolation on specific humidity is applied for consistency. Further tests indicate that quintic vertical
interpolation on specific humidity only results in very little change from cubic interpolation.
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Figure 11: Latitude-pressure cross sections of the zonal-mean temperature difference between lower and higher
vertical resolutions at (a-e) TCo1279 horizontal resolution, and, (f) TL255 horizontal resolution. (a) L91 - L137;
(b) L137-L158; (c) L158-L198; (d) L240-L198; (e) L137-L198 (TCo1279); (f) L137-L198 (TL255). Note the larger
impact of vertical resolution increase at high horizontal resolution.
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Figure 12: (a-b): Latitude-pressure cross sections of the zonal-mean temperature difference between TCo1279 and
TL255 for (a) quintic, and, (b) cubic vertical interpolation. (c-d) Difference in zonal-mean temperature between
quintic and cubic at (c) TL255 horizontal resolution, and, (d) TCo1279 horizontal resolution. Panel (b) in this
figure is a repeat of Fig. 3a. Note the larger impact of quintic interpolation at high horizontal resolution. Note
also the reduction in horizontal resolution sensitivity with quintic interpolation.
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3.4 Filtering grid-scale oscillations in the vertical

Both increasing the vertical resolution or implementing a higher-order vertical semi-Lagrangian inter-
polation reduce the global-mean stratospheric cooling observed when horizontal resolution is increased.
This confirms that the problem arises from the discretization errors in the representation of vertical ad-
vection. It is therefore of interest to establish if filtering grid-scale oscillations in the vertical direction
will also result in alleviating the ‘cooling with increase in horizontal resolution’ problem by essentially
eliminating these poorly resolved waves. To test this, a Laplacian vertical grid-point filter in the semi-
Lagrangian interpolation (SLVF, described in Váňa et al. (2008)), that most strongly damps 2∆z grid
scale oscillations, was applied throughout the vertical domain on temperature only, leaving the horizon-
tal direction unfiltered. Thus unlike the strong divergence damping (i.e., the “deep sponge”) setup, the
SLVF filter does not damp energy in horizontal wavenumbers (this was verified by calculating the ki-
netic energy spectrum with the SLVF filter on). As the SLVF filters oscillations that are unresolved in
the vertical direction, it does not damp energy/momentum fluxes for gravity waves with larger vertical
wavelengths (>2km) and horizontal wavelengths in the 40 < N < 300 total wavenumber range. It should
be noted that while the SLVF filter damps the 2∆z oscillations the strongest, it also damps oscillations
> 2∆z.

Figure 13 shows the impact of the SLVF filter on the zonal-mean temperature. Clearly, the vertical
filtering is beneficial for the cooling problem, as the horizontal resolution sensitivity almost disappears
in the lower- to mid- stratosphere when the filter is applied (cf. Fig. 13a with Fig. 3a). Again, the impact
of the filter is felt more strongly in the high horizontal resolution forecasts (cf. Fig. 13b with Fig. 13c),
confirming that the dynamical core is struggling to accurately represent gravity wave propagation in the
vertical in the stratosphere, if the vertical resolution/aspect ratio is not fine enough.

4 Impact on medium-range forecast skill scores

Having established that a higher vertical resolution, quintic vertical interpolation, and the SLVF vertical
filter, all alleviate the global-mean cooling observed when increasing horizontal resolution, it is timely
to examine the impact of these model changes on medium-range forecast skill scores. In what follows,
testing is done in forecast mode only and all forecasts are verified against the HRES operational analysis.
For more accurate verification, analysis experiments with these model changes need to be performed.

Figures 14-16 show the impact of increased vertical resolution on the root-mean square error of geopo-
tential height (henceforth Z RMSE) at different lead times, at TCo1279 horizontal resolution. It is clear
that the lower- to mid- stratospheric Z RMSE is improved by as much as 50% in the 240L vertical resolu-
tion experiments. This improvement is coming from the improvement in the zonal-mean temperature in
the lower- to mid- stratosphere, as shown in Fig. 17. Thus, increased vertical resolution indeed reduces
the global-mean cooling of the stratosphere, leading to a reduction of the cold bias in the lower- to mid-
stratosphere, but an increase of the the warm bias in the upper stratosphere, at least when verified against
HRES operational analysis.

Figures 18-20 show the impact of the quintic vertical interpolation on the Z RMSE and on the regional
mean temperature error in the stratosphere. Again, the impact of the quintic vertical interpolation is pos-
itive in the lower- to mid- stratosphere but negative in the upper stratosphere, for exactly the same reason
as for the higher vertical resolution forecasts. In addition, skill score improvement from quintic vertical
interpolation and a moderate vertical level increase (to 300m or 157L) appears to be additive. This is
shown in Figs. 19-20. For example, Fig. 20 shows that the TCo1279L157 quintic vertical interpolation

Technical Memorandum No. 847 17



Sensitivity of stratospheric temperature to resolution in the IFS

Figure 13: (a): Latitude-pressure cross sections of the zonal-mean temperature difference between TCo1279L137
and TL255L137 for forecasts with the SLVF vertical grid point filter applied on temperature. (b) Difference in tem-
perature 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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forecast (green lines) show less cooling at 50 hPa than the TCo1279L157 cubic vertical interpolation
forecast (black lines) and TCo1279L137 quintic vertical interpolation forecast (red lines).

Finally, the impact of vertical SLVF filter on the Z RMSE and on the regional mean temperature error
in the stratosphere is shown in Figs. 21-22. As expected, the impact of the SLVF filter is positive in
the lower- to mid stratosphere. Moreover, the horizontal resolution sensitivity of the temperature drift
is reduced by the use of the SLVF filter (cf. red and green lines at TCo1279 horizontal resolution to
black and blue lines at TCo399 horizontal resolution). However, more tuning to the SLVF filter would
be required (e.g., to the filter coefficient or to the vertical extent over which SLVF is applied) for better
performance, especially in the tropical troposphere (see the negative RMSE signal there in Fig. 21).

5 Summary, conclusions and recommendations

The global-mean cooling observed in the IFS when the horizontal resolution is increased is due to the
dynamical core. This cooling exacerbates the lower- to mid stratospheric cold bias and makes the model
development hard (as e.g. model tuning performed at lower horizontal resolution might no longer be
valid at higher horizontal resolution). Several causes for the global-mean cooling were investigated and it
was shown that it arises from discretization errors in vertical advection. That the cooling with horizontal
resolution increase is unphysical was further illustrated by a dry idealized flow over topography test case,
devoid of any sources or sinks, where it was shown that the IFS experiences a larger loss of global-mean
temperature at higher horizontal resolution.

As the horizontal resolution increases, a larger part of the gravity wave spectrum is resolved in the hor-
izontal. However, resolving vertical propagation of such gravity waves — especially in the stratosphere
— is a challenge at operational vertical resolutions (L137 for HRES, L91 for ENS and SEAS5). It was
shown that increasing the vertical resolution sufficiently to resolve 1-3km vertical wavelength waves in
the lower- to mid stratosphere alleviated the global-mean cooling at high horizontal resolution. Improv-
ing the accuracy of vertical advection via a quintic vertical interpolation (instead of a cubic) was also
shown to be able to contribute to an alleviation of the cooling at high horizontal resolution. Moreover,
if the poorly resolved 1-3km vertical wavelength waves were filtered out in the temperature field in the
vertical direction, the cooling at high horizontal resolution disappeared. Thus the solution is to either
resolve the 1-3km vertical wavelengths well (via an increase in vertical resolution or quintic vertical
interpolation) or not have them in the model at all (via filtering them out in the vertical).

These results have following implications:

• The horizontal wavelengths responsible for the undesired cooling at higher horizontal resolution
are O(50−500km). Such waves are well resolved at TCo1279 horizontal resolution. If the kinetic
energy in these horizontal wavelengths is unchanged as a result of further increase in horizontal
resolution, it is unlikely that the cooling problem will be exacerbated at higher resolution than
TCo1279. Indeed, a comparison of kinetic energy spectrum at TCo2559 and TCo1279 horizontal
resolutions shows an equal amount of energy in total wavenumbers 40 < N < 300 (not shown).
However, TCo2559 simulations with deep convection parametrization turned off suggest a sub-
stantial increase in the amplitude and spectral slope in the 40< N <300 range (not shown). That
the removal of physical parameterizations substantially alters energy spectrum was discussed in
Malardel & Wedi (2016). As a result, it is possible that an increase in horizontal resolution accom-
panied by a removal of parametrized processes could lead to further cooling.

• Horizontal wavelengths in the total wavenumber 40 < N < 300 range appear to be associated
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with 1-3km vertical wavelengths in the stratosphere. This conclusion is supported by the lower-
stratospheric radar observations in Sato (1994), who found that the 100-1000 km horizontal wave-
length waves are associated with 1-3km vertical wavelength waves (see Figure 7 and 8 in Sato
(1994)). Therefore, the here found 200m (or L198) vertical resolution requirement in the strato-
sphere is expected from the requirement to resolve 1-3km vertical wavelength waves by > 4 grid
points. Therefore any atmospheric model that resolves O(50− 500km) horizontal wavelengths
well, would benefit from a vertical resolution increase in the stratosphere that would allow to
resolve 1-3km in the vertical.

• It is, however, unclear what role these short 1-3km vertical wavelength waves play in the middle-
atmosphere. From the mid-frequency approximation to the gravity wave dispersion relation, the
total vertical flux of horizontal momentum due to gravity waves Fph is (Ern et al. 2004)

Fph =
1
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m
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N

)2
(

T
T ′

)2
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Therefore small vertical wavelength waves carry less momentum than large scale waves for a fixed
horizontal wavelength. Therefore they are unlikely to play a big role in the momentum budget.
This begs a question whether applying a vertical grid point filter (such as SLVF) to remove these
small-scale waves would be justified, and, in fact desirable.

• Increasing vertical resolution in the stratosphere is shown to increase gravity wave activity there
(see Fig. 7) as the waves propagating from the troposphere into the stratosphere are no longer
filtered out by the stretched vertical grid in the UTLS. If the same high vertical resolution is not
kept throughout the stratosphere all the way to the start of the sponge, it is possible that the global-
mean cooling with horizontal resolution increase is pushed further up. An indication of this can be
seen in Fig. 25b, for the idealized gravity wave propagation test case.

• It has been reported in several previous technical memoranda (Polichtchouk et al. 2017, Hogan
et al. 2017, Shepherd et al. 2018) that the removal of the sponge, used to absorb vertically propa-
gating waves near the model top, has a global cooling effect in the upper stratosphere/mesosphere.
This result was puzzling and could not be explained via an increase of resolved gravity wave drag
and a concomitant strengthening of the residual mean meridional circulation, brought about by the
removal of the sponge. This is because any change in upwelling should be compensated by the
same change in downwelling, resulting in net zero change in global-mean temperature. Given the
results in this study, the answer to this puzzle becomes clearer: The removal of the sponge leads to
more energy in 40 < N < 300 waves in the upper stratosphere/mesosphere, and, therefore to more
unresolved vertical grid-scale oscillations. This, in turn, implies more discretization errors in the
vertical advection and hence stronger global mean cooling. However, with an increase of vertical
resolution to 200 m throughout the middle atmosphere, the global warming effect of the sponge is
likely to dissappear.

• The above point should be contrasted with the result that by removing the sponge, gravity wave
momentum fluxes are closer to the observations (e.g. lidar observations in Scandinavia and Patag-
onia – Gissinger et al. manuscript in preparation). Therefore, while the sponge might reduce the
global-mean cooling problem (at the current vertical resolution) by filtering out all gravity waves,
it damps the well resolved (in both the horizontal and vertical directions) gravity wave momentum
fluxes too much. Note that short vertical wavelength waves are not expected to carry much mo-
mentum (see third point above). Therefore, a potential model improvement would be to filter out
unresolved gravity waves in the vertical by the SLVF filter while reducing the depth of the sponge.
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The SLVF filter would alleviate the unwanted global-mean cooling, while a shallower sponge
would improve the amplitude of resolved gravity wave momentum fluxes in the stratosphere.

• Finally, this report highlights an important point for model development in that any dynamical core
changes, which affect the middle atmosphere, need to be tested at high horizontal resolution. As
seen here, erroneous conclusions of “no-impact” might be drawn if tests are only conducted at low
horizontal resolution.

The recommendations from these findings are as follows:

• Given the temperature sensitivity to the vertical resolution, all forecasting systems (i.e., HRES,
ENS and SEAS5) should employ the same vertical resolution in order to make model development
easier.

• More accurate quintic vertical interpolation on temperature and specific humidity should be used
operationally, as this reduces the horizontal resolution sensitivity in the stratosphere.

• To further alleviate the horizontal resolution sensitivity and improve skill scores in the lower- to
mid- stratosphere, a possibility of combining quintic vertical interpolation with the SLVF filter
should be further explored as this is a cheaper alternative to increase in vertical resolution. This
could allow for the implementation of modified solar UV spectrum in the radiation scheme dis-
cussed in Hogan et al. (2017). While 300m (i.e., L157) vertical resolution accompanied with the
quintic vertical interpolation would already greatly improve on the horizontal resolution sensitiv-
ity, the cost of vertical resolution increase can not be at present justified given the lack of skill
improvement in the troposphere.

• Ultimately, consideration should be given to an increase in the vertical resolution everywhere in the
stratosphere all the way up to the model sponge. Stretching in the vertical grid in the stratosphere
before the model sponge should be avoided. However, more work is needed to assess the impact
of better gravity wave representation in the stratosphere on tropospheric forecast skill. Thus far,
medium- and extended-range forecasts with higher vertical resolution have not shown enhanced
tropospheric predictability.
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A Idealized gravity wave propagation test case

It is shown here that the global mean cooling observed when the horizontal resolution is increased can
also be seen in a very idealized dry “gravity wave propagation” test case, devoid of sources or sinks.

The setup is a “uniform flow over a Gaussian mountain” test case on a small planet. The details of the
setup can be found in Ullrich et al. (2016) and are summarized in a schematic in Fig 23. Essentially,
the initial condition is isothermal atmosphere with uniform 10 m s−1 zonal wind. A Gaussian mountain,
with 50km half-width and 2km height is prescribed. In a small-planet setup (Wedi & Smolarkiewicz
2009), the radius of a planet is reduced, so that the gravity wave generation and propagation can be stud-
ied even at a relatively coarse resolution. Horizontal resolution sensitivity is performed at TCo639L91
and TCo319L191 resolutions with identical time step size of ∆t =75s. The planetary radius is reduced
by a factor of 12, so that the half-width of a mountain is resolved by at least 16 grid points. It is im-
portant to stress that this test case is free from critical layers, moist dynamics, and, externally imposed
sources/sinks. In addition, all explicit numerical filters (including the sponge near the upper boundary)
are switched off.

Figure 24 shows temperature perturbation at 24 hours into the evolution, showing a gravity wave prop-
agation with vertical wavelength of 3-4km. Figure 25 shows the difference in global-mean temperature
between the high (TCo639) and low (TCo319) horizontal resolutions as a function of pressure and lead
time. As expected, the IFS cools more in the global-mean at higher horizontal resolution. Moreover, the
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“problem” seems to be unrelated to critical levels. As there are no externally imposed sources/sinks, the
vertically integrated global mean temperature should be conserved. However, this is clearly not the case.
The drift in vertically averaged global-mean temperature can further be seen in the global temperature
norm in Fig. 26.

This idealized test case provides a convenient testbed to assess the impact of other model changes on
the global-mean cooling with resolution problem. Thus, the impact of 1) the use of less accurate vertical
finite differencing vertical discretization on the Lorenz staggered grid, instead of the operational third
order finite element vertical discretization; 2) the vertical resolution increase; and, 3) quintic vertical
interpolation is further assessed. The results on the global-mean temperature and the temperature norm
are also shown in Figs. 25-26.

As expected, all setups show loss of global-mean temperature, which is exacerbated with increase in
horizontal resolution. It is also clear that the third order vertical finite elements perform considerably
better than vertical finite differencing (cf. black and dark green curves with red and blue curves in
Fig. 26). As is the case for the full model setup, quintic vertical interpolation also improves on the
global-mean cooling (cf. cyan and orange curves with red and blue curves in Fig. 26).

Interestingly, there is a lack of obvious improvement in global-mean temperature with increase in vertical
resolution (see Fig. 25b, and, cf. light green and pink curves with red and blue curves in Fig. 26). As
the vertical resolution is increased, less gravity waves are filtered out as they propagate into the middle
atmosphere, resulting in more energy in the divergent modes (see Fig. 7 for the full forecasts). Since
the global-mean cooling is associated with inadequate representation of gravity wave propagation by the
vertical advection, increasing the vertical resolution in the mid- to lower stratosphere appears to just push
the problem from lower down to higher up, as confirmed in Fig. 25b. While in the 100-10hPa region,
the increase in vertical resolution alleviates the cooling with increase in horizontal resolution problem,
higher up, where the vertical resolution begins to decrease again, the cooling with horizontal resolution
re-emerges and is stronger than for the lower vertical resolution experiments (cf. Fig. 25a with Fig. 25b).
This would imply that the increase in vertical resolution should be carried out all the way to the start of
the model sponge, where gravity waves leading to this problem are removed.
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Figure 14: Impact of going to 157 vertical levels from 137 levels on RMSE forecast error of geopotential height for
different lead times. Blue colors show that increase vertical resolution lowers (i.e., improves) RMSE. Horizontal
resolution is TCo1279. CY43R3. Verification is against HRES operational analysis.
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Figure 15: Same as Fig. 14, but for 198 levels.
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Figure 16: Same as Fig. 14, but for 240 levels.
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Figure 17: Regional mean temperature error [K] at different heights in the stratosphere for 137L, 157L, 198L and
240L experiments at TCo1279 horizontal resolution for July. Verification is against HRES operational analysis.
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Figure 18: Same as Fig. 14, but for quintic vertical interpolation.
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Figure 19: Same as Fig. 14, but for quintic vertical interpolation at 157L vertical resolution.

30 Technical Memorandum No. 847



Sensitivity of stratospheric temperature to resolution in the IFS

Figure 20: Regional mean temperature error [K] at different heights in the stratosphere for cubic TCo1279137L,
quintic TCo1279L137, cubic TCo1270157L, and, quintic TCo1279L157 forecasts at TCo1279 horizontal resolu-
tion for July.
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Figure 21: Same as Fig. 14, but for vertical SLVF filter at TCo1279L137 resolution. CY46R1.
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Figure 22: Regional mean temperature error [K] at different heights in the stratosphere for July forecasts with
and without SLVF vertical grid point filter at TCo1279L137 (green lines with SLVF, blue lines without) and
TCo399L137 (red lines with SLVF, blue lines without) resolutions. July. CY46R1.
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Figure 23: Schematic of the Gaussian mountain test case on a small planet.

Figure 24: Temperature perturbation [K] (from 300K isothermal reference state) of the Gaussian mountain test
case, at t=24h, at TCo639L137 resolution.
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Figure 25: (a) Difference in global-mean temperature between TCo639L137 and TCo319L137 for Gaussian moun-
tain test case simulations, as a function of pressure and lead time [in hours]. The high resolution simulation clearly
looses more global-mean temperature. (b) Same as (a), but at L198 vertical resolution. (c) Same as (a), but with
quintic vertical interpolation on temperature. (d) Same as (a), but with finite difference instead of finite element
vertical discretization.
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Figure 26: Departure of the global temperature-norm (norm over the whole domain, vertical and horizontal) from
its initial value at t = 0 Gaussian mountain test case, for different model settings. Finite element: TCo319L137
(blue), TCo639L137 (red), TCo319L198 (pink), and TCo639L198 (green). Finite difference; TCo319L137 (dark
green) and TCo639L137 (black). Finite element with quintic vertical interpolation; TCo319L137 (orange) and
TCo639L137 (cyan). ‘H’ refers to high, and, ‘L’ to low horizontal resolution.
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