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2ECMWF, Reading, UK Accurate representation of near-tropopause fields is important for the forecast
skill of numerical weather prediction models, yet there remain significant sys-
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casts due to long-wave radiative cooling. Experiments are conducted with the
European Centre of Medium-Range Weather Forecasts global forecast system
where the humidity in a layer 0-4 km above the tropopause in the extratropics
is reduced to correct the moist bias in the initial conditions. In these experi-
ments, the lowermost stratosphere cold bias growth is halved compared with
the control and gradually remoistens, returning to typical analysis values with
a half-life of around 8-9 days. The reduction in cooling in the lowermost strato-
sphere is due to a reduction in long-wave radiative emission from the water
vapour above the tropopause. The main contributors to the remoistening are
resolved advective transport and parametrised turbulent mixing in the model,
the cloud microphysical process rates being similar in the modified and con-
trol experiments. The biases in near-tropopause moisture transport are almost
independent of horizontal resolution. These results show that the temperature
bias in the extratropical lower stratosphere can be reduced by correcting the col-
located moist bias, but the moist bias cannot be fixed by solely correcting the
initial conditions and further model improvements are also required to reduce
Cross-tropopause moisture transport.

KEYWORDS

atmosphere, extratropical weather systems, humidity, midlatitude, numerical methods and NWP,
radiation, stratosphere, tropopause

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
original work is properly cited.
© 2024 The Author(s). Quarterly Journal of the Royal Meteorological Society published by John Wiley & Sons Ltd on behalf of Royal Meteorological Society.

QJ R Meteorol Soc. 2024;1-17. wileyonlinelibrary.com/journal/qj | 1


https://orcid.org/0000-0003-2706-2853
https://orcid.org/0000-0002-3596-8287
https://orcid.org/0000-0001-8658-362X
https://orcid.org/0000-0002-7636-6872
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/QJ
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fqj.4873&domain=pdf&date_stamp=2024-10-19

Quarterly Journal of the

BLAND ET AL.

Royal Meteorological Society

1 | INTRODUCTION

There is a cold bias in the lowermost stratosphere of
many weather forecast and climate models (Lawrence
et al., 2022; Shepherd et al., 2018; Wu & Reichler, 2020),
and it has further been shown that there is a coincident
moist bias present in analyses, reanalyses, and forecasts
(Dyroff et al, 2015; Kunz et al, 2014; Oikonomou &
O’Neill, 2006; Woiwode et al., 2020). Results from single
column modelling with the European Centre of
Medium-Range Weather Forecasts (ECMWF) model
(Bland et al., 2021) indicate that the cooling of the fore-
casts with respect to the analysis is consistent with the
additional long-wave radiative cooling expected from the
excessive water vapour in the lowermost stratosphere of
the model. In this article we refer to the lowest 2-3km
above the tropopause as the lowermost stratosphere, in
the extratropics. Across this region, thermodynamic and
chemical properties transition from those typical of the
troposphere to those typical of the stratosphere.

The impacts of cooling and/or moistening at the
tropopause level on global circulation have been inves-
tigated in global models either through the increase of
stratospheric water vapour (Joshi et al., 2006; Maycock
et al., 2013) or direct imposition of stratospheric or
tropopause-level cooling (Boljka & Birner, 2022; Tandon
et al., 2011). It has been shown that such biases result in
a strengthened and poleward-shifted subtropical jet, in
addition to an influence on the strength and width of the
Hadley circulation: Tandon et al. (2011) imposed cool-
ing to mimic an increase in water vapour and found a
weakened Hadley cell; however, Boljka and Birner (2022)
used cooling to strengthen the tropopause inversion layer
and instead found a strengthened Hadley cell. Wu and
Reichler (2020) suggest the cold bias impacts not only
the accurate forecasting of stratospheric events such as
sudden stratospheric warmings but also weather in the
troposphere.

A key unanswered problem, which is the focus of
this study, is the cause of the moist bias in the lower-
most stratosphere in model analyses and forecasts and
how this can be corrected. Cloud processes can influence
stratospheric water vapour in the Subtropics and midlat-
itudes. Deep convection overshooting the tropopause can
transport water to the lower stratosphere, where it can
evaporate or sublimate and increase local humidity, as
has been identified in studies such as Jensen et al. (2020)
over North America. Furthermore, Miiller et al. (2015)
find evidence of ice crystals from cirrus clouds formed in
the troposphere being transported into the extratropical
lowermost stratosphere, which can then sublimate to pro-
vide an additional source for moistening in the lowermost
stratosphere.

Another important factor controlling moisture in
the stratosphere is transport from the Tropics (Bonisch
et al., 2009; Gettelman et al, 2010). As a part of the
Brewer-Dobson circulation, there is large-scale ascent
in the Tropics. There are then two pathways by which
air is transported to the extratropical stratosphere: enter-
ing the tropical lower stratosphere via upward transport
through the tropical tropopause, and moving up towards
the stratopause as it moves polewards before descending
at midlatitudes, or moving polewards isentropically enter-
ing the stratosphere in the Subtropics. The coldest part
of the troposphere is in the Tropics, and air transported
through this region will be dried due to condensation or
ice deposition, reducing the vapour pressure to the low
saturation vapour pressure associated with such cold tem-
peratures. Tropospheric air can also be mixed into the
extratropical lowermost stratosphere as a result of mix-
ing processes such as Kelvin-Helmholtz instability across
the tropopause (Kunkel et al., 2019), or the creation of
filaments of tropospheric air by Rossby-wave breaking
events, which are then stretched to increasingly fine scales
(Bradshaw et al., 2002; O’Connor et al.,, 1999; Vaughan
& Timmis, 1998). It has been identified by Hardiman
et al. (2015) that, in the Met Office Unified Model, a warm
tropical tropopause layer is at least somewhat respon-
sible for a moist bias of the tropical lower stratosphere,
as a warmer tropical tropopause layer has a higher sat-
uration vapour pressure, and hence more water vapour
can be transported across the tropopause. The Integrated
Forecasting System (IFS), however, has a cold bias at
the tropical tropopause (Polichtchouk et al., 2019b); so,
although poleward transport is still an important factor
when considering water vapour in the extratropical low-
ermost stratosphere, the moist bias cannot necessarily be
explained in the same way across all models. Another pro-
cess that is a source of water vapour in the stratosphere is
the oxidation of methane that occurs in the upper branch
of the Brewer-Dobson circulation; however, this process
is more relevant to the upper stratosphere and has little
impact in the extratropical lowermost stratosphere (Noé€l
etal., 2018).

It was established by Bland et al. (2021; hereafter
referred to as B21) that the moist bias present in the
initial conditions for operational ECMWF IFS and Met
Office Unified Model forecasts changes very little during
a 5-day forecast. Noted also in B21 are the difficulties
associated with the assimilation of humidity observations
in the stratosphere. Humidity increments are not applied
above the tropopause during data assimilation in the IFS
(Ingleby, 2017). With no contribution from observations
we hypothesise that the moist-biased analysis state is a
consequence of a bias in the representation of model pro-
cesses. To investigate this bias in the present study, IFS
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reforecasts are run with a correction applied to the initial
humidity field to bring this as close as possible to the
available observations. The sensitivity to the initial humid-
ity in the lowermost stratosphere is then used to infer
possible factors contributing to the IFS humidity and tem-
perature biases.

Following from this, the aims of this study are as fol-
lows:

1. Determine the evolution of the vertical structure of
moisture in the upper troposphere and lower strato-
sphere (UTLS) region as the moisture bias in the
lowermost stratosphere re-establishes itself after cor-
rection.

2. Determine the wvertical structure and generation
time-scale of the temperature bias in the UTLS region
due to the model bias in moisture in the lowermost
stratosphere in the analysis, and the associated impact
on tropopause altitude.

3. Attribute the moisture and temperature biases in the
UTLS region to model processes.

4. Determine the sensitivity of the results to model hori-
zontal resolution.

In Section 2 we provide information on the model
and data used to carry out this study. The methods used
to address our aims are outlined in Section 3, before
describing the impacts of the initial humidity reduction on
humidity and temperature in the forecasts in Section 4. In
Section 5 we initially determine the physical parametrisa-
tions that dominate the evolution of UTLS temperature,
and subsequently discuss what the process tendencies tell
us about the model treatment of water vapour. Section 6
expands upon this by also considering such tendencies in
forecasts run at different horizontal resolutions. Finally, a
discussion and conclusions are provided in Section 7.

2 | MODEL AND OBSERVATIONAL
DATA

To address the aims presented in Section 1, we use data
from forecasts that were performed with the ECMWF
IFS cycle 47R1 (ECMWEF, 2020), which was operational
between June 2020 and May 2021. One of the major
improvements of 47R1 over previous model versions is
the introduction of the higher order quintic vertical inter-
polation instead of cubic for water vapour (Polichtchouk
et al., 2020). Prior to this, forecasts at higher horizontal
resolutions would generate waves at too small a scale to be
resolved in the vertical, leading to unphysical grid-scale
oscillations in the vertical that caused excessive cooling in
the stratosphere. The use of this IFS cycle means that our
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analysis considers the bias that remains in the lowermost
stratosphere after this correction.

Forecasts were run at three different horizon-
tal resolutions: the current resolution for operational
medium-range numerical weather prediction at ECMWF
with a grid spacing of approximately 9 km (TCo01279),
and lower resolutions with grid spacings of approxi-
mately 25 km (TC0399) and 50 km (TC0199), covering the
range of resolutions used for extended-range and seasonal
forecasts at ECMWEF. The “TCo” prefix here stands for tri-
angular cubic-octahedral, a detailed explanation of which
can be found in Malardel et al. (2016). All forecasts have
137 model levels in the vertical, which corresponds to a
vertical spacing of around 250 m near the tropopause.

We consider sets of 30 forecasts initialised at 0000 UTC
each day from the September 15 to October 14, 2016.
This period is chosen to coincide with the North
Atlantic Waveguide and Downstream Impact Experiment
(NAWDEX) field campaign (Schéfler et al., 2018), from
which radiosonde observations were used by B21 to char-
acterise UTLS temperature and humidity biases. Fore-
casts are run for lengths of both 5 and 15days. Prelimi-
nary year-long experiments run at TCo199 indicated that
15days is an appropriate time-scale to observe the differ-
ences in development of humidity and temperature biases
between experiments.

To investigate the processes responsible for changes
to the temperature and humidity fields in the lowermost
stratosphere in the model, tendencies from the dynamics
and physical parametrisations are output from the 5-day
forecasts. As an example, Rodwell and Palmer (2007) con-
sidered the forecast tendencies in the model that evolve the
state prior to the application of the analysis increment in
the assimilation cycle in their initial tendency methodol-
ogy. For the analysis presented in this study we consider
process tendencies accumulated over the longer period of
5 days, which allows for the investigation of the time vari-
ation of the tendencies as the fields adjust. To look at the
characteristics of their evolution, and differences between
experiments, the tendencies are archived 12 hourly for
TCo0199 and TC0399 and 24 hourly for TCo1279.

Observations used to constrain the humidity cor-
rection are taken from both radiosondes and the Aura
microwave limb sounder (MLS). Radiosonde data from
the NAWDEX campaign used here are from the European
Meteorological Services Network as described in Schéfler
et al. (2018). The radiosondes types are a mix of Vaisala
RS92 (Vaisala, 2013) and RS41 (Vaisala, 2018), and a more
in-depth discussion of these can be found in B21. MLS
data are obtained from the Goddard Earth Sciences Data
and Information Services Center (Lambert et al., 2020)
and used only between 40°N and 60°N at pressures below
316 hPa. The satellite data used have been binned daily
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FIGURE 1 (a)Normalised difference in specific humidity comparing the analysis humidity g., (solid) and modified initial conditions

from QMOD experiment gy,,4 (dashed) with the radiosonde data q,4;, (pink curves, or light grey in greyscale) and Aura microwave limb

sounder (MLS) satellite data gy s (brown curves, or dark grey in greyscale). It is noted in B21 that the radiosonde observations are less

reliable above 2 km above the tropopause, and so the lines are faded above this point to indicate this. The MLS satellite retrievals are less

reliable within 1.5 km of the tropopause. (b) Illustration of the vertical structure of f; (z) with horizontal lines to indicate altitudes defining the

humidity modification function. Similar lines are included on the right to panel (a). [Colour figure can be viewed at wileyonlinelibrary.com]

onto a regular grid (“Level 3” data), considering only bins
with >1 valid data points. MLS observations are com-
pared with IFS analysis fields at 1200 UTC, with the IFS
analysis tropopause altitude used for tropopause-relative
composition when required, as for Figure 1 in Section 3.
Further details for the MLS data can be found in Livesey
et al. (2020), with information on water vapour retrieval in
their section 3.9, and the Level 3 datasets in their section 4.

3 | METHODS

In this section we describe the method used to reduce
the humidity in the lowermost stratosphere to realis-
tic values for the experimental forecasts, the use of
tropopause-relative coordinates, the Eulerian process ten-
dencies used to attribute changes in temperature and
humidity to model parametrisations, and the methods
used for compositing and masking of data.

3.1 | Initial humidity reduction

To investigate the effects of the moist bias in the low-
ermost stratosphere on the model behaviour we run
one set of forecasts with the humidity field from the
analysis (termed CTRL) and another set of forecasts in
which the specific humidity is reduced in the lowermost
stratosphere at the start of the forecast, to be in closer
agreement with observations at the initial time (termed
QMOD). The structure and magnitude of this reduction

is based on the tropopause-altitude-relative humidity bias
identified in B21 through comparison of operational
analyses to radiosonde humidity measurements, shown
also in Figure la. Note that, for the comparison in the
figures, the specific humidity normalised difference (here
denoted Aq) between two humidity profiles g5 and gg is
calculated as in B21:

&1 da — gs .
Vi + a3

Given that we do not have detailed knowledge of the
humidity bias at every location and time, we approximate
the mean bias correction with a simple function of pres-
sure and tropopause-relative altitude. The equation for the
reduction of the humidity is applied globally and takes the
form

Gmod (P, 2) = qan(P, 2) — qan(p, 2) X f (D, 2), €}

where gmoq is the modified humidity field that is used to
initialise the QMOD forecasts, g, the analysis humidity
field, p (Pa) and z (m) the model pressure and altitude
respectively, and f the factor by which the humidity is
reduced. This factor can be expressed as the product
F(P.2) = fimax X f1(z) X f2(p), where 0 < fimax. f1.f> < 1forall
D,z Here, altitude is used to constrain distance above the
tropopause, and pressure is used to smooth the function
going towards the Tropics.

The radiosonde observations can be used to define
fi(z) for altitudes z > Zyop, Where Ziop is the altitude of
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the model tropopause in a column at a given latitude
and longitude as calculated using the standard World
Meteorological Organization lapse rate definition. We
define

0 Z < Ztrop
fi) = Z?ﬁ Ztrop < Z < Zrop + 500 . (@)
1 Zrop + 500 £ Z < Zirop + 2,000

where z is in units of metres. The linear reduction in the
500m above the tropopause covers two or three model
levels and moderates the sharpness of the gradient we
are introducing here. As we have less confidence in the
radiosonde observations for z > Zyop + 2,000 m, we con-
sider also a comparison of the model analysis humidity
field to observations from the Aura MLS satellite instru-
ment (Lambert et al., 2020). Despite the coarser resolu-
tion of these observations in the vertical compared to
the radiosonde observations, the MLS observations show
that the moist bias in analyses is largely confined to the
lowermost stratosphere within 3.5km of the tropopause
(brown solid line in Figure 1a). Humidity reduction fac-
tors that dry the atmosphere at higher levels were shown
to worsen the agreement with these MLS observations.
Note however that the MLS data are less reliable in the
lowest 1.5 km above the tropopause (because the accuracy
becomes worse as pressure increases from 30 hPa towards
300 hPa (Livesey et al., 2020)) so we trust the radiosonde
data there.

To avoid the introduction of a sharp humidity gradi-
ent at the top of our dried layer the modification function
declines linearly with height:

3,5004Z0p—2 Ztrop + 2,000 < 2
f@) = 1500 < Zuop +3,500.  (3)
0 2> Zirop + 3,500

The function f;(z) is illustrated in Figure 1b. Furthermore,
the model moist bias that we are investigating is con-
fined to the extratropics. To prevent humidity reduction
in the Tropics, while also avoiding the introduction of an
unphysical sharp meridional humidity gradient, instead of
making gmoq a function of latitude we take advantage of the
fact that the pressure at the tropopause generally decreases
towards the equator, and we do not have evidence of a
moist bias at lower pressures higher in the stratosphere.
Therefore we have

0 p < 10,000
_ ) p=10,000
f2(p) =000 10,000 < p < 15,000,  (4)
1 p > 15,000

Royal Meteorological Society

where p is in units of pascals. Finally, we use a
maximum reduction factor fpnax = 0.55. The reduction
factor obtained through the product of the combination
of the aforementioned choices of fi.x, f1, and f> gives the
greatest agreement with the available observations in mag-
nitude and mean structure that we can achieve while
keeping the method relatively simple.

Figure 1la illustrates that the normalised difference
between the adjusted initial conditions, gmeq, and the
radiosonde observations is near zero on average between
the tropopause and 2km above (pink dashed curve).
Above this level (where radiosonde humidity measure-
ments are uncertain), the normalised difference between
Gmod and the MLS observations is near zero (brown dashed
curve). Therefore, it can be concluded that the modified
field gmoq is a better representation of the atmospheric state
and closer to the best observational measurements at each
level than the operational analysis.

By making the adjustment in a tropopause-relative
sense we assume that the correction will be appropriate
for every profile. However, it was noted in B21 that the
vertical tropopause-relative structure of the moist bias dif-
fers from the mean in tropopause trough regions. Such
differences for regions of low tropopause altitude have
also been observed by Kriiger et al. (2022). A humid-
ity modification function f;(z, Zwop) that varied not only
with altitude within a given profile but also according to
tropopause altitude, yielding a different structure when
the tropopause altitude was low, was also trialled (not
shown) but performed so similarly to the simpler for-
mula presented herein that the additional complexity was
not justified.

3.2 | Tropopause-relative coordinates

We are considering fields in close proximity to the
tropopause, with particular interest in the dependence of
the values of these fields on their vertical position rela-
tive to the tropopause. We want to visualise these fields
and take composites in a tropopause-relative framework.
However, issues arise as a result of the tropopause being
an interface associated with sharp gradients, and hence
markedly different properties on either side, which varies
in time, space, and also between profiles at the same spatial
and temporal location in differing datasets.

We regrid fields to an altitude coordinate relative
to a tropopause altitude that is the same, at a given
latitude, longitude, and time, between all data sources
in any given comparison. This regridding is so we can
compare like-for-like regions of the atmosphere on a
profile-by-profile basis in a way that is not sensitive to
the particular thresholds chosen for the definition of
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the tropopause. The method used is to regrid fields in
the vertical from model level coordinates (of the 137
model levels) to Z —Zwop coordinates, where z are the
altitudes of the model levels considered, Zop is the alti-
tude of the tropopause, and the overbar refers to the
arithmetic mean between the values in the two datasets
being compared, which is typically a model forecast and
analysis. It is necessary to take the mean between the
tropopause altitudes from the two datasets as compar-
ing fields from two datasets relative to the tropopause
determined from just one of these datasets can lead to
sizeable systematic errors in composites. This error occurs
even if there are no systematic differences in the alti-
tude or tropopause altitude between the two datasets.
This is due to the changes in vertical gradients of the
fields of interest across the tropopause, meaning verti-
cal displacements of profiles of equal magnitudes but
opposite directions lead to differences of unequal mag-
nitudes, which when averaged yield non-zero results
(not shown).

3.3 | Cumulative tendency budget

To determine the model processes responsible for changes
to the fields of temperature and humidity over the course
of the forecast, the time-step tendencies from each com-
ponent of the model—that is, from individual physical
parametrisations and the dynamics—are accumulated at
each grid point through the forecast. Hence, these are the
cumulative Eulerian process tendencies that, when added
together, equal the total tendency for the time period. For
better visualisation in a tropopause-relative sense, these
whole forecast cumulative tendencies are decomposed
into 12-hourly cumulative tendencies such that

xtend (t) = xtend t) — xtend (t—12), (5)

12 hrly cumul. cumul.

where t is time in hours, and x'*™¢ ~and x!*"¢  are, respec-
cumul. 12 hrly
tively, the whole forecast cumulative (from times zero to t)
and 12-hourly cumulative (from times ¢ — 12 to ¢) tenden-
cies of the variable x (either temperature or specific humid-
ity) due to some process tend. Consequently, as xieznfmy(t)
is the change resulting from the process tend centred on
time ¢ — 6, it does not make sense to use (z(t) — Zirop(t)) as
our tropopause-relative altitude coordinate as defined in

the previous subsection. Therefore, we instead use

(z(t) - ztrop(t)) + (Z(t - 12) - Ztrop(t - 12))
2
R (Z(t—6) — Ztrop(t - 6)). (6)

Additionally, the specific humidity 12-hourly
cumulative tendencies will be primarily expressed as a
fraction of the mean humidity background state in the
centre of this window, q‘lezn}f‘ﬂy(t) /q(t — 6), where q(t — 6) is
the arithmetic mean of q(¢) and g(t — 12) as for z earlier.

34 | Compositing and masking

In addition to the processing already described, data are
also masked for regions where 7 < 0 before compositing.
For composites, a latitude-weighted arithmetic mean is
taken over fields and differences between fields over the
latitude band 40-75°N, and then a further mean is taken
over data from each date and time at which a forecast was
initialised.

4 | CONTROL OF HUMIDITY IN
THE LOWERMOST STRATOSPHERE
ON THE STATE OF THE UTLS IN
15-DAY FORECASTS

In this section we outline the main differences in specific
humidity, temperature, and tropopause altitude between
the set of QMOD forecasts that have the humidity
initial bias correction in the lowermost stratosphere,
the set of control (CTRL) forecasts, and the unmod-
ified control analysis. Three different resolutions are
considered.

4.1 | Differencesin humidity

We first consider the humidity field, as it is differences in
the humidity that we anticipate will force the behaviour
of other model variables. Figure 2a shows the mean differ-
ence between specific humidity in the midlatitude North-
ern Hemisphere in forecasts and the analysis as a function
of altitude relative to the tropopause height using the
method detailed in Section 3. The difference for QMOD at
day 1 is very similar to the difference that we impose in the
lowermost stratosphere (as expected, given that the differ-
ence has not had much time to change), and is therefore
the same at all three horizontal resolutions considered,
although only the mid-resolution results are shown in
Figure 2a.

Looking at the evolution of the mean difference
in humidity after 5 and 15days into the forecast, the
difference between the QMOD forecast and unmodi-
fied analysis humidity in the lowermost stratosphere
decreases with increasing forecast lead time (i.e., there is a
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resolutions. [Colour figure can be viewed at wileyonlinelibrary.com]

remoistening above the tropopause), whereas the
humidity in the CTRL forecasts remains fairly similar to
the analysis, suggesting there is a preferred equilibrium
of humidity in the model. It can be seen from Figure 2b
that the initial humidity difference halves within the first
8-9days. Starting at a mean normalised difference of
—0.4, this corresponds to an increase of around 2.5% (of
the background value) per day. As the QMOD humidity
field becomes closer to the analysis, the rate at which the
difference decreases slows.

The specific humidity remoistening in the lowermost
stratosphere is very similar between the three resolu-
tions investigated, as can be seen from Figure 2c. In the
lowermost stratosphere, QMOD forecasts for the highest
resolution of TCo1279 are slightly closer to the analy-
sis after 5days (i.e., the peak negative normalised differ-
ence has the smallest magnitude). However, at the alti-
tude of this peak difference (at about 1.5km), the corre-
sponding CTRL forecasts are furthest from the analysis
(in the opposite direction), so the differences between
the QMOD and CTRL forecasts are similar for all three
resolutions.

To gain further insights into the differences in the rate
of relative remoistening as a function of both altitude and
latitude, we consider Figure 3. The quantity presented
here is one minus the fraction of the total imposed dry-
ing that remains after 5 and 15 days. More precisely, it is
calculated as 1 — (ﬁ\q(t)/&](l)), with the normalised dif-
ference being between QMOD and the analysis, and time
t =1 the earliest time available in the forecast after the
humidity modification has been applied. Therefore, a
value of zero in Figure 3 indicates that no additional mois-
ture has been introduced to the region between times 1
and t, and a value of 1 indicates that humidity values have
returned to be the same as the analysis. Within the first
5 days of the forecast we note both that the remoistening is
largest closest to the tropopause and that it is of a very simi-
lar magnitude across latitudes, though being slightly larger
in the 40-50°N range closest to the Subtropics. A much
larger latitude dependence can be noted, however, consid-
ering forecasts out to 15days, with the specific humidity
in the lowermost stratosphere being increased towards the
analysis values around twice as much at 40-50°N com-
pared with at 70-80°N.
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4.2 | Impacts on temperature and
tropopause altitude

We now look at the response of temperature and
tropopause altitude to the removal of moisture in the low-
ermost stratosphere. The development of an extratropi-
cal cold bias in the lowermost stratosphere in forecasts
is well known, and evidence is discussed in Section 1.
This cold bias development in forecasts is illustrated in
Figure 4a for the midresolution forecasts, with the tem-
perature in the CTRL forecast becoming colder than
that in the analysis by around —0.15K-day™! at the alti-
tude where the magnitude of the difference peaks. From
the single column experiments of B21 it was concluded
that this rate of cold bias growth was consistent with,
if slightly in excess of, that which would be expected
to result solely from additional long-wave cooling in the
presence of the positive moist bias in the lowermost
stratosphere.

Figure 4b shows the evolution of the difference
between the QMOD forecast and analysis temperature

in the 15-day forecasts. In this panel the temperature
bias develops at an approximately halved rate of around
0.07 K-day~!. The difference in cooling between CTRL and
QMOD is shown again in Figure 5a for snapshots at 1,
5, and 15days into the forecasts, and the approximately
constant respective peak cooling rates throughout the fore-
casts are shown in Figure 5b. Similar to the humidity in
Figure 2b, the rate of change of the cooling difference
begins to slow slightly after about day 9, and is particu-
larly evident in the CTRL forecasts. If Figure 5a is split
according to latitude band as for Figure 3 (not shown) we
additionally find that the cold bias is largest between 50°N
and 60°N, becoming smaller both polewards and equa-
torwards of this and vanishing south of 40°N. A similar
meridional location of the peak magnitude of the cold bias
can also be seen in the zonally averaged cross-sections of,
for example, Polichtchouk et al. (2019a) or Charlesworth
et al. (2023).

In CTRL, with the specific humidity field in its biased
quasi-equilibrium state, the temperature tends towards
an equilibrium with this humidity field in the forecast,
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which is corrected in each operational analysis cycle by
temperature increments during the data assimilation.
However, in QMOD, even though the humidity bias is cor-
rected, there is still a growth of a cold bias, albeit at a
reduced rate. This could be because of the gradual rein-
troduction of moisture into the lowermost stratosphere
(Figure 2b), although this would take time to build up and
affect the temperature. It could also be because the humid-
ity correction, although in agreement with observations in
a mean sense, is not correcting the humidity with quite
the right spatial and temporal structure, or there could be
other reasons for the growth of the remaining cold bias.
From the idealised experiments of B21 (their
Section 5), the expected radiative response of the
near-tropopause temperature to an overabundance of
water vapour in the lowermost stratosphere is one of both
excessive cooling in the lower stratosphere and of warming
in the upper troposphere. However, such a tropospheric
warming bias in the forecasts was not present in the
comparisons of operational forecasts with the radiosonde
observations in B21. Here, too, in the upper troposphere,
the CTRL forecasts are not systematically warmer than
the analysis. Now looking at the impact of the moist bias
in the lowermost stratosphere by comparing CTRL with
QMOD (solid lines with the dashed lines in Figure 5a,c),
not only is there the expected relative cooling in the

lowermost stratosphere from the moist bias, but there
is also additional warming in the upper troposphere in
CTRL. This is consistent with what we would expect
from the introduction of a moist layer above the upper
tropopause (Cau et al., 2005). However, the difference
between the upper troposphere temperature in CTRL and
QMOD is less than that in the lowermost stratosphere,
as we expect the shorter mixing time-scales of the tropo-
sphere to more rapidly dissipate any radiatively induced
temperature differences.

The resolution dependence of the temperature bias is
shown in Figure 5b,c. Similar to the specific humidity
profiles, there is very little difference in temperature bias
development in the lowermost stratosphere with respect
to the analysis between varying horizontal resolutions.
However, there is a notable difference between the three
model resolutions in the troposphere (Figure 5c), with
colder temperatures at lower resolutions. A similar dif-
ference can be seen in Figure 2c, with slightly moister
profiles at lower resolutions at day 5. This is likely due to
a different balance of dynamical and physical processes in
the troposphere at lower resolutions, leading to a differ-
ent equilibrium state compared with the TC01279 analysis
from which the lower resolution simulations are also ini-
tialised and compared with. This resolution difference in
the troposphere is not connected to the imposed moisture
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difference, and therefore not relevant to the aims of
this study.

We are defining the tropopause based on the tempera-
ture lapse rate; therefore, systematic changes in tempera-
ture will also be expected to result in systematic changes
in the identified tropopause altitude. B21 explained how
the structure of the temperature bias resulting from the
moist bias in the lowermost stratosphere would lead to
a systematic positive bias in the tropopause altitude in
forecasts. Figure 6a illustrates how the reduction of humid-
ity in the lowermost stratosphere in QMOD shifts the
distribution of the tropopause altitude difference from
the analysis towards lower values compared with the
CTRL. In the CTRL forecasts the tropopause is system-
atically at a slightly higher altitude than the analysis,
increasing with lead time, whereas this bias is reduced
for QMOD. The difference between the 5-day QMOD and
CTRL frequency distributions for TC0399 from Figure 6a
are shown in Figure 6b along with those from TC0199 and
TCo1279, further highlighting the tropopause shift and
indicating that it, too, is largely independent of horizontal
resolution.

5 | MODEL PROCESSES
CONTROLLING THE DIFFERENCES
IN FORECAST EVOLUTION OVER
THE FIRST 5DAYS

In this section we make use of the partition of the
changes to the prognostic model fields into Eulerian ten-
dencies as introduced in Section 3.3. As the addition

of many three-dimensional fields to the model is very
expensive, tendencies have only been implemented in
shorter 5-day forecasts. Considering these tendencies, we
investigate both the factors influencing UTLS temper-
ature, which lead to the development of the forecast
cold bias in the lowermost stratosphere, and those con-
trolling water vapour, to elucidate mechanisms that are
most likely to contribute to the presence of the model
moist bias in the extratropical lowermost stratosphere.
The physical processes affecting both temperature and
specific humidity shown in the following subsections are
subgrid turbulent mixing in the vertical (“vertical diffu-
sion”), cloud processes (primarily ice deposition at UTLS
temperatures), and convection. Also shown are the cumu-
lative changes to the temperature and humidity fields
following the solution of the model dynamics in each
time step. For temperature, we additionally consider the
effects of long-wave and short-wave radiation and gravity
wave drag.

5.1 | Processes controlling temperature

Before examining the ways in which the influence of
the process tendencies on temperature differs between
the CTRL and QMOD forecasts, first consider Figure 7a,
which illustrates the mean 12-hourly impact of each of the
processes on temperature in a tropopause-relative frame of
reference. For the CTRL forecast we can see the long-wave
cooling throughout the depth of the UTLS (which is
stronger in the moister upper troposphere), warming
through the absorption of short-wave radiation following
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Tropopause-relative mean of (a) the Eulerian mean temperature tendencies in a 12 hr period for CTRL and (b) the QMOD

minus CTRL difference between these tendencies, where a mean is taken over consecutive 12 hr periods between 24 and 120 hr into the
forecast, for model resolution TC0399. [Colour figure can be viewed at wileyonlinelibrary.com]

a similar pattern, and latent heating from the cloud and
convection schemes below the tropopause. The
model dynamics has a mean warming effect at all
tropopause-relative altitudes. Only in the troposphere
are increments to temperature by cloud and convection
parametrisations of comparable magnitude to radiation,
dynamics, and vertical diffusion, and the mean impact of
gravity wave drag is so small as to not be visible in this
figure.

A conclusion drawn from Figures 4 and 5 is that the
lowermost-stratospheric cold bias develops more slowly
in QMOD than CTRL forecasts. This is also evident from
Figure 7b, with the total mean QMOD minus CTRL dif-
ference in 12-hourly temperature tendencies above the
tropopause being positive. It is also evident that this
difference is primarily due to a reduction of long-wave
cooling for QMOD in the lowermost stratosphere, which
is expected as a result of the reduction of water vapour
in this region. As discussed in the previous section, also
expected from the removal of the moist bias from the
lowermost stratosphere (and shown in Figure 7b) is
an increase in long-wave cooling below the tropopause
in QMOD. Despite this expected increase in long-wave
cooling, there is only a small increase in total upper tropo-
spheric cooling in QMOD compared with CTRL because
this cooling is balanced by additional warming from
the model dynamics. This additional upper tropospheric
dynamical warming in QMOD appears (through compar-
ison with Figure 7a) to be a slight amplification of the
dynamic warming balancing the long-wave cooling in the
upper troposphere in CTRL, before latent heating takes on
a more dominant role lower down. Differences in convec-
tion and cloud between QMOD and CTRL are negligible
in comparison with those in long-wave radiation. The dif-
ference in vertical diffusion temperature tendencies acts
to smooth out the temperature dipole introduced by the
differences in radiation, as one would expect, and is also

of a much smaller magnitude than the difference in the
long-wave radiation tendencies.

5.2 | Processes controlling humidity

In the CTRL forecasts, the mean UTLS humidity is approx-
imately in an equilibrium state. This can be seen from
Figure 2a, which shows that there is only a small time
variation in the CTRL simulation mean vertical humidity
profile, with a slight moistening in the lowermost strato-
sphere (which we will address later). The breakdown of
mean 12-hourly increments to specific humidity from the
different partitioned processes in Figure 8a shows that
the specific humidity is in an approximate equilibrium
state between the cloud processes, dynamics, and vertical
diffusion in the UTLS. However, Figure 8c (the same as
Figure 8a but with a narrower x-axis range) shows there
remains a small residual in the total humidity tendency
with a moistening just above the tropopause and a small
drying above and below this.

In the QMOD forecasts, we unbalance this equilibrium
with the initial removal of the moist bias in the lowermost
stratosphere analysis. To see the impact of this removal
we consider the differences in the 12-hourly development
of the humidity field between QMOD and CTRL as shown
in Figure 8b. The QMOD minus CTRL difference in the
mean Eulerian fractional change in humidity over 12 hr,
which is bringing the QMOD humidity field back towards
that of the CTRL, is bimodal. The dried layer is being
eroded from both the top and bottom over the course of
the forecast, as can be seen by the total fractional humidity
change (black line).

At the top of the dried region in QMOD, around 2-3 km
above the tropopause, the additional relative moisten-
ing can be attributed to the dynamics. It can be seen in
Figure 8c that in the CTRL this region is dominated by

85UBD 17 SUOLULLOD SAIER.D 3ot |dde au3 Aq peusenob aie S VO ‘88N JO S9N 104 Afeiq 1 BUIIUO A3]IA UO (SUOHIPUOD-PUR-SLUBYWI0D" A8 1M ARIq o |UO//SARY) SUORIPUOD PUe swis | 8u} &3S *[7202/0T/Tz] uo Ariqiauliuo AB|IM * 1591 - pue|g &er Aq €281 Ib/200T 0T/10p/wW00" A3 1M Atelq 1 Ul UO'SIBLLY//SANY W14 PAPRO|UMOQ ‘0 XOL8LLYT


http://wileyonlinelibrary.com

12 Quarterly Journal of the

NRMets

BLAND ET AL.

Royal Meteorological Society

4,000
£ 2,000

o

2 )
$ o ~
| (\
N 2000/

~4,000

=03 -02 -01 00 01 02 03

Mean 12-hrly impact of specific humidity tendency,
as a fraction of reference profile

—— Dynamics

—— Cloud

--- Dynamics + cloud + convection

4,000
€ 2,000
: >
o /
N 0 —
| .
N _2 0001 TS
\\
\\
—4,000 - - - -
-0.04 -0.02 0.00 0.02 0.04
Mean 12-hrly impact of specific humidity tendency,
as a fraction of reference profile
FIGURE 8

4,000
€ 2,000
o
g X
N [
| |
N 2000
—4,000

~0.015-0.010-0.005 0.000 0.005 0.010 0.015
Mean 12-hrly gmod - ctrl difference of specific humidity
tendency, as a fraction of reference profile
Certical diffusion
—— Convection
—— Total fractional humidity change

4,000
£ 2,000
o
8 I
NT O =
I ¢
N _2,000 TS
N\
\
\
-4,000 .

—-0.04 -0.02 0.00 0.02 0.04
Mean 12-hrly impact of specific humidity tendency,
as a fraction of reference profile

(a) Mean CTRL specific humidity tendencies and (b) the QMOD minus CTRL difference between these tendencies, as for

Figure 7a,b, where here the tendencies are as a fraction of the local humidity profile. (c) The same lines as (a), but with a narrower x-axis. (d)

The same as (c) but using data from QMOD rather than CTRL. Grey horizontal lines are as in Figure 1 to indicate the region in which the

humidity was modified in QMOD. [Colour figure can be viewed at wileyonlinelibrary.com]

drying from the dynamics. However, for QMOD in
Figure 8d, as we have dried this region, this is no longer the
case. We hypothesise that the drying in CTRL is due to the
mean descent of air in the extratropics understood within
the framework of the Brewer-Dobson circulation and the
mean reduction of specific humidity with altitude. In this
case, for QMOD the subsidence within the lower strato-
sphere no longer results in drying and around 2 km above
the tropopause this leads to a moistening.

At the bottom of the dried region in QMOD, with a
peak at around 500m above the tropopause, Figure 8b
shows that the additional relative moistening in QMOD
can be attributed to a combination of vertical diffusion
and the dynamics. This moistening from the dynamics is
likely to be local transport of moisture across the sharp
gradient around the tropopause, with some contribution
from the model dynamical core being due to numerical
mixing. The CTRL in Figure 8c also shows a tendency for
the model to moisten the lowermost stratosphere through

vertical diffusion. Notably, in this tropopause-relative alti-
tude framework there is no apparent sink locally balanc-
ing this source of moisture from vertical diffusion in the
lowermost stratosphere, and it can be seen in Figure 2c
that CTRL becomes moister than the analysis over time
in the lowermost stratosphere. However, for QMOD the
peak in the moistening rate in the lowest 2km above the
tropopause is more than double that of CTRL.

An additional large difference between CTRL and
QMOD shown by Figure 8b is in the change to humid-
ity by cloud processes (ice deposition) and the model
dynamics in the upper troposphere. As in Figure 8a, the
terms continue to cancel, but there is more drying due to
cloud formation in the upper troposphere in the QMOD
forecasts than in the CTRL forecasts. The upper
troposphere is cooler in QMOD than CTRL, and hence
has a lower saturation vapour pressure, which is a likely
reason for the increased formation of upper tropospheric
ice cloud. This increased removal of water vapour to cloud
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FIGURE 9 (a)Mean CTRL specific humidity tendencies and (b) the QMOD minus CTRL tendency difference (as for Figure 8a,b) for

horizontal resolutions TC0199 (solid lines), TCo399 (dashed lines), and TC01279 (dotted lines). The difference is between humidity
tendencies at 48 hr and 24 hr into the forecast, and halved such that the scale is comparable to the 12-hourly differences in Figure 8; this
rescaling is required because the data are only available daily for the highest resolution forecast. Note that the aspect ratio of this figure is
different to that of previous figures to make the (small) differences visible. [Colour figure can be viewed at wileyonlinelibrary.com]

is balanced by an increased moistening by the model
dynamics.

As well as being associated with a minimum in tem-
perature and a sharp change in static stability, in the
vicinity of the tropopause there is also a sharp change in
the vertical gradient of specific humidity, accompanied by
a local humidity minimum called the hygropause (which
we further amplify when initialising the QMOD forecasts).
The net moistening of the lowermost stratosphere we see
for CTRL in Figure 8c is accompanied by a slight drying
above, and a larger drying below. Necessarily (as the gradi-
ent of the sum of two fields is equivalent to the sum of the
gradients), the humidity gradient across the tropopause
is reduced between the local maxima of drying below
and moistening above. Additionally, moistening in the
lowermost stratosphere and drying above lead to an
increase in the altitude of the humidity minimum. This
is consistent with the result from B21 for temperature,
that over the course of 5-day forecasts the tropopause is
smoothed and the altitude of the tropopause systematically

increases. When we artificially sharpen this moisture gra-
dient in QMOD it is smoothed even faster by the model
over the course of the forecast. That the CTRL forecasts
moisten in the lowermost stratosphere can also be seen
earlier from Figure 2, compared with the analysis.

It is important to note that this smoothing of the
humidity field is a very local effect. The use of Eulerian
tendencies in the vicinity of the tropopause, which is a
very dynamic surface, means that when using a different
vertical coordinate (one that is not tropopause relative),
or using much longer time-scales, the signal of vertical
diffusion moistening the lowermost stratosphere is not as
apparent (not shown). This lack of signal is because the
tendency for moistening is smoothed in the vertical with
the mean drying above and particularly below; remember-
ing that humidity decreases logarithmically with altitude
and that Figure 8 shows tendencies as a fraction of the
background humidity field, the local signal of drying in the
upper troposphere is an order of magnitude larger than the
local moistening above.
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6 | EFFECTS OF HORIZONTAL
RESOLUTION ON HUMIDITY
BALANCE

The conclusion from Figure 2 is that there is little sensi-
tivity of the cross-tropopause humidity transport to resolu-
tion across the three resolutions considered in this study;
that is, TC0199, TC0399, and TC01279. Here, we look at
the separate humidity tendencies to see if there is any
impact of resolution on the balance of the dynamical and
physical processes.

It is shown by Figure 9a that the magnitudes of the
cloud processes, advection of water vapour by dynamics,
vertical diffusion, and the net reduction of humidity in
the upper troposphere by the difference between dynamics
and cloud all increase with increasing horizontal reso-
lution. However, the resolution dependence of the total
mean change to the humidity profile is nearly zero because
the process tendency changes cancel each other out.

Figure 2 showed that the TC01279 QMOD forecast
remoistened towards the analysis slightly faster than in
the lower resolution forecasts. Figure 9b illustrates that
this difference is due to both an increase in the relative
remoistening at the top of the dried layer by changes to
the effects of subsidence and by increased vertical diffu-
sion from below across the tropopause. This difference is
despite the vertical level spacing being the same across all
three horizontal resolutions.

7 | DISCUSSION AND
CONCLUSIONS

Previous studies have shown that the reason for a signifi-
cant cold bias in the extratropical lowermost stratosphere
in many global weather forecast and climate models,
including the IFS, is at least in part due to an overestimate
of the amount of water vapour in the lowest few kilome-
tres above the tropopause, leading to excessive long-wave
radiative cooling. The overall aim of this study is to gain
a deeper understanding of the characteristics of this moist
bias and its impact on the cooling, in both the initial condi-
tions and through the forecast, and to attribute the causes
of the moist bias to model processes and resolution.

Sets of 30 5-day and 15-day forecast simulations with
the IFS are performed for three different horizontal reso-
lutions initialised daily at 0000 UTC for the 15 September
to 14 October 2016. This period was chosen to coincide
with the NAWDEX field campaign (Schifler et al., 2018),
from which radiosonde observations were used by Bland
et al. (2021) to characterise the UTLS temperature and
humidity biases. Given that the moist bias is apparent in
the operational analyses used for initialising the forecasts,
one set of forecasts is performed with the mean moist bias

removed from the extratropical lowermost stratosphere
in the initial analyses (QMOD) based on observational
humidity data from radiosondes (Bland et al., 2021) and
the MLS, and the second set is unmodified and provides
the control forecasts (CTRL) for comparison.

As there are very few humidity measurements used
to constrain the analysis state above the tropopause, the
humidity in the lowermost stratosphere will be dependent
on the model dynamics and parametrised physical pro-
cesses, and any biases in these processes will lead to a
biased quasi-equilibrium in the analysis that persists into
the forecast. The QMOD “corrected” humidity analyses
have, on average, around 40% of the water vapour removed
in the lowermost stratosphere to bring them closer to the
observed humidity.

First, the impact of reducing the humidity bias in
the analysis on the temperature and humidity evolu-
tion through the forecast is determined by comparing
QMOD and CTRL. Following the more realistic reduction
of humidity from the lowermost stratosphere in the initial
conditions in QMOD, the development of the cold bias in
the lowermost stratosphere is significantly reduced, with
the cold bias growth rate approximately halved in QMOD
compared with CTRL. Associated with the reduced tem-
perature change, the systematic bias of the tropopause
being at too high an altitude in CTRL is reduced also
for QMOD. Regarding the humidity evolution from the
drier corrected initial state, the modified region starts to
remoisten towards the “equilibrium” values in CTRL with
a half-life of 8-9 days. The fact that the cold bias still grows
through the forecast in QMOD, albeit at a reduced rate,
could be due to this gradual remoistening. However, it is
likely to be a small effect initially, and other experiments
in which the humidity reduction is applied through the
forecast to the water vapour seen by the radiation show a
similar cooling (not shown), which suggests the remoist-
ening is not the main cause of the remaining cold bias
growth. Other reasons could be the imperfect method-
ology to remove the humidity bias, which is an average
correction, or from other local sources of cooling, such
as gravity wave breaking or gas radiative properties, not
investigated here; experiments elsewhere have shown that
uncertainty in the gas optics representation for the radia-
tion parametrisation can also lead to temperature changes
in the extratropical lowermost stratosphere (R. Hogan,
personal communication).

Addressing the attribution question, the reduction in
the cooling in the lowermost stratosphere is confirmed
here to be almost entirely a result of a reduction in
long-wave radiation when the lowermost stratosphere has
reduced water vapour. There is little concurrent increase in
cooling in the upper troposphere in QMOD, as a dipole of
cooling below warming would be expected from a localised
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reduction in humidity—as seen in the single column
model experiments in B21. This is because the increase in
below-tropopause radiative cooling is largely balanced by
the model dynamics. Moisture is reintroduced at both the
top and bottom of the dried layer in QMOD by the model
dynamics, and additionally at the bottom by the subgrid
turbulent mixing parametrisation (vertical diffusion). In
the CTRL forecasts in a tropopause-relative frame of ref-
erence, vertical diffusion acts to moisten the lowest kilo-
metre of the stratosphere, and there is no sink of moisture
to balance this. The role of cloud microphysics (as a sink
of water vapour through ice deposition) does not change
significantly above the tropopause when the humidity is
reduced, which suggests that local cloud processes have lit-
tle control on the moist bias in the extratropical lowermost
stratosphere. The result that the bias seems to be largely
controlled by subgrid vertical diffusion and the dynamics
is consistent with the conclusions of Kriiger et al. (2022)
that the moist bias is likely to be a result of the model
representation of mixing across the tropopause.

The partial attribution of the remoistening to the
dynamical advection of water vapour could either be
as a result of a moist bias in the source region (above
and/or below), a misrepresentation of, or an overdiffusive,
resolved transport, or excessive implicit diffusion from the
dynamics. Owing to the short time-scales of the moist bias
reintroduction, and the isolation of the bias to the lowest
2km of the extratropical stratosphere, the key processes
are most likely to be upwards mixing from the extratrop-
ical upper troposphere or quasi-isentropic transport from
the subtropical upper troposphere. A further conclusion
from this study is that changes to horizontal resolution
of the IFS from TCo0199 (50 km grid spacing) to TCo1279
(9 km grid spacing) make very little difference to the over-
all rate of moistening of the lowermost stratosphere. This
suggests the moist bias cannot be attributed to insuffi-
ciently resolved horizontal motion. However, the isen-
tropic transport from the subtropical upper troposphere
into the extratropical lowermost stratosphere is observed
to occur often in thin layers, so vertical resolution may
play a role. A consequence of too low a vertical resolu-
tion in the model will be to mix the higher humidity from
these layers too rapidly. It is possible that there would be
more of an impact at horizontal and vertical resolutions
lower than are used here. Stenke et al. (2008) found a
moist/cold lowermost stratosphere bias in the ECHAM4
model using a semi-Lagrangian advection scheme, which
was significantly reduced when using a Lagrangian advec-
tion scheme with much reduced horizontal mixing across
the tropopause. However, this difference may be due to
the much lower spectral resolution (T30) and lower verti-
cal resolution (39 levels) used in their simulations. These
results are also consistent with findings by Hardiman
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et al. (2015), that biases in tropical near-tropopause tem-
perature and humidity can be reduced through improve-
ments to the interpolation used for the vertical advection,
and Charlesworth et al. (2023), that when using fully
Lagrangian transport for water vapour above 250 hPa the
moist bias is greatly reduced.

There are several limitations of this study that should
be noted. First, the humidity correction is applied as
a relatively simple formula to give agreement with the
radiosonde and MLS observations in an average sense,
as the detailed structure of the error is not known. This
may not be optimal but was determined to be the best
approximation in the absence of extensive observations
to define the spatial structure of the error in the analy-
sis at each time. Second, the forecast period only covers a
month in the boreal autumn of a single year, and results
are shown only for the Northern Hemisphere extratropics.
Some ways in which our considered period deviated from
the climatological average include that there was more
warm conveyor belt activity over the North Atlantic, and
that there was persistent high pressure over Scandinavia
in October (Schifler et al., 2018). Other studies suggest the
cold bias is larger in the summer hemisphere and smaller
in the winter hemisphere (e.g., Dyroff et al. (2015)), so an
extension of the evaluation to other seasons and to cover
the Southern Hemisphere as well would be beneficial; but
again, this is limited by a lack of observations to fully char-
acterise the humidity bias. Third, only the ECMWF IFS
global weather forecast model is investigated here and it
would be interesting to apply the same evaluation to other
weather and climate models in the future to assess the
wider applicability of the results.

There are, however, several overall conclusions from
this study for the IFS that are likely to be generally appli-
cable to other models: (a) in order to reduce the cold
temperature bias in the extratropical lowermost strato-
sphere, any moist bias in this region must be reduced; (b)
improvements may be required to the advection of water
vapour and subgrid turbulent mixing in the region of the
tropopause. Clearly, at least for the IFS, improvements
to the model dynamics and physics will be required to
significantly reduce the moist and cold bias in the extrat-
ropical lowermost stratosphere. While improving the use
and availability of water vapour observations in the low-
ermost stratosphere in the assimilation schemes used for
operational analyses and reanalyses should be explored to
help constrain the humidity in this region, owing to the
remoistening effects from the model, improvements to the
humidity in the initial conditions are alone insufficient to
correct the cold bias in the medium to long range.

Further directions for study should include a sys-
tematic assessment of the role of vertical resolution and
the sensitivity to changes to the dynamics advection and
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turbulent mixing parametrisation to reduce the exces-
sive transport/mixing of water vapour into the lowermost
stratosphere. An understanding of other possible sources
of a temperature bias in this region, such as the radia-
tive properties of atmospheric gases, is also required. In
addition to water vapour, ozone is another radiatively
important trace gas in the lowermost stratosphere, as
shown by Randel et al. (2007). Finally, the next step is an
assessment of the meteorological impacts that correcting
the cold bias in the extratropical lowermost stratosphere
would have on the upper level jets (by reducing the bias
in the meridional temperature gradient), and thereby the
representation of Rossby waves and predictive skill across
forecast lead times.
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