University of
< Reading

Characterising extratropical near-
tropopause analysis humidity biases and
their radiative effects on temperature
forecasts

Article
Published Version
Creative Commons: Attribution 4.0 (CC-BY)

Open Access

Bland, J. ORCID: https://orcid.org/0000-0003-2706-2853,
Gray, S. ORCID: https://orcid.org/0000-0001-8658-362X,
Methven, J. ORCID: https://orcid.org/0000-0002-7636-6872
and Forbes, R. ORCID: https://orcid.org/0000-0002-3596-8287
(2021) Characterising extratropical near-tropopause analysis
humidity biases and their radiative effects on temperature
forecasts. Quarterly Journal of the Royal Meteorological
Society, 147 (741). pp. 3878-3898. ISSN 0035-9009 doi:
10.1002/QJ.4150 Available at
https://centaur.reading.ac.uk/99804/

It is advisable to refer to the publisher’s version if you intend to cite from the
work. See Guidance on citing.

To link to this article DOI: http://dx.doi.org/10.1002/QJ.4150

Publisher: Wiley


http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf

w sos] University of
< Reading
All outputs in CentAUR are protected by Intellectual Property Rights law,

including copyright law. Copyright and IPR is retained by the creators or other

copyright holders. Terms and conditions for use of this material are defined in
the End User Agreement.

www.reading.ac.uk/centaur

CentAUR

Central Archive at the University of Reading

Reading’s research outputs online


http://www.reading.ac.uk/centaur
http://centaur.reading.ac.uk/licence

Received: 25 November 2020

Revised: 29 July 2021

Accepted: 30 July 2021

DOI: 10.1002/qj.4150

RESEARCH ARTICLE

Quarterly Journal of the
Royal Meteorological Society

Characterising extratropical near-tropopause analysis
humidity biases and their radiative effects on
temperature forecasts

Jake Bland!

1Department of Meteorology, University
of Reading, Reading, UK

2European Centre for Medium-range
Weather Forecasts, Reading, UK

Correspondence

J. Bland, Department of Meteorology,
University of Reading, Reading RG6 6ET,
UK.

Email: j.s.bland@pgr.reading.ac.uk

Funding information
Natural Environment Research Council,
Grant/Award Number: NE/L002566/1

| Suzanne Gray'

| John Methven!® | Richard Forbes?

Abstract

A cold bias in the extratropical lowermost stratosphere in forecasts is one of
the most prominent systematic temperature errors in numerical weather pre-
diction models. Hypothesized causes of this bias include radiative effects from
a collocated moist bias in model analyses. Such biases would be expected
to affect extratropical dynamics and result in the misrepresentation of wave
propagation at tropopause level. Here the extent to which these humidity and
temperature biases are connected is quantified. Observations from radiosondes
are compared to operational analyses and forecasts from the European Centre
for Medium-Range Weather Forecasts (ECMWF) Integrated Forecasting System
(IFS) and Met Office Unified Model (MetUM) to determine the magnitude and
vertical structure of these biases. Both operational models over-estimate low-
ermost stratospheric specific humidity, with a maximum moist bias around
1 km above the tropopause where humidities are around 170% of the observed
values on average. This moist bias is already present in the initial conditions
and changes little in forecasts over the first five days. Though temperatures
are represented well in the analyses, the IFS forecasts anomalously cool in the
lower stratosphere, relative to verifying radiosonde observations, by 0.2 K day~'.
The IFS single column model is used to show this temperature change can be
attributed to increased long-wave radiative cooling due to the lowermost strato-
spheric moist bias in the initial conditions. However, the MetUM temperature
biases cannot be entirely attributed to the moist bias, and another significant
factor must be present. These results highlight the importance of improving the
humidity analysis to reduce the extratropical lowermost stratospheric cold bias
in forecast models and the need to understand and mitigate the causes of the
moist bias in these models.
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1 | INTRODUCTION

The representation of specific humidity near the
tropopause in numerical models has been shown to be
important for the accuracy of medium-range forecasts and
climate integrations. Modelling studies have demonstrated
that both stratospheric and tropospheric temperatures
in climate models are sensitive to stratospheric water
vapour (Smith et al., 2001; Solomon et al., 2010). Many of
these studies have been motivated by an observed trend
of increasing stratospheric water vapour in the late 20th
century, and show that this results in enhanced cooling of
the lower stratosphere (Forster and Shine, 1999; Maycock
et al., 2011). If the water vapour concentration in the
lowermost stratosphere is increased, this will increase
both the emittance of the stratosphere and absorptance of
upwelling radiation from the troposphere. In the strong
infrared absorption bands of water vapour, the increased
emission dominates over the increased absorption (Shine
and Myhre, 2020). Therefore an increase in water vapour
in the lowermost stratosphere would lead to an increase
in emission from water vapour, which would lower the
lower-stratospheric temperature required for the outgoing
radiation to balance the incoming radiation in equilib-
rium (Maycock et al., 2011). By increasing stratospheric
water vapour in general circulation models (Joshi et al.,
2006; Maycock et al,, 2013) or imposing stratospheric
cooling to mimic the temperature response to increased
stratospheric water vapour (Tandon et al., 2011), it has
also been shown that such changes can lead to a poleward
shift in the jets and storm tracks, a strengthening of the
jets and other changes to the atmospheric circulation in
models. The aim of this paper is to characterise lowermost
stratosphere humidity biases in atmospheric analyses and
their impact on temperature biases in numerical weather
prediction forecasts.

Radiative transfer near the tropopause also plays an
active role in maintaining tropopause sharpness with
effects on large-scale dynamics. The abrupt drop in specific
humidity immediately above the extratropical tropopause
results in a peak in long-wave cooling from the tropo-
sphere immediately below the tropopause (due to lack
of water vapour in the layers above). It has been shown
using radiative transfer modelling (Randel et al., 2007)
and further supported by observational analysis (Hegglin
et al., 2009) that lower-stratospheric water vapour plays
an important role in maintaining the region of enhanced
static stability immediately above the tropopause, often
called the tropopause inversion layer (TIL; Birner 2006).
When considering large-scale dynamics, the tropopause
is typically defined as an iso-surface of potential vorticity
(PV) and the value of 2PVU (PV units) is often used in
midlatitudes (Hoskins and James, 2014). PV is a measure

of rotation and stratification in the atmosphere and the
sharp change in static stability at the tropopause is asso-
ciated with a strong PV gradient and a marked change
in wind shear. Since PV is materially conserved for adia-
batic frictionless flows, this definition highlights that the
tropopause is approximately a material surface; this can-
not be deduced from the temperature profile alone. The
long-wave cooling from the tropopause level results in a
dipole of diabatically generated PV that is positive above
the tropopause and negative below, and so acts to sharpen
the PV gradient (Forster and Wirth, 2000; Chagnon et al.,
2013; Saffin et al., 2017) - an alternative description for
the formation of the TIL. Additional water vapour in the
lowermost stratosphere is expected to weaken the dia-
batic PV dipole and hence tends to reduce the PV contrast
across the tropopause zone. Gray et al. (2014) found evi-
dence for a marked decrease in PV gradient with lead
time in global forecasts (from several operational centres)
although they did not quantify the processes contribut-
ing to this decline. The unrealistic decline in PV gradient
in forecasts has ramifications for Rossby waves propa-
gating along the tropopause. Theoretical considerations
have shown that smoothing PV gradients reduces Rossby
wave phase speed (Harvey et al., 2016) and is expected
to reduce the amplitude of large-scale jet meanders due
to excessive PV filamentation and flux of wave activity
away from the jet core (Harvey et al., 2018). In sum-
mary, the representation of the humidity contrast across
the tropopause is expected to affect radiative heating pro-
files, tropopause gradients in temperature and wind, and
large-scale dynamics.

As stratospheric water vapour impacts atmospheric
radiative balance, its representation in simulations has
been evaluated. It has been known for at least 20 years
that atmospheric model analyses, re-analyses and fore-
casts are typically moister than observed in the extrat-
ropical lower stratosphere (Pope et al, 2001). This bias
has been shown through comparisons to many different
observational datasets as summarised in Table 1. For the
same reasons that a trend of increasing stratospheric water
vapour would lead to a cooling of the lower stratosphere,
one would expect radiative effects resulting from a moist
model bias in the lowermost stratosphere in the analy-
sis to lead to a cold bias in the extratropical lowermost
stratosphere in forecasts (Stenke et al., 2008; Diamantakis
and Flemming, 2014; Shepherd et al., 2018). Direct mea-
surements of temperature from radiosondes and aircraft as
well as indirect measurements from satellite radiances and
radio occultation are assimilated into both models which
constrain the temperature in the analyses. Dyroff et al.
(2015) and Carminati et al. (2019) show the mean temper-
ature errors of the ECMWF and MetUM analysis in the
extratropical lowermost stratosphere to be within a few
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TABLE 1 Summary of model moist biases in the upper troposphere and lower stratosphere found in other studies

Reference Observation Type Model/Analysis Detail of humidity bias

Stenke et al. UARS HALOE (Satellite) ECHAM4.L39 Model moist bias by factor of 3-5 compared

(2008) to observations in the extratropical lower-
most stratosphere.

Van Thien Aura MLS (Satellite) GFS and NAM model Both models are more moist than observa-

et al. (2010) tions over North America and nearby ocean
regions between 150 and 250 hPa.

Oikonomou MOZAIC (Aircraft) ERA-40 ERA-40 has up to over 60% higher mix-

and O’Neill ing ratios than observations in the Northern

(2006) Hemisphere mid- and high-latitude lower
stratosphere, as a fraction of the observed
values. The wet bias is larger in summer
than in winter.

Feist et al AMSOS (Aircraft) ERA-40 ERA-40 is moister than observations in the

(2007) Northern Hemisphere lower stratosphere.

Kunz et al FISH (Aircraft) ERA-Interim and ECMWF Analyses and Reanalyses underestimate

(2014) operational analyses high water vapour mixing ratios in the
upper troposphere and overestimate low
mixing ratios in the lower stratosphere.

Dyroff et al. CARIBIC (Aircraft) ECMWEF operational analysis ECMWF has a moist bias in the lower-

(2015) and short (< 24 hr) forecasts most stratosphere. This moisture excess
is largest in summer with a maximum
median difference around 2km above
the tropopause with the model humidity
~ 220% of observed values, and smallest
in winter with a maximum around 3 km
above the tropopause with model humidity
~ 150% of observed values.

Woiwode GLORIA (Aircraft) ECMWEF operational analysis Systematic moist bias in the polar lower-

et al. (2020)

tenths of a Kelvin. Although the subsequent growth of a
cold bias in the first days of the forecast in this region is
seen in operational verification, the authors are not aware
of documentation of this time-range in the published lit-
erature. However, the development of the cold bias in
the longer forecast range and climate of each model has
been described. For example, Gates et al. (1999) showed
a cold bias in the lower polar stratosphere in the Atmo-
spheric Model Intercomparison Project (AMIP) ensem-
ble compared to the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-15 reanalysis. Extra-
tropical lower-stratospheric cold biases with respect to
ERA-Interim reanalyses of up to 5K were found more
recently in 20-year AMIP-type simulations with the Met
Office Unified Model (MetUM; Hardiman et al., 2015; Oh
et al.,, 2018) and in multiple 1-year free-running simu-
lations with the ECMWF Integrated Forecasting System
(IFS; Shepherd et al., 2018). The ECMWF IFS was also

and short (< 12 hr) forecasts

most stratosphere with model humidities on
average ~ 150% of the observed values.

shown to have a more severe cold bias in forecasts in the
summer hemisphere than the winter hemisphere, which
may be related to the larger moist bias in ECMWF analy-
ses in summer than in winter found by Dyroff et al. (2015)
through the additional radiative cooling this would cause.

The aims of this study are firstly to identify and char-
acterise humidity and temperature biases in the upper
troposphere and lowermost stratosphere (UTLS) in the
IFS and MetUM, and secondly, to determine the extent
to which these temperature biases can be attributed to
the presence of the diagnosed moist bias and explore
the mechanism by which the moist bias and temperature
biases may be causally related. The first aim of character-
ising any biases is a necessary step to determining their
sources in weather forecasts. We use radiosonde obser-
vations obtained predominantly over the eastern North
Atlantic and Western Europe for the two-month period
of September and October 2016 to evaluate differences in
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Maps of (a) air temperature and (b) specific humidity from IFS operational analyses on 03 October 2016 1200 UTC at

250 hPa (greyscale shading) with the location of the dynamical tropopause shown by the 2 PVU contour (purple). Within the coloured shapes
are (a) the difference between the IFS temperature and the temperature at locations as measured by radiosondes launched from these locations
at the same time and pressure level, (b) the normalised difference of specific humidity between the model and the observations as defined in
Section 3.5. Squares indicate sites using the RS41 radiosonde, circles those using RS92, and triangles those using a combination of the two

specific humidity and temperature between observations
and IFS and MetUM operational analyses and forecasts,
with a focus on tropopause relative vertical structure
and the relationship between biases. The main bene-
fit of radiosonde data over satellite data or in situ air-
craft observations made along flight tracks which we take
advantage of for this study is the high vertical resolution
of the observations. This better facilitates the investiga-
tion of the vertical structures of any biases in the UTLS,
and allows calculation of the observed tropopause alti-
tude for tropopause-relative compositing, and evaluation
of the model representation of the tropopause altitude. The
collocated temperature and humidity measurements are
also important for determining any connection between
such biases. Furthermore, as radiosonde humidity obser-
vations are not assimilated above the tropopause, the
lower-stratospheric humidity observations provide an
independent dataset against which to assess analyses. To
address the second aim of understanding the relationship
between biases, the ECMWF Single-Column Model (SCM)
is used to investigate the radiative impact of the systematic
lowermost stratosphere specific humidity biases in anal-
yses, and to determine what proportion of the systematic
temperature biases in forecasts can be attributed to this.
In Section 2 we describe the radiosonde data used
in this comparison, the two numerical weather predic-
tion models and the SCM. We then outline the methods
used for the comparison in Section 3. In Section 4 the
results of the comparison of model data to radiosonde
observations are presented, followed by the results from
the SCM experiments and a discussion of changes at

tropopause level resultant from lowermost stratosphere
humidity differences in Section 5. The main conclusions
are then summarised in Section 6.

2 | DATA

2.1 | Radiosondes

In this study we use data from 3204 radiosondes which
were launched from 40 sites indicated in Figure 1 over
the North Atlantic region (38°-80°N, 50°W-24°E) in
September and October of 2016. Of these, 2602 are of
the type Vaisala RS92 (Vaisala, 2013) and 602 are of the
newer type Vaisala RS41 (Vaisala, 2017b). From 33 sites
radiosondes were typically released twice per day, and
from the rest once per day. The radiosonde ascents are
mostly operational launches, but additional launches were
also made for the NAWDEX (North Atlantic Waveguide
and Downstream Impact EXperiment) field campaign: a
project with the aims of exploring the impact of diabatic
processes on the jet stream and midlatitude weather sys-
tems (Schifler et al., 2018). The radiosondes used either
reported measurements every 2s, which corresponds to
approximately every 10 m, or at significant levels (Ingleby
etal., 2016).

The resolution and total uncertainty of the temperature
measurements made by the RS92 radiosondes are 0.1° and
0.5°C, respectively. The resolution of the relative humidity
(RH) data is 1% RH and the total uncertainty is 5% RH for
temperatures >—60°C (Vaisala, 2013). Total uncertainty
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here refers to a two-standard-deviation confidence level,
including repeatability and effects due to measurement
conditions, response times and measurement electronics.
The RS41 radiosondes have a resolution of 0.01°C and a
combined uncertainty of 0.4°C for temperature measure-
ments, and a resolution of 0.1% RH and combined uncer-
tainty of 4% RH for humidity measurements (Vaisala,
2017a). For both radiosonde types the reproducibility in
soundings is 2% RH. These figures are taken from Vaisala
datasheets, and further information on the measurement
performance can be found in Vaisala (2017a). The WMO
intercomparison of radiosonde systems (Nash et al., 2010)
shows that the Vaisala RS92 radiosonde performs well in
comparison to a Cryogenic Frostpoint Hygrometer (CFH)
for humidity measurements, including in the upper tro-
posphere and lower stratosphere, showing that systematic
errors are less than 2% RH. The improvement in perfor-
mance of the RS92 compared to earlier studies is due to
improved sensor coating and correction algorithms for
solar radiation and time lag, removing previously found
biases (Vaisala, 2020; Wang et al., 2013). Comparison
studies show good agreement in both the temperature
and humidity measurements between the RS92 and RS41
radiosondes (Jauhiainen et al., 2014). Although the differ-
ences in measurements are small, the RS41 demonstrates
a better precision and a reduced sensitivity to solar heating
(Edwards et al., 2014; Motl, 2014; Jensen et al., 2016). In
terms of bias between the two instruments, it can be seen
in intercomparison studies (Edwards et al., 2014; Jauhi-
ainen et al., 2014; Vaisala, 2014; Dirksen et al., 2020) that
the RS92is < 1.5% RH drier than the RS41 in the upper tro-
posphere and < 1% RH moister in the lower stratosphere,
which is a very close agreement given the uncertainties
of 4% RH and 5% RH for the two sonde types in these
measurements.

Although the measured quantity is relative humid-
ity, the humidity variable reported by radiosondes
is dew-point temperature. The resolution of these
measurements is 0.01°C, as for temperature. The humidity
quantity which we mainly consider in this article is
specific humidity, the calculation of which from the
dew-point temperature is detailed in Section 3. To provide
an indication of how large the measurement uncertainties
and biases detailed above are as a fraction of the mean
specific humidity at a given altitude, the measurement
uncertainty of 5% RH as given in the RS92 datasheet cor-
responds to around 5-10% uncertainty in mean specific
humidity in the troposphere. This increases from the top
of the tropopause to around 50-100% of the mean values
2 km above the tropopause. In the lowermost stratosphere,
this measurement uncertainty is much larger than other
sources of uncertainty such as uncertainty in temperature
and precision of the dew-point temperature. The mean

Royal Meteorological Society

relative humidity more than 2 km above the tropopause is
below 5% RH, and therefore we acknowledge that humidi-
ties measured at higher altitudes are associated with very
large uncertainty. It is also noted in Edwards et al. (2014)
and Nash et al. (2010) that there are diurnal differences
in the performance of the RS92 radiosondes. By compar-
ing data from radiosondes released at 1200 UTC to those
released at 0000 UTC in our dataset, we find that the RS41
radiosondes exhibit negligible day/night differences, but
that the RS92 radiosondes report slightly higher humid-
ity during the day, with the difference being everywhere
less than 3% of the mean specific humidity value in the
troposphere, and less than 5% in the stratosphere. Mea-
surement uncertainties in relation to the biases we observe
are discussed in more detail in Section 4.1.2.

As noted above, the radiosonde data from this period
are transmitted to the WMO Global Telecommunications
System (GTS) in one of two different formats. Twenty
six of the sites report the measurement data recorded
every 2 seconds, giving a vertical spacing of approximately
10 m throughout the ascent. For the other eighteen sites,
radiosonde data are sub-sampled and transmitted only for
significant levels: a set of mandatory pressure levels, in
addition to altitudes chosen on each profile where there
is a marked change in the gradient of the temperature
or humidity . The profile obtained by linear interpolation
between significant levels is, by design, very similar to the
raw high resolution profile and the significant levels are
only used to reduce data transmission from remote sites.

To make the observed data comparable to data from
the models in terms of smoothness, we apply a Gaussian
kernel smoothing filter to the profiles, of half-width 200 m
(Harvey et al., 2020). This smooths the observed data to
a resolution similar to that of the models. The agreement
between the altitudes of the tropopause from observations
and the models were compared for different smoothing
Gaussian half-widths. Half-widths of greater than 200 m
gave no improvement on the agreement and failed to
resolve features of interest, while those smaller than 200 m
resolved features too finely, giving an increased median
difference in calculated tropopause height between model
and the observations (not shown). For the radiosonde data
on significant levels, the radiosonde data were first lin-
early interpolated between observation points to a 10m
grid before smoothing to make them comparable to the
radiosonde data from the high-resolution sites.

2.2 | Models

Vertical profiles from the radiosondes are compared to
profiles taken from the operational IFS and MetUM
forecast models. The ECMWF analysis and forecast data
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are interpolated to a 0.125° X 0.125° latitude-longitude
grid. The operational version in autumn of 2016 of the
ECMWF’s high-resolution atmospheric model was IFS
cycle 41r2 (ECMWF, 2016) with horizontal resolution
TC01279 (~9 km grid spacing; Malardel et al., 2016) and
137 vertical levels. The mean vertical model level spac-
ing at the tropopause in the midlatitudes is approximately
300m. The Met Office analyses and forecasts from the
NAWDEX period were produced using the MetUM ver-
sion 10.2 in the operational global configuration GA6.1
(Walters et al., 2017), with a horizontal resolution of N768
(~17 km grid spacing) and 70 vertical levels. Data are lin-
early interpolated in the horizontal to radiosonde release
sites. The vertical model level spacing at the tropopause
in the midlatitudes is approximately 550 m (Schifler et al.,
2020). Radiosonde data are compared to model data
from the nearest six-hourly analysis or forecast. Opera-
tional radiosondes are typically launched 45 min before
their nominal report time, so at typical ascent rates the
radiosonde is expected to be close to the tropopause at
0000, 0600, 1200 or 1800 UTC.

As noted in the previous section, increments to
model humidity from radiosondes are not used above the
tropopause in data assimilation in the IFS (Ingleby, 2017),
and in the MetUM they are not used above the 5PVU
surface, or between 2.5 and 5PVU if observed humidity
values fall outside of the climatological range of 1-3 ppm
and relative humidity < 10% RH, between 100 and 400 hPa
(Ingleby et al., 2012). There are several difficulties with
assimilating humidity data in the stratosphere, including
the lack of available near-real-time high-quality observa-
tions with sufficient vertical resolution and global cov-
erage. Even with radiosonde or aircraft data, there are
difficulties allowing humidity increments into the strato-
sphere due to the sharp humidity gradient at the extratrop-
ical tropopause, as small displacements can lead to large
differences between observed and background humidities
(Bannister et al., 2020). A similar problem is found for
the large gradients associated with boundary-layer inver-
sions where vertical positional errors can lead to degra-
dation in the analysis (Fowler et al., 2012). Furthermore,
depending on the humidity variable used, allowing humid-
ity increments in the absence of observations can lead to
a moistening of the lower stratosphere as the assimilation
corrects for the cool bias, due to the correlation between
temperature and humidity (Dee and Da Silva, 2003).

The IFS SCM represents the physical processes in
a vertical column for a single grid-point in the hori-
zontal. We use it here to isolate the changes in the
response of these physical processes to changes in the ini-
tial vertical profiles of variables from effects due to the
larger-scale dynamics. For the SCM experiments we use
version 43r3 of the IFS, which is a later version than used

for the full model simulations, but which has very simi-
lar lower-stratospheric temperature errors. The SCM is run
with the same 137 vertical levels as the full model. The
physical processes included are as detailed in the IFS 43r3
documentation (ECMWF, 2017). Further detail on how
we forced the SCM for these experiments is provided in
Section 5.1, and more information about the IFS SCM can
be found at, for example, Carver (2019).

3 | METHODS

In this section we outline the methods used for the cal-
culation of specific humidity from radiosonde-reported
dew-point temperature (so that these values can be com-
pared to the model output), the method used to identify the
tropopause and the tropopause-relative coordinates that
are used throughout the paper to calculate the mean prop-
erties of the extratropical lowermost stratosphere. We then
explain how we ensure that the tropopause-relative com-
parisons we make are appropriate, and the metric used for
the evaluation of the specific humidity biases.

3.1 | Calculation of specific humidity
from radiosonde ascents

Before the smoothing filter is applied to the radiosonde
data, specific humidity is calculated from the dew-point
temperature reported by the operational radiosonde data
processing system. The saturation vapour pressure, e, is
first calculated from the dew point temperature using the
Sonntag numerical approximation (Sonntag, 1990; 1994),
chosen because itis used in the humidity observation oper-
ators in the data assimilation for both the IFS and Met
Office (Ingleby and Edwards, 2015; Haiden et al., 2016):

m( e ) _6096.9385
100 Tq

+16.635794 — 2.711193 X 1072Ty
+1.673952 X 10T + 2.433502 In(Ty),

where e is in Pa and Ty is dew-point temperature in
Kelvin. The specific humidity, g, in kg kg! is subsequently
calculated as

B €e
max(p,e) — (1 —e)e’

q

where p is pressure in Pa and e is the ratio between the
specific gas constant for dry air and the specific gas con-
stant for water vapour, Rq/Ry, equivalent to the ratio of
the molar masses of water vapour and dry air. As q is
unitless, for the remainder of the paper units of g will not
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be included in the text. The use of the maximum function
here is to restrict the maximum value of q to 1 if, for any
reason, the partial pressure, e, is calculated as being larger
than the air pressure, p.

3.2 | The thermal tropopause

As we are concerned mainly with the upper tropo-
sphere/lower stratosphere (UTLS) region, we also need
to calculate the altitude of the tropopause. The ther-
mal tropopause is found using the World Meteorological
Organisation definition (WMO, 1957): “The lowest level
at which the lapse rate decreases to 2 K-km™! or less, pro-
vided that the average lapse rate between this level and
all higher levels within 2km does not exceed 2 K-km™!”,
with an additional requirement that the mean specific
humidity in the 1km layer above the tropopause should
be less than 4 x 107>, This latter threshold is applied to
reduce the number of cases when the tropopause is found
as a lower-level inversion, and is chosen to be sufficiently
high that values of specific humidity in the stratosphere
are always less than this.

3.3 | Tropopause-relative coordinates
Once the altitude of the thermal tropopause has been cal-
culated, using the tropopause altitude identified from the
radiosonde observations, Zp, data from all sources are
interpolated to a regular 50m grid in the shifted height
coordinate (z-Zpp). The reference altitude, z;p, does not
affect the comparison between observation and model
temperature and humidity on each profile. It only affects
the composite obtained over many profiles due to the
shift in each profile to the reference position, Zpp. The
radiosonde-derived tropopause altitude is used because it
is common to the comparisons with both the ECMWF
IFS and MetUM models. This means that the sharp con-
trast between troposphere and stratosphere observed on
most profiles is reflected in the composites and biases in
the stratosphere can be clearly distinguished from those
affecting the troposphere.

3.4 | Tropopause-matching condition

Figure 2 shows that on average the models and radioson-
des generally agree in the altitude of the tropopause using
the WMO lapse rate definition. The median tropopause
altitude in the models is higher than that from the
observed vertical profiles, by approximately 500 m for the
MetUM at all lead times and approximately 200 m in

Royal Meteorological Society

the IFS analysis increasing to 500 m in the five-day fore-
cast. These differences are of a similar order of magnitude
to the model grid spacing at these altitudes.

Figure 2 also shows that there are several cases
where the diagnosed tropopause altitudes are very differ-
ent between the model and the observations. The large
differences in tropopause altitude between the observa-
tions and the analysis can be due to tropopause folds,
with the lower tropopause being identified for one pro-
file and the higher tropopause being identified for the
other. In these situations, provided the model has repre-
sented the structure of the fold correctly, in agreement
with observations, we would still expect any differences
between modelled and observed profiles of temperature
or humidity to represent errors in the model. The choice
of zZupp used only affects the reference level used to com-
posite the errors. Another cause of such large differences
in tropopause height is feature displacement. This would
occur if, for example, there was a difference in the fore-
cast position of a Rossby wave on the tropopause at a
given location such that the western side of a ridge was
observed by the radiosonde, but the model profile was
through the eastern side of the adjacent trough because
the model had the wave slightly further east. In these sit-
uations we would also expect to see large differences in
temperature and humidity for altitudes between those of
the two different tropopause altitudes, as one profile would
have stratospheric air here and the other tropospheric air.
Such differences would not necessarily indicate an error in
the model representation of the field, but rather displace-
ment in the position of a large-scale feature, and so for the
purposes of this study we will remove these cases. A cut-off
isintroduced such that, where the difference in tropopause
height is greater than 1km, the associated vertical pro-
file is not included in these comparisons. This excludes
those scenarios where the model and radiosonde profiles
are through different sides of a sharp feature. This cut-off
is only used in comparisons of observations to forecasts
as it does not make a difference to the results of compar-
isons with the analysis, and including more cases allows us
to produce better statistics. Data assimilation makes large
feature displacement in the analysis unlikely. We can see
from Figure 2 that the number of instances with large dis-
agreement in tropopause altitude increases with forecast
lead time, as feature displacement becomes more likely.

3.5 | Specific humidity normalised
difference

The relative magnitude of the difference in specific humid-
ity between model data and observations is shown using
the unitless normalised difference between the model
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humidity and the observed humidity, calculated as

Qmodel — dsonde

2

2
qmodel + qsonde

The advantages of normalising the differences by the
root sum squared of the modelled and observed values are
that it returns a value bounded between +1 and is sym-
metric in magnitude with respect to relative differences of
different sign between the model and radiosonde. Calcu-
lating the mean of this metric over a collection of ascents
therefore does not give increased weight to those ascents
with an overestimation of low humidity over those with
an underestimation of higher humidity, as would occur if
normalising by the observations alone. Some fractional dif-
ferences given in the text are calculated from these mean
normalised differences, for ease of interpretation.

4 | RESULTS OF COMPARING
MODELS WITH RADIOSONDE
OBSERVATIONS

In this section we first compare the radiosondes to the
model analyses to find the magnitude and structure of

any systematic bias that exists in the initial conditions for
forecasts, and investigate any dependence this has on the
synoptic conditions. We then consider how these biases
change over the first five days of the forecast.

4.1 | Comparison of observations to
meteorological analyses

4.1.1 | Spatial and temporal variability
and structure

We begin by examining the spatial and temporal struc-
ture of the differences between the radiosonde and
IFS model data. Such comparisons with the MetUM
yield similar results, and the mean biases of both mod-
els will be considered in later subsections. Figure 1
illustrates the positions of the radiosonde sites and
gives a representative picture of how model tempera-
ture and humidity fields compare to observations on
both sides of the tropopause in the UTLS. Figure la
shows that the radiosonde observations of air tem-
perature at 250hPa agree with the background field
from the IFS to within +1.5°C, and there is a mixture
of positive and negative differences, with no obvious
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Timeseries over the two-month period from 01 September to 31 October 2016 at Lerwick (60.14°N, —1.18°E) of the

normalised difference (colour shading) between IFS analysis specific humidity and radiosonde observations as a function of altitude. Altitude

is considered in a tropopause-relative framework, where zero is the altitude of the tropopause as determined by the radiosonde observations,

calculated according to the WMO lapse-rate definition as discussed in Section 3.3. The black contour is the tropopause as determined from

the model data

suggestion of a systematic difference between analysed
and observed temperatures. In contrast, in Figure 1b for
specific humidity, the agreement is good in the tropo-
sphere, but the model has consistently higher humidity in
the stratosphere.

The situation illustrated in Figure 1 of a moist bias
in the lower stratospheric regions is representative of the
entire two-month observation period considered. This per-
sistence is shown in Figure 3 for a single observation site
at Lerwick which used the RS92 radiosondes, though the
results are consistent across the other sites considered.
Below the tropopause there is variability in the specific
humidity normalised difference, but no significant bias. In
contrast, in the first few kilometres above the tropopause,
the IFS has a systematic moist bias compared to the obser-
vations. The model tropopause is generally within a few
hundred metres of that observed, with only a few out-
liers. For example, on 27 September the model tropopause
is much higher than observed. Closer examination (not
shown) reveals that this difference is due to a tropopause
fold, as discussed in the previous section, and this sound-
ing would be removed from the data used in the compar-
isons of the forecasts.

Considering now data from all locations and all times
during the two-month period, in the scatter of observed
against IFS model humidities (Figure 4) we see that in
the troposphere for the majority of places and times the

humidities in both the model and the observations agree
very closely (i.e., follow the 1:1 line). For the lowermost
stratosphere, on the other hand, the model has a clear pos-
itive humidity bias compared to the observations. Taking
those measurements made between 1 and 3 km above the
tropopause and performing a linear regression on these,
we recover a slope of 0.57, indicating that the IFS is 175%
as moist as is observed, in the mean in this region. A
further notable feature of Figure 4 is that values for the
specific humidity in the model at altitudes above around
6km above the tropopause seem to have a minimum at
~ 3 x 1075, This is not as a result of an artificially imposed
minimum value in the model, as we have found that the
IFS is capable of sustaining lower values of specific humid-
ity than this in forecasts (not shown).

4.1.2 | Mean vertical structure

We now consider the mean vertical structure of the model
analysis humidity bias in an Eulerian frame of reference
over the North Atlantic in the two-month period and
in a tropopause-relative altitude coordinate system. For
this analysis we will now also use data from the MetUM
model in addition to that from the IFS. Additionally, as
we are using observations made by radiosondes of two
different types with different uncertainty characteristics,
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Average values of specific humidity in 500 m bins as measured by radiosondes (x-axis) against specific humidity at the
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here comparisons of the models to these are composited
separately. Figure 5a, c show that analyses from both mod-
els represent the specific humidity well in the troposphere,
where observations are assimilated, but have mean moist
biases in the stratosphere that increase in magnitude from
small values at the tropopause to a maximum 1-2km
above the tropopause. There is also a sharp decrease across
the tropopause in the observed profiles of specific humid-
ity that is not replicated in the models. This decrease in
the observations but not the models is still seen (though
slightly less sharply) when compositing profiles relative
to the model tropopause altitude (not shown) as opposed
to the radiosonde tropopause altitude as shown here.
This indicates that the difference between modelled and
observed specific humidity across the tropopause is not
caused by compositing model profiles with slightly differ-
ent tropopause altitudes, but rather is a robust feature.
These panels also give an indication of the data availabil-
ity as a function of tropopause-relative altitude and show
that this drops off with height in the stratosphere. In order
to make a comparison relative to the tropopause altitude,
all radiosonde profiles necessarily reach this level (ascents
which do not cannot be used) and at some altitude above
this the radiosonde balloons must burst.

Figure 5 illustrates how the measurement uncertainty
of the radiosondes as given in Section 2.1 in terms of

relative humidity is related to uncertainty in specific
humidity using the following method. For each ascent the
relative humidity is calculated, upper and lower bounds
on this are found according to the manufacturer-specified
combined uncertainties quoted above, and these bounds
are then converted back to specific humidity and averaged
in the same way as specific humidity. As we are consider-
ing the mean over thousands of data points, the standard
error of the mean is very small, assuming that systematic
errors have been corrected for and the remaining measure-
ment errors are random. The standard deviation shown
here therefore does not indicate a lack of confidence in
the magnitude of the bias, but rather illustrates the spread.
Compared to the RS92 radiosondes in Figure 5b, the anal-
yses at &1km above the tropopause have a maximum
mean normalised difference of ~0.37. Compared to the
RS41 radiosondes in Figure 5d, analyses have a maximum
mean normalised difference of ~0.34 at ~1 km above the
tropopause. A mean normalised difference of 0.34 means
that the mean specific humidity in analyses is 166% of the
mean observed value.

In the troposphere the RS41 radiosondes agree with
model humidities, while observations from RS92 radioson-
des are slightly drier. This is in agreement with the dis-
cussion of sensor differences in Section 2.1. Similarly we
might expect measurements from RS92 radiosondes to
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be slightly moister than from RS41 in the lower strato-
sphere, resulting in a slightly reduced difference between
the RS92 measurements and the model. In the lowermost
stratosphere, the bias found through comparison to both
radiosonde types is very similar, and even considering the
uncertainty in the observations the lower limit of the nor-
malised difference still indicates a moist bias 1 km above
the tropopause in the analyses from both models. The
character of the normalised specific humidity difference
is different for the two radiosonde types higher up in the
stratosphere. However, as is noted in Section 2.1, at alti-
tudes above 2km above the tropopause the instrument
uncertainty is large. Furthermore, as the number of mea-
surements at these altitudes is relatively small, and the
RS41 and RS92 radiosondes are typically launched from
different observing sites, from the available data we are
unable to draw any conclusions regarding the comparison
at these higher altitudes. Though values in this region are
still plotted for consistency with the later consideration
of temperature biases, for plots using humidity observa-
tions these regions are shaded grey. As the two radiosonde
types perform similarly in our region of interest between

the tropopause and 2km above it, data from the two
radiosonde types are combined in the remainder of this
paper. It should be noted that, as there are around five
times more observations from RS92 than RS41 radioson-
des, the former dominate subsequent statistics.

4.1.3 | Meteorological dependence of the
vertical structure

To consider how the vertical structures and magnitudes of
these biases vary under different atmospheric conditions,
we can produce similar figures to Figure 5, but instead
taking the mean only over profiles that satisfy certain cri-
teria. This partitioning has been done conditioning on
profiles that satisfy the following criteria: the presence of
a low static stability layer within a certain distance below
the tropopause; clouds within a certain distance of the
tropopause; whether the vertical profile is taken through
a ridge or a trough; and ridge profiles for which the air
motion is northward (roughly equivalent to the western
region of the ridge). The application of most of these
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conditions resulted in no notable systematic difference
between the composite vertical profiles of humidity (not
shown) and are not discussed further here; the exception
is when separating profiles in ridges and troughs. Ridges
are identified relative to the mean height in ERA-Interim
of the tropopause at each radiosonde site over the months
of September and October from 2005-2017. The mean
ERA-Interim tropopause height is calculated from the
height of the 2 PVU surface which, due to the sharp PV
gradient between the troposphere and stratosphere, is a
convenient identifier of the tropopause in the Extratropics.
A profile is classified to be in a ridge if the calculated
tropopause altitude is larger than one standard deviation
above this mean height. The standard deviation used is
that of the set of 26 monthly means (from two months
in each of 13years). Troughs are identified similarly, but
using one standard deviation below this mean height. Of
the 3,204 vertical profiles, 1,605 of these were classified as
ridges, and 772 as troughs.

The humidity biases have similar vertical structures in
ridges and troughs, but with a larger vertical length-scale
for troughs, and smaller for ridges (Figure 6). This results
in the maximum difference being found at ~1 km above
the tropopause in ridges, but ~2km above in troughs.
Additionally, although in the IFS the moist biases in the
troughs and ridges are of very similar magnitude, there
is a more pronounced difference in the MetUM, with
the troughs having a slightly larger and much deeper
systematic bias.

4.2 | Comparison of forecasts
to observations

Having considered the comparison of these radiosonde
observations to model analyses, we now also compare to
forecasts out to five days. The specific humidity bias is

large in the analyses, and we can see from Figures 7a, b that
the mean analysis value of the normalised difference in the
lowermost stratosphere is much larger than any changes
that occur in the first five days of the forecasts. In the IFS
the mean moist bias 1 km above the tropopause increases
slightly over the forecast period, whereas in the MetUM it
decreases slightly.

Additionally we see that, although the temperature
in the model analyses is very similar to that from the
radiosonde observations, it diverges from the observations
during the first five days of a forecast in both the IFS
and the MetUM. Initially in both models there is a slight
cold bias in the lowermost stratosphere of ~0.2K with
respect to the radiosondes, and a slight warm bias at the
tropopause of similar magnitude. Subsequently, the dif-
ference from observations of the lowermost stratosphere
temperature evolves differently in the IFS and MetUM
(compare Figure 7c,d). For the IFS a cold bias develops
in the lowermost stratosphere at a rate of ~0.2K-day™!;
the largest bias is initially 600 m above the tropopause,
but increases to 1,200 m above the tropopause during the
five-day forecast. In the MetUM, the slight mean cold bias
at ~#1km height grows at a slower rate than for the IFS,
and a mean warm bias develops at an altitude of ~3km
above the tropopause; this bias develops at an accelerat-
ing rate, reaching a magnitude of ~0.7K after five days.
Another feature in Figure 7c,d is a peak in the air tem-
perature difference at the tropopause. This sharp peak at
the tropopause is not present when compositing differ-
ences relative to the model tropopause (not shown). If
tropopause altitudes between model and observations dif-
fer, the consequence of compositing model temperature
profiles relative to the observed tropopause is that the
transition from tropospheric to stratospheric lapse rates at
the tropopause will be smoothed in the vertical, and the
temperature in the narrow region about the tropopause
in the model will be slightly increased. However there
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(a, b) show means only over those ascents in ridges and (c, d) only those in troughs

is instead in a model-tropopause relative comparison a
slight warm bias developing at a rate of approximately
0.1K-day~! in a much deeper region below the model

tropopause.

It is shown in Saffin et al. (2017) that the behaviours
of physical processes affecting PV at the tropopause
are different in ridges and troughs. Separating the air
temperature difference profiles from Figure 7c,d into
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ridges and troughs yields Figure 8. The greater num-
ber of profiles through ridges compared to troughs (more
than twice as many) contribute to the mean profiles in
Figure 7c,d bearing a closer resemblance to those shown
for ridges than troughs. For the IFS, the magnitude of the
peak temperature difference is very similar in ridges and
troughs in the analyses and one- and three-day forecasts
(~0.85K at 1km above the tropopause). Recall that
the specific humidity normalised difference was simi-
lar between ridges and troughs for the IFS (Figure 6a).
However, whereas the maximum value of the nor-
malised difference in specific humidity was at a higher
tropopause-relative altitude for troughs than ridges, the
altitude of the maximum cold bias is the same in both
ridges and troughs, but the cold bias extends further up
into the stratosphere in troughs.

In the MetUM we see larger differences when separat-
ing profiles into those in ridges and troughs, with a cold
bias of around 0.8 K at 1 km above the tropopause increas-
ing over the first three days of the forecast in troughs, as
with the IFS, but a warm bias developing with lead time
above ridges at 2-3 km above the tropopause.

Now we will consider briefly the sensitivity of these
results to the choice of tropopause-matching condition
(not shown). Results for humidity are not sensitive to the
threshold chosen, nor are results for IFS temperature in the
analysis and one- and three-day forecasts. However there
is an increase in the cold bias from =~ 0.2 to ~ 0.3 K-day ™!
in IFS five-day forecasts with the inclusion of cases where
the model tropopause is between 1 and 1.5 km above that
observed. MetUM temperature forecasts are also sensitive
to the choice of tropopause matching condition. Regard-
less of the chosen threshold, we see the development of
a warm bias 3km above the tropopause in ridges and a
cold bias 1 km above the tropopause in troughs, however
in troughs without the condition the mean cold bias is
markedly larger at both 3 and 5 days, and in the mean over
all profiles when the matching condition is not applied
there is a reduced warm bias at 3 km, and there is instead
a larger cold bias at 1km. It is for this reason that we
are able to find a systematic tropopause-relative warm
bias in the lowermost stratosphere of the MetUM when
using this tropopause matching condition, while in cli-
matological comparisons it is known that the MetUM
has a cold bias in the extratropical lower stratosphere
(Hardiman et al., 2015). It is shown in Figure 2 that
there are more cases where the model tropopause is
higher than observed excluded by the matching condi-
tion than lower, increasing with lead time, and these
differences when removing the tropopause matching con-
dition are consistent with this. The relation between the
biases and tropopause altitude will be discussed further in
Section 5.2.

5 | ATTRIBUTING TEMPERATURE
BIASES TO THE HUMIDITY BIAS

In the Introduction we discussed the mechanism by which
a moist bias in the lowermost stratosphere can lead to a
collocated cold bias through changes in long-wave radia-
tive transfer. In Section 4, we identified the locations and
magnitudes of both a moist bias in the model analyses and
the development of a temperature bias in forecasts. In this
section we examine what proportion of the forecast tem-
perature biases can be attributed to changes in radiative
cooling, as a consequence of the presence of the moist bias
in the analyses, and consequent changes in the structure
of the tropopause.

5.1 | Attribution of temperature biases
using the IFS single-column model

The magnitude of the cold bias attributable to the radiative
response to the identified moist bias is quantified using the
IFS SCM. The SCM simulations are used to provide infor-
mation on the typical heating rates from parametrized
physical processes, the contributions of which are output
as individual rates of change of temperature, referred to
as “process tendencies”. Although in the full 3D forecast
models air masses are advected around, such that over a
five-day forecast they will experience heating or cooling
in different regions, the SCM just represents the impact of
the physical processes in a column with no advection. Two
simulations are run for nine days initialised with identical
temperature profiles, but humidity profiles representative
of the IFS analysis state and the observed state respectively.
The differences in temperature between these are there-
fore as a result of the differing initial humidity profiles.
The SCM simulation representative of the IFS model state
(labeled IFS-prof in Figure 9) is initialised with a humidity
profile equivalent to the mean over the humidity profiles
from the IFS analyses at all radiosonde launch sites and
times. This profile is similar to that shown in Figure 5a,c,
but the mean is taken in a ground-relative sense in pres-
sure coordinates, as opposed to a tropopause-relative sense
in altitude coordinates. The SCM is also initialised with a
similarly produced temperature profile, zero wind speed,
and a surface pressure of one atmosphere: 101,325 Pa. The
surface boundary condition is zero sensible and latent
heat flux.

The simulation representative of the atmosphere
as observed by the radiosondes (labelled Obs-prof in
Figure 9) is initialised with the same temperature as
those used for the IFS simulation, but with the humid-
ity profile changed only in the lowermost stratosphere,
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humidity modified towards that observed, for the nine days of the forecast. The black dotted line is the tropopause as calculated from the

temperature profiles of the Obs-prof simulation and dashed contours indicate negative values. Vertical profiles of (c) temperature and (d) the

vertical gradient of potential temperature at five days for IFS (blue, IFS-prof) and radiosonde (black dashed, Obs-prof) representative SCM

simulations, and the profile at initial time (grey) [Colour figure can be viewed at wileyonlinelibrary.com]

as indicated in Figure 9a. In Section 4 we identify
the mean tropopause-relative specific humidity nor-
malised difference over all considered radiosonde
ascents, illustrated by the solid line in Figure 7a. The
observation-representative humidity profile is created
such that the tropopause-relative normalised difference
between Obs-prof and IFS-prof between the tropopause
and 2km above is the same as that difference found in
Section 4. This is achieved by removing the appropriate
amount from the IFS-prof averaged humidity profile. This
layer is chosen to isolate the effect of a moist bias in the
lowermost stratosphere where we have the highest con-
fidence in the presence of a moist bias. The number of
radiosonde measurements above this level is small and the
measurement uncertainty is much greater, so a humidity
bias cannot be robustly confirmed above this level. Below
the tropopause and above 3 km above the tropopause, the
imposed normalised difference profile between Obs-prof
and IFS-prof is set to be zero, and it varies linearly
between the mean value at 2km and zero at 3 km. A linear

reduction of the normalised difference in this layer is
imposed to prevent any effects arising from a sharp bound-
ary. Such a layer is not needed below the tropopause as
the normalised difference here is already approximately
zero. Results from SCM simulations initialised with these
idealised mean profiles are representative of results from
SCM simulations initialised using profiles from individual
times and locations.

Figure 9(b) illustrates the difference in temperature
fields between the two SCM simulations. From examina-
tion of the temperature tendencies (not shown), we know
that this difference is entirely attributable to the radia-
tion scheme. A dipole of temperature difference emerges
over the nine days of forecasts shown, with a lowermost
stratosphere cold bias and near-tropopause warm bias.
The additional cooling of IFS-prof relative to Obs-prof is
—0.175K-day~! at day 3, reducing to -0.16 K-day~! at day 5
and continuing to slow for the remaining four days of the
simulation. If an alternative scenario is assumed where
the moist bias extends upward and humidity is reduced to
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match observations in the lowest 5 km of the stratosphere
and linearly to no difference at 7.5km (not shown), then
the cooling rate slightly decreases to ~ —0.14 K-day™! at
day 5. The warm bias in the vicinity of the tropopause,
and just below, is shallower and of a lower magnitude
than the cold bias above, growing at a similar rate of
~ +0.15K-day~'.

The increased long-wave cooling in the lowermost
stratosphere associated with the moist bias leads to
the growth of the negative temperature bias in these
forecasts locally. However, the increased down-welling
long-wave emission from the lowermost stratosphere
will be absorbed in the upper troposphere (Birner and
Charlesworth, 2017), leading to increased warming in
the upper troposphere with respect to a profile with-
out a moist bias. Consequently, we expect the upper
tropospheric warm bias to grow in tandem with the
lower stratospheric cold bias, as seen in the SCM
(Figure 9).

The SCM-derived cooling rate above the tropopause
is consistent with the —0.2K-day~! found in the mean
through comparison of operational forecasts to radiosonde
temperature observations in Figure 7, given the idealised
nature of the SCM simulations. This consistency strongly
suggests that the cold bias which is found to develop in the
lowermost stratosphere of the IFS is largely a result of the
moist bias in the lowermost stratosphere analysis.

The growth of a warm bias is also seen in both oper-
ational models (Figure 7) but is more concentrated at the
tropopause than in the SCM. It is also found to be less
prominent if the model-observation differences are com-
posited relative to the tropopause in the forecasts, rather
than using the observations as the reference (not shown).
This difference in the temperature bias between the SCM
and operational model suggests there are other processes
acting in the full IFS forecasts, such as advection and mix-
ing, which modify the warm bias in the region of the
tropopause.

5.2 | Changes in static stability near
the tropopause

Water vapour in the lowermost stratosphere is also shown
to affect tropopause altitude and sharpness. The temper-
ature profile of the Obs-prof SCM simulation, initialised
with a drier lowermost stratosphere, evolves to have a
sharp transition from positive to negative lapse rates at the
tropopause, above which the temperature then increases
to a local maximum =~ 2km above the tropopause at the
top of the TIL, before becoming approximately isothermal
for several kilometres (Figure 9c). This structure is simi-
lar to that of temperature profiles from the observations

— Reference profile Static stability
increased above

tropopause

Profile with moist

§ — bias in lowermost Temperature
trat h i
b= stratosphere old bias in lowermost biases cause
= her increase in
Y -~ <2 tropopause
Warm bias at altitude
tropopause ~
level Static stability
increased below
tropopause
Potential temperature
FIGURE 10 Schematic illustration of the effect of the

lowermost stratospheric moist bias on an idealised vertical profile of
potential temperature, where the black line is an idealised reference
profile. The blue line represents the profile following the effects of
the anomalous radiative heating dipole that results from the
presence of a moist bias. The horizontal dotted lines indicate the
tropopause altitudes for the respective profiles [Colour figure can be
viewed at wileyonlinelibrary.com]

and analysis (not shown). However, with the moist bias
in IFS-prof there is a weaker lapse rate in the upper tro-
posphere, a smoother transition from positive to negative
lapse rates, the local minimum in temperature is at a
higher altitude, and the magnitude of the local temper-
ature maximum at the top of the TIL is reduced. This,
on the other hand, is similar to that of temperature pro-
files from the operational five-day forecasts. That we see
these similarities, despite the SCM being initialised with
a smoothed temperature profile, demonstrates the depen-
dence of the structure of the equilibrium model tem-
perature profile at the tropopause on initial lowermost
stratospheric humidity.

The schematic in Figure 10 illustrates how the radiative
heating dipole in response to the moist bias is expected to
influence an idealised atmospheric profile where static sta-
bility is piecewise uniform. To first order, the tropopause
can be represented as a sharp change in static stability
from typical values in the troposphere to a higher value
in the lower stratosphere (approximately double). The air
cools radiatively where there is the moist bias and poten-
tial temperature increases below (near the tropopause).
Local turbulent mixing tends to maintain uniform static
stability in the troposphere and the blue curve in Figure 10
is obtained by satisfying the radiative changes in poten-
tial temperature and piecewise uniform static stability. A
necessary result is an increase in tropopause height, as
well as increased static stability above the level of peak
anomalous cooling, as seen in Figure 9d. Static stabil-
ity must also decrease in the model between the level of
the observed tropopause and the peak of anomalous cool-
ing. This tropopause smoothing is illustrated by the SCM
results in Figure 9 at the level of the Obs-prof tropopause,
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showing that, in models with a lowermost stratosphere
moist bias in the initial conditions, there is a reduction of
the sharp static stability gradient.

This can explain plausibly why the tropopause altitude
calculated from model data is on average higher than in
radiosonde observations, and that this difference increases
with forecast lead time (Figure 2a).

5.3 | Unattributed temperature biases

Finally, the temperature biases that developed in the
MetUM forecasts are considered.

In contrast to the findings for the IFS operational
forecasts, the SCM experiments indicate that the radia-
tive response to a moist bias cannot completely explain
the temperature biases in the MetUM operational fore-
casts. Additional SCM simulations were run using ide-
alised humidity profiles representative of the mean over
those from the MetUM as well as taken from individual
ascents. Through comparisons of temperature fields from
these simulations (not shown) it is evident that the a low-
ermost stratosphere cold bias develops due to the effects of
long-wave radiation in a similar way to the IFS, although
with a smaller magnitude. In Figures 7d and 8b,d the
temperature difference 1 km above the tropopause is more
negative than that 3km above the tropopause, which we
would expect from radiative effects of the moist bias. The
warm bias 3km above the tropopause in ridges, in con-
junction with the smaller negative temperature bias below
this, may then be the result of a secondary factor caus-
ing a warming throughout the stratosphere in ridges. It is
hypothesised that another of the dominant stratospheric
trace gases (i.e., ozone or carbon dioxide) is responsible
for this additional anomalous warming. Both the IFS and
the MetUM use an ozone climatology which does not take
into account the varying tropopause height. As a result
of this, both have higher concentrations of ozone in the
lower stratosphere above ridges than observed at the same
altitudes by ozonesondes (World Ozone and Ultraviolet
Radiation Data Centre, 2020) or the AIRS satellite instru-
ment (Teixeira and AIRS Science Team, 2013). At most lat-
itudes this difference is notably larger than the difference
between the climatologies used by the two models. So,
although one might expect a positive bias in lower strato-
spheric ozone concentrations in ridges in the MetUM to
cause anomalous warming there, it is unclear why this
would would result in a warm bias in the MetUM (at
3km above the tropopause), but not in the IFS. As men-
tioned previously, this temperature bias will be affected
by the history of the air parcels as well as local radiative
processes.

Royal Meteorological Society

6 | SUMMARYAND CONCLUSIONS
An accurate representation of temperature and humid-
ity in the extratropical lower stratosphere is important for
global weather forecast and climate models. Many mod-
els have been shown to have significant biases in this
region and there has been little progress in reducing these
biases. To improve the models, it is imperative to gain a
better understanding of the errors and their sources and
this study is a step forward in that direction. The specific
aims of this study are to identify and characterise humid-
ity and temperature biases in the upper troposphere and
lowermost stratosphere in the IFS and MetUM weather
forecast models using radiosonde observations, to quantify
the temperature bias growth attributable to a diagnosed
moist bias, and to explore the influences of these biases on
other tropopause-level features. The main conclusions are
summarised below.

It is found that both the IFS and MetUM have a mean
moist bias in the lowermost stratosphere with a maxi-
mum approximately 1 km above the tropopause with the
model humidities approximately 170% of the observed val-
ues. The magnitude of this bias found through comparison
with radiosonde data is largely consistent with those found
by the previous studies listed in Table 1 derived from com-
parison with aircraft and satellite observations, and the
altitude is consistent with the autumn tropopause-relative
comparison from Dyroff et al. (2015). When considering
only radiosonde ascents through tropopause-level troughs,
this maximum value of the specific humidity normalised
difference occurs around 2 km above the tropopause; for
ridges it occurs at around 1 km, the same height as in the
mean. In the IFS, the tropopause-relative vertical struc-
ture of the moist bias is very similar between ridges and
troughs, whereas in the MetUM features in troughs have
a larger vertical length-scale. The moist bias is not found
to be systematically dependant on the presence of cloud,
layers of low static stability, or position within a ridge, and
the magnitude of the moist bias changes very little during
five-day forecasts in both models, being dominated instead
by the bias present initially.

The temperature fields in model analyses agree with
radiosonde observations to within +0.2K. However, a
cold bias develops in the lowermost stratosphere in the
IFS operational forecasts, also with a maximum approxi-
mately 1km above the tropopause and growing at a rate
of ~ 0.2K-day~'. There is little difference in this growth
rate between troughs and ridges in the first three days,
although the cold bias in troughs extends deeper into
the lowermost stratosphere. Using the IFS single-column
model (SCM) it is shown that the growth of this lowermost
stratosphere cold bias is consistent with the additional
long-wave radiative cooling calculated as a result of the
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presence of the lowermost stratosphere moist bias. The
SCM simulations also show that the moist bias would
result in a warming around the tropopause level, extend-
ing below into the upper troposphere, with a smaller depth
and growth rate than the lowermost stratospheric cooling.
A warming is also seen in the operational forecasts as a
sharp feature at the tropopause, but this does not extend
into the upper troposphere in the same way as the warm-
ing in the SCM. This is likely to be due to advection and
mixing processes which are not represented in the SCM
but modify the warming feature in the 3D model. How-
ever this feature in the composites is also sensitive to the
specification of tropopause-relative coordinates.

As is the case for the IFS, the MetUM operational fore-
casts also develop a cold bias at 1 km above the tropopause,
but with a smaller magnitude than that in the IFS and
not present when considering only profiles in ridges. For
ridges instead a warm bias develops with a maximum
at around 2.5km above the tropopause. This warm bias
is seen too in the mean over all profiles, corresponding
to an additional warming of ~ 0.1K-day~!. We cannot
explain the MetUM lower stratosphere warm bias as a
radiative response to the moisture bias. Indeed, additional
long-wave cooling would be expected due to the moist
bias in both models. Although the static ozone climatol-
ogy would be expected to generate a warm bias above
large-scale tropopause ridges, this does not explain why
the responses of the MetUM and IFS differ. Therefore, fur-
ther investigation would be required to understand the
development of the warm bias in the full MetUM model. In
addition to temperature biases, it is demonstrated that the
presence of alowermost stratosphere moist bias resultsin a
higher tropopause, a less pronounced TIL, and a smoother
cross-tropopause static stability gradient than in an atmo-
spheric profile with a drier lowermost stratosphere (sum-
marised in Figure 10). As discussed in the Introduction,
such changes to the structure of the tropopause would be
expected to systematically affect wave propagation on this
sharp gradient, and through this other aspects of forecast
development in the troposphere.

A limitation of the results regarding the magnitude and
structure of the found biases is that data were only consid-
ered over the eastern North Atlantic and western Europe
region, in a two-month period. These data were chosen
to more easily facilitate future studies of the particular
impact of these biases on the development of extratropical
cyclones in this region, and consequently on forecast qual-
ity. Due to the NAWDEX campaign, the high-resolution
radiosonde data were readily available. However, as is
shown by Dyroff et al. (2015), the lowermost stratosphere
moist bias in the IFS varies seasonally with a maximum
in summer and minimum in winter. To further under-
stand the sources of error and their seasonal variations,

temperature and humidity biases could be similarly anal-
ysed in other seasons. Furthermore, although the tem-
perature data are reliable at all considered altitudes, due
to the measurement uncertainty in the instruments we
have confidence in our assessment of the moist bias only
in the lowest 2km of the stratosphere. To better under-
stand model performance in humidity representation at
higher altitudes than these, it would be valuable for com-
plementary studies using other observation techniques to
be performed.

Previous work has shown that a moist bias in the extrat-
ropical lowermost stratosphere would be expected to cause
a collocated cold bias (Forster and Shine, 2002; Maycock
et al., 2011). This study has found that the growth rate of
this lowermost stratosphere cold bias in the ECMWF oper-
ational forecast model is quantitatively consistent with
the additional radiative cooling rate calculated using the
magnitude of the moist bias found in the IFS analysis.
We have shown that the moist bias is dominated by the
bias in the initial conditions and therefore, to reduce this
cold bias in forecasts, reduction of the moist bias in the
analysis is required. However, as increments are not cur-
rently applied to humidity fields in this region during data
assimilation, as discussed in Section 2, the analysis humid-
ity field is not constrained by observations. Whether or
not humidity observations are assimilated, it is important
to understand and reduce the sources of the moist bias
in the forecast model. It is likely that there are contribu-
tions from excessive diffusion or transport of water vapour
across the hygropause from the high water vapour values
in the troposphere due to errors in numerical or physical
processes. The characterisation of the magnitude and ver-
tical structure of the model moist bias presented in this
paper facilitates a more detailed follow-on investigation of
model processes controlling humidity in this region which
would be required to address this problem.
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