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Abstract
Accurately forecasting fog and low stratus (FLS) poses a challenge to current numerical weather prediction models despite many advancements in recent
years. We present a novel method to quantify FLS extent bias by comparing
forecasts to satellite observations. Evaluating a four-month period we show that
COSMO-1, the MeteoSwiss high-resolution operational model, exhibits a considerable negative FLS bias during wintertime. To study the cause, we conduct a
series of sensitivity experiments for a representative case study, where COSMO1 erroneously dissipated extensive FLS.
Replacing the one-moment bulk microphysics parameterisation scheme by a
two-moment scheme as well as increasing the number of vertical levels did not
show any improvements. The FLS dissipation was delayed (but not prevented)
by decreasing the lower bound imposed on the turbulent diffusion coefficients
from 0.4 m2 /s to 0.01 m2 /s, or by reducing horizontal grid spacing from 1.1 km
to 550 m. Additionally, simulations at 1.1 km grid spacing with smoothed orography led to more extensive FLS than the same simulations without smoothed
orography. An analysis of the cloud water budget revealed that the model’s advection scheme is causing a loss of liquid water content near the cloud top. A
simulation with an alternative terrain-following coordinate system in which the
vertical coordinates are quasi-horizontal near the cloud top reduced the loss of
cloud water through advection and improved the evolution of the FLS in the case
study.
In combination, our findings suggest that the advection scheme exhibits numerical diffusion which promotes spurious mixing in the vertical of cloudy and
adjacent cloud-free grid cells in terrain-following vertical coordinates; this process can become the root cause for too rapid dissipation of FLS during nighttime
in complex terrain.
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Introduction

Fog and low stratus (FLS) can have considerable socioeconomic impacts. Köhler
et al. (2017) show that photovoltaic power prediction errors related to FLS occurrence endanger the stability of the electric grid. Further, by reducing visibility at
the surface, fog poses a threat to all modes of human transportation, especially at
airports (Gultepe et al., 2007; Roquelaure and Bergot, 2009; Stolaki et al., 2012;
Kulkarni et al., 2019).
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Many studies over the past decades have shown that forecasting FLS is a difficult
task (Teixeira, 1999; Gultepe et al., 2007; Bergot et al., 2007; Van der Velde et al.,
2010; Zhou et al., 2012; Szintai et al., 2015; Belo-Pereira and Santos, 2016; Pu
et al., 2016; Pithani et al., 2019a; Román-Cascón et al., 2019). Various aspects
have been identified in the literature as important for successful FLS modelling
of which the following are considered to have the highest impact: To begin with,
an adequate model initialisation is crucial; local observations are essential in this
context (Bergot et al., 2007; Rémy and Bergot, 2009) and accurate surface datasets
are required (Boutle et al., 2016; Pu et al., 2016). Second, FLS modelling critically
depends on the parameterisation schemes employed to represent processes which
are not explicitly resolved by the numerical grid. And third, the model’s capability
to represent and evolve the grid-scale features into the future.
In recent years, a lot of research has been conducted on parameterisations: In
an intercomparison study of various setups of the Weather Research and Forecasting (WRF) model in single-column mode, Steeneveld and de Bode (2018) identified
boundary layer mixing and soil conductivity as well as their non-linear interactions
as the most influential model parameters for a radiation fog case in the Netherlands. For the three-dimensional version of the WRF model, Steeneveld et al. (2015)
demonstrated the model‘s high sensitivity to the choice of boundary layer and microphysics parameterisation. Among others, Müller et al. (2010) and Schwenkel and
Maronga (2018) stress the need for sophisticated microphysics schemes. Both, Pithani et al. (2019b, for the Indo-Gangetic basin) and Chachere and Pu (2019, for the
Salt Lake Valley), report difficulties to find an optimal combination of microphysics
and boundary layer parameterisation.
FLS modelling requires sufficiently high resolution in the vertical (Tardif, 2007;
Pithani et al., 2019b) Many of the cited studies employ horizontal grid spacing of
only few kilometers. Boutle et al. (2016) demonstrate benefits of decreasing the
grid spacing beyond the kilometre-scale, which is particularly relevant in complex
terrain (Gultepe et al., 2014).
It is difficult to address the problem of FLS forecasting in a universal way; overall,
there is no clear consensus on one individual model component at which research
efforts should be directed for improved representation of FLS in high-resolution numerical weather prediction (NWP) models (Bergot et al., 2007; Román Cascón et al.,
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2012; Chachere and Pu, 2019).
In this work, we focus on forecasts of wintertime FLS in complex terrain. Pu
et al. (2016) conclude that accurate fog forecasts in complex terrain are particularly
challenging, as the WRF model employed to issue forecasts for the MATERHORN-Fog
project (Gultepe et al., 2016) produced large errors in near-surface variables. We
aim at improving the representation of FLS in a high-resolution NWP model which
is used in an operational context and hence not specifically designed for FLS. To
that end, we evaluate the impact of applying changes to the model as suggested
from literature. We apply a mesoscale perspective by investigating FLS on the
Swiss Plateau which comprises an area of more than 15,000 km2 . More background
information about FLS over the Swiss Plateau is given in Section 2.
To evaluate FLS forecasts for such an extensive area, we make use of satellite imagery. We present a method how to objectively compare the FLS extent forecasted
with a NWP model with observations obtained from satellite imagery (Section 3).
We conduct simulations with the high-resolution version of the COSMO model
(developed jointly by the Consortium for Small-scale Modelling), COSMO-1 (details
are given in Section 4). Forecasters at the Federal Office of Meteorology and Climatology, MeteoSwiss, rely on COSMO-1 for predicting FLS conditions for the general
public and a diverse range of customers including the airport authorities.
The satellite-based evaluation of four months of COSMO-1 forecasts shows that
the model often underpredicts FLS over the Swiss Plateau. To determine the reason
for this behaviour, we present a model analysis and experiments for a selected case
in which the discrepancy between forecast and reality was very obvious and thus
allows for detailed exploration of the underlying model mechanisms that have led
to this (Section 5).
Finally, we summarise our findings and suggest future perspectives (Section 6).

2

Background on FLS over the Swiss Plateau

This section provides the necessary background information on fog and low stratus in the geographical region of the Swiss Plateau for which COSMO-1 should be
improved. Observations available to validate model performance and potential improvements are then introduced in Section 3.
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The Swiss Plateau is a highly populated area and includes the most important
Swiss airports in Zürich (ZRH) and Geneva (GVA). Especially ZRH is prone to weather
situations with fog. Although the number of fog days has decreased since the
1970ies—probably not only related to climate change but also improvements in air
quality (Klemm and Lin, 2016)—on average 50 days per year with fog occurrence
were reported during the last decades (visibility below 1 km, observations issued by
a human observer at 0640 UTC, 1240 UTC, and 1840 UTC.; Fig. 1). The Swiss Plateau
is covered by FLS throughout the whole day on typically 3.5 to 5 days per month
during November, December, and January (Scherrer and Appenzeller, 2014).
The Swiss Plateau is an orographic basin at about 400 m above sea level (asl)
bordered by the Jura mountain range in the north (with crests between 1000 m and
1700 m asl) and the Alps in the south (with summits exceeding 4000 m asl). Even
though the Swiss Plateau constitutes the flattest part in Switzerland, it is rolling
terrain with elevational differences of several hundreds of meters.
During the night, cold air accumulates in this basin—mostly driven by radiative
cooling—and a temperature inversion builds up (Müller et al., 2010). In winter, when
nights are long and daytime solar heating is reduced, the air close to the surface is
continually cooled and eventually can become saturated—a process promoted by
clear skies and calm conditions (Brown and Roach, 1976; Roach et al., 1976). Even
during the cold season the typical persistent fog layer remains at temperatures
around freezing near the ground (see Fig. A.1 in the Appendix) and is therefore too
warm to be classified as “cold fog” (Gultepe et al., 2015).
The vertical extent of the accumulated cold air determines whether FLS—if present—
classifies as a cloud touching the surface, and thus should be termed “fog”, or
whether it should be termed “low stratus”, as it does not touch the ground (Wanner, 1979). Once formed, especially under anticyclonic weather situations, FLS can
either persist for multiple days or repeatedly redevelop every night. Until FLS fully
dissipates (usually due to a complete change in air mass associated with a front) its
structure undergoes continuous development in both vertical and horizontal extent.
A pressure gradient decreasing from north to south associated with mostly northeasterly winds, so-called “Bise” (Wanner and Furger, 1990), favours wide-spread
low stratus with cloud tops above 1000 m asl. A pressure gradient from south to
north, often accompanied by southwesterly winds, generally leads to lower stratus
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and fog which are thus confined to smaller areas (Courvoisier, 1976; Wanner, 1979;
Bachmann and Bendix, 1993). Overall, low stratus occurs more frequently than fog
over the Swiss Plateau (Egli et al., 2018).
To summarise, the FLS development over the Swiss Plateau is multifaceted and
the various situations cannot be fully described by simple conceptual models. While
radiative cooling is one of the main drivers for FLS occurrence over the Swiss
Plateau, advective processes contribute to the FLS development, and therefore fully
three-dimensional models are required for its prediction (Müller et al., 2010).

3

Observations

3.1

Objective verification based on satellite imagery

To objectively assess the modelled FLS extent as well as time of formation and dissipation in a quantitative manner we define an area of interest surrounding the Swiss
Plateau (orange polygon in Fig. 2). It comprises N = 19,225 grid cells, covers an
area of 23,262 km2 and stretches 360 km from the southwestern to the northeastern corner. For this area, we calculate a cloud fraction bias (BCF ) as the normalised
difference of the fraction of grid cells with FLS in the model forecast (nmode ) and in
the satellite imagery (nstete ):
BCF =

nmode − nstete
N

,

(1)

nmode comprises all grid cells where the liquid water path (LWP) exceeds 0.2 g/m2
and nstete denotes the number of grid cells covered by FLS detected with a confidence level above a certain threshold. In order to ensure a robust operation regardless of the time of day, a satellite technique based purely on infrared information
is used. To derive a FLS confidence level (CLFLS ) from satellite imagery, we make
use of the different radiative properties of ice and liquid water clouds. We use the
8.7 μm and 12 μm bands (T12 μm and T8.7 μm in Eq. 2) of the Spinning Enhanced Visible and Infrared Imager (SEVIRI) aboard the Meteosat Second Generation (MSG)
satellite (Schmetz et al., 2002). This system scans the hemisphere every 15 min
and has a nadir nominal spatial resolution of 3 km, which results in a resolution
of roughly 4 km (meridional) × 6 km (zonal) over Switzerland (Buhler et al., 2017).
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Compared to ice, liquid water has a higher absorption coefficient in the 12 μm spectrum, while both ice and liquid water are comparable in the 8.7 μm spectrum, and
clear-sky brightness temperature does not differ much between the two spectra
(Strabala et al., 1994). This principle has been successfully implemented and described in detail in a FLS detection technique by Andersen and Cermak (2018). For
the purpose of this study, the spectral component of this technique is implemented
as follows:
CLFLS =

TLC − (T12 μm − T8.7 μm ) − TCCR

.

2 × TCCR

(2)

TLC = 1.8 K describes the threshold for liquid clouds and TCCR = 1 K denotes
the cloud confidence range between this threshold and a certain clear vs cloudy
pixel. These two parameters were determined by radiative transfer calculations
with the STREAMER model (Key and Schweiger, 1998), and empirically adjusted by
systematic qualitative evaluation of a large number of satellite scenes.
Higher-level clouds, in the ice and liquid phases obscure the signal from underlying clouds regularly (Cermak, 2018). To account for this, we exclude samples
where more than 10% of the grid cells in the area of interest exhibit a temperature
signal below 263 K in the 10.8 μm channel. Applying this threshold simultaneously
excludes weather situations irrelevant for our analysis, such as e.g. fronts, as those
are associated with high- and mid-level clouds. Subjective assessment based on
satellite imagery, webcams, visibility and cloud base height measurements show
that with a threshold of CLFLS > 0.7 we can effectively detect FLS patches larger
than a few kilometers during winter months (Ehrler, 2018).
This simple approach does not enable differentiation between stratiform and
cumuliform clouds nor between ground-touching and elevated clouds, in contrast
to the approaches presented by Bendix et al. (2005); Cermak and Bendix (2011);
Egli et al. (2018). However, it fits our requirements as it is available with a high
temporal resolution and applicable both during the day and at night.
As a proof of concept, Figure 3 shows the mean CLFLS between November 2016
and February 2017. The areas with high values for CLFLS correspond well to previous
FLS-maps as e.g. drawn by Wanner (1979).
In the current study, we employ the presented FLS verification procedure to detect systematic forecast errors for the Swiss Plateau region and choose a represen7

tative case study. In future studies, this FLS validation approach can be employed
to easily evaluate the overall performance of model adaptations and potential improvements of FLS forecasts over all FLS cases of a season beyond single case
studies.

3.2

Visual comparison with satellite imagery

For the case study, more details are discernible when satellite observations are
compared visually with model output. During daytime, we use High-Resolution Visible Fog RGB images1 which have a high-resolution and allow for excellent differentiation between snow and FLS. During nighttime, Night Microphysics RGB images2
are employed. To detect the cloud base altitude at single locations, we use a LUFFT
CHM15k ceilometer at Payerne (PAY) and a Vaisala CL31 ceilometer at Zürich airport
(ZRH).

4

Methodology

4.1

Model description: COSMO-1

COSMO3 is a regional weather prediction and climate model used at many national
weather services and universities. The COSMO model solves non-hydrostatic, fully
compressible hydro-thermodynamical equations using finite difference methods on
an Arakawa C-grid (Arakawa and Lamb, 1977; Steppeler et al., 2003; Förstner and
Doms, 2004). It is discretised on a rotated latitude longitude grid with a terrainfollowing smooth level vertical (SLEVE) coordinate (Schär et al., 2002; Leuenberger
et al., 2010). The configuration used in this study, COSMO-1, closely follows the operational configuration of MeteoSwiss running at a horizontal grid spacing of 1.1 km.
This setup comprises 1158 × 774 grid cells and 80 model levels, the lowest model
half-level is located at 10 m above the ground, and 24 levels lie in the first 1000 m
above ground. The height above which the topographic signature in the SLEVE coordinates has decayed completely (i.e. the vertical levels are flat), hƒ t , is set at
11,357 m asl. The corresponding decay constants for large-scale and small-scale
1 www.eumetrain.org/resources/MSG_HRVfogRGB_pink_cloud.html
2 www.eumetrain.org/resources/MSG_nightmicro_green_cloud.html
3 www.cosmo-model.org
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orographic features are set at 10,000 m and 3300 m, respectively. The model orography (Fig. 2) is derived from the ASTER Global Digital Elevation Map, the horizontal grid spacing is about 30 m at the Equator. Land use data stem from the
high-resolution GLOBCOVER dataset (Δx = 300 m). Soil data are retrieved from the
Harmonised World Soil Database (Δx = 1 km).
A fifth-order advection scheme is used for wind velocity, temperature and pressure in the horizontal dimension while in the vertical, a second-order implicit CrankNicholson scheme is employed (Baldauf et al., 2011). The prognostic variables are
integrated forward in time employing a two-timelevel horizontally explicit, vertically
implicit time-splitting scheme with a third-order Runge-Kutta discretisation with a
time-step of Δt = 10 s (Klemp and Wilhelmson, 1978; Wicker and Skamarock, 2002).
A second-order positive-definite advection scheme with directional-splitting (Bott,
1989; Schneider and Bott, 2014) is used for the advection of the moist quantities: Water vapour, cloud water, cloud ice, rain, snow, and graupel. TERRA-ML, a
multi-layer soil model comprising eight soil levels, provides the lower boundary for
COSMO (Heise et al., 2006). The Earth surface is coupled to the first model level
via a turbulent kinetic energy (TKE)-based surface transfer scheme (Baldauf et al.,
2011).
The turbulence closure only considers vertical processes, as is the case for most
operational NWP models. The turbulent flux of a scalar quantity is estimated via
K-theory, relating the subgrid-scale flux to the product of the gradient of the quantity and a turbulent diffusion coefficient. Vertical turbulent diffusion coefficients for
heat (applied to temperature and the moisture variables) and momentum are calculated with a prognostic TKE-based 1.5-order scheme (Raschendorfer, 2001) with
a level 2.5 closure following Mellor and Yamada (Mellor and Yamada, 1974, 1982).
To prevent the total decay of turbulence in very stable situations, a minimum vertical turbulent diffusion coefficient (0.4 m2 /s in our setup) is applied (Buzzi, 2008).
Subgrid-scale cloudiness is diagnosed by an empirical function depending on relative humidity and altitude (Sommeria and Deardorff, 1977). See Buzzi et al. (2011)
for a more detailed description of the turbulence parameterisation and the computation of the stability functions. A single-moment bulk cloud-microphysics scheme
with six categories (water vapour, cloud water, cloud ice, rain, snow, and graupel)
is used (Reinhardt and Seifert, 2006). Radiative processes interacting with both,
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grid- and subgrid-scale clouds are described with a delta-two-stream approach after Ritter and Geleyn (1992). The convection parameterisation is turned off.
COSMO-1 is a limited area model which spans the full Alpine region and closer
surroundings (Fig. 2). Switzerland occupies approximately 4% of the total computational domain of COSMO-1 and is located close to the centre of the domain. The
necessary boundary conditions are derived from the European Centre for MediumRange Weather Forcasts (ECMWF) Integrated Forecasting System (IFS) HRES 4 forecast data. A realistic initial model state at the beginning of each forecast–hereafter
referred to as âĂIJmodel analysisâĂİ–is obtained from a continuous observation
assimilation cycle employing a nudging algorithm (Schraff and Hess, 2012). For
COSMO-1, horizontal winds, surface pressure, temperature and humidity from radiosoundings, surface observations, and aircrafts are assimilated.
We perform numerical simulations with the COSMO model version 5.0 adapted
to run on graphics processing unit accelerated compute clusters.
The contributions of each model process to the total tendencies of temperature
and moisture are retrieved using the COSMO budget-diagnosis tool, developed by
Langhans et al. (2012).
Lagrangian backward trajectories are calculated employing an initial-coordinates
technique (Gheusi and Stein, 2002) by implementing three additional passive tracers which are initialised with uniform zonal, meridional and vertical gradients, respectively, and experience advection as well as turbulent mixing.

4.2

Case description: December 22–26, 2017

The Swiss Plateau was covered by persistent FLS on the days around Christmas Eve
2017. Extensive FLS formed towards the end of December 22 and finally dissipated
during December 26. Figure 4 shows a weather reanalysis map featuring a strong
pressure ridge over central Europe, which promoted generally clear-sky conditions.
On a smaller spatial scale, Figure 5 shows how extensive FLS covered the entire
Swiss Plateau and extended deeply into adjacent Alpine valleys on December 24,
around 1030 UTC (the FLS extent was comparable on all days, but the MODIS Terra
satellite image was clearest on that day). Forecasters repeatedly reported that
forecasts from various models (COSMO, Global Forecast System, as well as ECMWF4 https://www.ecmwf.int/en/forecasts/datasets/set-i
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HRES) underestimated the FLS layer, most prominently on December 25. As will be
shown in Section 5.1, COSMO-1 has a systematic tendency to underestimate the
occurrence of FLS. The FLS event during the December 22–26 period was archetypical for this behaviour and was selected as a case study. In this study, we will focus
on the COSMO-1 simulation initialised on December 25, 2017, 0000 UTC for detailed
analysis and sensitivity experiments.

5

Results and Discussion

5.1

Seasonal verification with satellite imagery

In the following, we present an evaluation of COSMO-1 FLS forecasts between
November 2016 and February 2017. We restrict this analysis to days where at least
20% of the Swiss Plateau was covered by FLS according to satellite observations.
Figure 6 shows the diurnal cycle of median FLS fraction every three hours as
detected by satellite (dark) vs. 12-hour model forecasts of COSMO-1 (light). FLS
occurrence peaks towards the end of the night–before solar radiation can act to
dissipate the clouds–and reaches a minimum at noon. COSMO-1 significantly underestimates the extent of FLS at any time of day (paired sample t-tests: p < 0.01
for each hour of day).
Figure 7 shows a box and whiskers plot of the relative (with respect to observations) cloud fraction bias, BCF , for leadtimes of 0, 3, 6, 9 and 12 hours. COSMO-1
underestimates the extent of FLS for all leadtimes. On average, the extent of FLS
is underestimated by about 31% at analysis time. This underestimation becomes
more severe with increasing leadtime: After 12 hours of model simulation, COSMO-1
generally misses 70% of the observed FLS. To summarise, the negative bias regarding FLS extent is especially severe at longer leadtimes, as COSMO-1 dissipates FLS
too fast.

5.2

Case study: Comparison with observations

To investigate the reasons for this bias in the model, we focus on a case representative for the too strong dissipation of FLS by the model. Figure 8 compares the FLS
extent as observed by satellite with the COSMO-1 forecast issued on December 25,
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2017, 0000 UTC for +0 hours, +6 hours, and +12 hours. Overall, the model analysis
captures the cloud extent fairly well. COSMO-1 however gradually dissipates the
FLS clouds until they have fully disappeared by midday, while in reality the Swiss
Plateau remained covered with FLS for the full day.
The radio sounding issued at Payerne (Fig. 2) depicts a low stratus layer with a
thickness of nearly 300 m (Fig. 9, left panel). At midnight, ceilometer measurements
indicate a cloud base altitude of 171 m (660 m asl) at PAY, and 165 m (591 m asl) at
ZRH. The cloud top—confined by a temperature inversion—is located around 900 m
asl and decreases in height towards 850 m asl at noon (Fig. 9, right panel). The
simulated temperature inversion height at analysis time (Fig. 9a) roughly has the
correct height but is about 1.5 K too warm while the simulated surface temperature
is almost 0.5 K too cold. This leads to a rather stably stratified boundary layer in
contrast to the observed well-mixed layer. After 12 hours of model simulation, at
midday, the modelled inversion has sunken towards the ground and has eroded
almost completely (Fig. 9b). As a consequence of the missing FLS cover in the
model, the surface experiences more solar heating and thereupon is nearly 2 K
warmer than observed.
At initialisation time, the specific humidity profile of the model corresponds well
with the observation, except for a slightly too uniform profile up to the inversion
height (Fig. 9c). At noon, COSMO-1 exhibits a linearly decreasing specific humidity
profile (Fig. 9d). Above the modelled temperature inversion, the moist air seems to
have been mixed with the originally drier air above the inversion. A limited moist
residual remains below the inversion. Thus, compared to the radiosounding, the
model overestimates the specific humidity below 1000 m asl and underestimates it
above.
At midnight, the radiosounding exhibits a low-level jet (maximum wind speed of
5 m/s) at the centre of the stratus and low wind speeds (< 2 m/s) below (Fig. 9e).
COSMO-1 places the low-level jet about 100 m too low. Another wind speed maximum occurs right above the stratus (9 m/s) which is somewhat underestimated by
the model. Although FLS formation is favourable in calm conditions, these high
wind speeds at a mature stage are not exceptional: Ramelli et al. (2020) reported
wind speeds around 10 m/s within the cloud layer for a different FLS case over the
Swiss Plateau. At midday (Fig. 9f), a general increase in wind speeds up to 2000 m
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asl is present which also penetrates the stratus. The model underestimates the
wind speed between 1000 m asl and 2000 m asl, however, the wind speed at the
stratus top height is correct (about 6 m/s). Only that, by this time, the model has
already dissipated the stratus and all that is left is confined in a de-coupled layer
close to the surface. Standard radiosonde observations do not include the liquid
water content (LWC). LWC could be obtained with measurement devices such as
a tetherd balloon (Seidel et al., 2016; Ramelli et al., 2020), a combination of lidar
(Light Detection and Ranging) and microwave radiometer (Navas-Guzmán et al.,
2014), or a profiling microwave radiometer (Gultepe et al., 2014).

5.3

Evolution of cloudy vertical profile

It is striking, how much of the FLS the model dissipates already during the night
between 0000 UTC and 0600 UTC (Fig. 8). We conduct a detailed analysis of the
first simulation hours to gain insight into the driving processes for this behaviour.
Figure 10 shows the development of the vertical profiles of the LWC, liquid water
potential temperature (LWPT, for calculation see Betts, 1973), and specific humidity for the first five simulation hours at ZRH (Fig. 2, the vertical wind is shown in
Fig. A.2 in the Appendix). The maximum LWC (0.54 g/kg at 875 m asl, at analysis
time) is located near the cloud top, as expected for an optically thick stratus cloud
(Hoffmann and Roth, 1989). With increasing leadtime, the cloud layer gradually
dries out and becomes thinner until it has dissipated almost completely after only
3 hours at 0300 UTC and thus even before sunrise (at around 0700 UTC). It is noteworthy that the lowering of the cloud top is much more substantial than the lifting
of the cloud base.
The cloud top lowers along with the extent of the well-mixed layer, identified as
the layer with constant LWPT. Over time, the LWPT at 1200 m asl remains constant
(around 290 K), as well as the overall minimum LWPT (around 276 K). But the elevational extent of the well-mixed layer decreases from 950 m asl to about 600 m asl
during five forecast hours from 0000 UTC to 0500 UTC. More precisely, the sharp increase in LWPT above the stratus (11 K between 920 m asl and 1090 m asl) found at
0000 UTC gets dispersed in the vertical: At 0500 UTC, the increase in LWPT occurs
already above 650 m asl.
Specific humidity decreases with height, from about 3.9 g/kg at the surface to
13

about 3.5 g/kg near the cloud top at 0000 UTC. One would expect that the evaporated cloud water would lead to an increase in specific humidity, however, the
latter is decreasing throughout the full lower atmosphere by about 0.5 g/kg during
this time.

5.4

Sensitivity experiments

In the following, we present a series of sensitivity experiments in order to identify
the process that shows the highest potential for improving FLS forecasts. All sensitivity experiments are based on experiments which had been shown to improve
FLS forecasts in literature.

5.4.1

Sensitivity to microphysics parameterisation

Recent studies suggest two different approaches to improve FLS forecasts by making changes to the microphysics parameterisation. First, Szintai et al. (2015) have
found that, in cases with negative temperatures at the surface, excessive dissipation of FLS in the AROME model could be improved by increasing the threshold for
autoconversion in the microphysics parameterisation and thereby decreasing the
positive bias in solid precipitation. COSMO-1 does not produce any kind of precipitation for the case study, so we clearly have a different problem to address.
We have run a simulation where the microphysics parameterisation is turned
off and only saturation adjustment is active, which restores the thermodynamic
balance between water vapour and liquid water after the advection of the prognostic variables. The results can not be distinguished from a simulation with full
microphysics, which leads to the conclusion, that the saturation adjustment is the
dominating cloud microphysical process in the current setup.
The evolution of the fog droplet number concentration—which is not considered
in COSMO-1—are known to substantially affect FLS simulations (Bergot et al., 2007;
Maronga and Bosveld, 2017; Mazoyer et al., 2017; Boutle et al., 2018). In our reference simulation we employed the single-moment bulk cloud-microphysics scheme
used in the operational setup of COSMO-1. Additionally we tested the impact of the
two-moment scheme PArameterised FOG (=PAFOG) developed by Bott and Trautmann (2002) which has been shown to have beneficial effects on FLS forecasting
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in studies by Gultepe et al. (2006); Masbou (2008); Müller et al. (2010); Hacker
(2016). A comparison of Figure 11a (PAFOG two-moment microphysics scheme)
with b (one-moment microphysics scheme) demonstrates however, that, for our
case, the FLS underestimation becomes even more severe. This possibly is a consequence of the sedimentation of cloud droplets which is neglected in the COSMO
single-moment microphysics. To summarise, while we see some sensitivity to the
evolution of the FLS layer with respect to the treatment of cloud water, the microphysics parameterisation scheme is not the dominant model process leading to a
premature dissipation of the FLS layer.

5.4.2

Sensitivity to minimal vertical mixing coefficients

Several studies have highlighted the need for reducing the minimum turbulent mixing coefficients for stable boundary layer cases (Buzzi, 2008; Cerenzia et al., 2014;
Possner et al., 2014; Hacker, 2016), in order to reduce mixing across the inversion. When the lower bound imposed on the turbulent mixing coefficients for heat
and momentum is reduced from 0.4 m2 /s to 0.01 m2 /s, FLS at 0900 UTC is indeed
slightly more extensive compared to the reference simulation, see Figure 11c compared to b. However, for our case, this measure does not prevent the erroneous
FLS dissipation, it merely delays it by approximately 1 hour.

5.4.3

Sensitivity to horizontal and vertical grid spacing

Adding 32 vertical levels in the first 2000 m (amounting to a total of 112 instead of
80 vertical levels) showed very little to no improvement at all to the modelled low
cloud extent and cloud water content (not shown). This corresponds well to findings
of Philip et al. (2016); they showed that, for comparable grid dimensions, increasing
the number of vertical levels from 60 to 156 positively affected the fog formation
phase (which, in our case, had occurred three days prior to the simulation under
investigation) but not the mature and dissipation phases.
When the horizontal grid spacing Δ is decreased from 1.1 km to 550 m (all other
model parameters are kept constant except for the timestep which is decreased to
Δt = 5 s), the model maintains a slightly more extensive FLS layer (Fig. 12e vs g).
Comparison with simulations using Δ = 4.4 km (Δt = 40 s) and 2.2 km (Δt = 20 s),
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see Fig. 12a and c, further illustrates that small grid spacing is beneficial for FLS
modelling as the extent of FLS becomes larger with decreasing grid spacing.
This may seem to contradict the findings of Boutle et al. (2016) who argued
that the representation of small-scale orographic features acts to dissipate fog by
introducing additional mixing. They presented a case study where the simulation
at coarser grid spacing (1.5 km) produced too widespread fog which was reduced
when changing to smaller grid spacing (333 m). However, we consider their results
as being applicable to our case as well. Figures 12 d, f and h depict the FLS extent modelled with COSMO-1 at Δ = 2.2 km, 1.1 km and 550 m, but the orography
in these setups (hereafter referred to as “low-resolution”) are derived from linear
interpolation from the orography used for the 4.4 km simulation and discrete external parameters such as soil type and land fraction are interpolated using nearestneighbour interpolation (similar procedure as in Panosetti et al., 2019).
At the same grid spacing, the low-resolution simulations show noticeably more
widespread FLS than their high-resolution counterparts. Even more, the low-resolution
simulations at Δ = 2.2 km, 1.1 km, and 550 m exhibit higher LWC and higher
cloud tops than any of the high-resolution simulations or the experiment with reduced minimum turbulent diffusion coefficients (Fig. 12b) Nevertheless, any forecast model setup dissipates FLS too quickly and eventually forecasts clear-sky conditions for December 25, 2017.
The timesteps are chosen such to ensure a constant Courant-Friedrichs-Lewy
criterion. Using 1.1 km horizontal grid spacing and Δt = 5 s (instead of 10 s) does
not show significant differences, similar as in Panosetti et al. (2019, not shown).

5.5

Moisture budget analysis

While the model’s rapid dissipation of the FLS layer has shown some sensitivity to
minimal vertical turbulent diffusion coefficients and horizontal resolution, they do
not seem to address the root cause.
Figure 13 shows a budget analysis of the evolution of the LWC profile at ZRH
averaged over the period from 0045 UTC to 0100 UTC (similar to the analyses described in Kim et al., 2020). During these 15 min the cloud top is lowered by about
50 m (Fig. 13a). Between 640 m asl and 840 m asl, a slight increase in LWC occurs.
However, the loss at the top is more dominant; in total about 15% of the cloud
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water in this column is lost: The LWP decreases from 0.063 kg/m2 to 0.053 kg/m2 .
Three different model processes affect the LWC (Fig. 13b): Advection (Δqcd ,
blue), turbulent mixing (Δqctrb , yellow) and evaporation resp. condensation (Δqcmc ,
green). The largest tendencies occur at the (lowered) cloud top, at around 840 m
asl. A LWC gain of almost 10 g kg−1 h−1 due to condensation of water vapour, driven
by radiative cooling (e.g. Wærsted et al., 2017), is balanced by a loss due to turbulent mixing which redistributes the LWC peak. The combined effect of these two processes is illustrated with the dashed light green line representing Δqctrb + Δqcmc .
The overall total tendency (Δqctot , black) at around 840 m asl is close to 0 g kg−1 h−1 .
Below 780 m, asl turbulent mixing increases the LWC by up to 4 g kg−1 h−1 while
about the same amount of cloud water is evaporated, resulting in almost vanishing
Δqctot , which is to be expected for a neutrally stratified fog layer.
Overall, Δqctrb + Δqcmc is close to zero at all elevations. Also Δqctot is mostly
zero, except at around 880 m asl. At this elevation, processes associated to the
model’s advection scheme lead to a loss in LWC of about -1 g kg−1 h−1 which is
sufficient to completely remove the cloud water in this region within only 15 min.
Corresponding to a high-pressure dominated synoptic setting one might suspect
excessive subsidence to be the driver for LWC loss at the cloud top. Figure 13c illustrates the vertical and horizontal components of the advection tendency Δqcd .
Since the advection operators are implemented on the terrain-following grid, these
components are approximated using an estimate of the vertical advection tendency
employing a centred-difference scheme. The horizontal tendency is then computed
as the residual with respect to the total Δqcd . Although this estimation is not
perfect, the results clearly indicate that the horizontal advection is the dominant
process.
To summarise, we find that, below the cloud top, the model maintains the expected balance of turbulent mixing and saturation adjustment of a neutrally stratified, saturated FLS layer. The FLS dissipation occurs near the cloud top and is
related to the advection scheme of the model. While the above analysis has focused on a single grid cell, these findings are valid for the majority of grid cells
with FLS and different lead times as well. Furthermore, the dominant negative horizontal advection tendencies near the cloud top were also found for a fog case on
December 14, 2016.
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5.6

Airmass tracking

We address the question whether the negative advection tendencies are caused by
advection of dry air from outside the stratus using Lagrangian backward trajectories
following the approach of Gheusi and Stein (2002).
Figure 14 shows the 3-hour backwards trajectories arriving at PAY, Oftringen
(OFT), and Lake Konstanz (LAK) at 0300 UTC at either 800 m asl (hereafter referred
to as lower trajectories) or 1000 m asl (upper trajectories). The locations of PAY,
OFT and LAK are indicated in Figure 2. Air parcel positions are calculated every
15 min (dots) and their colouring indicates the total specific humidity (sum of liquid water and water vapour). All trajectories depict a uniform picture: A dominant
southwesterly flow situation throughout the Swiss Plateau and no significant vertical wind shear at these heights. Along the upper LAK-trajectory, the wind displaces
the air by about 95 km during these 3 hours and by about 73 km along the lower
trajectory. The vertical displacement is on the order of tens of meters (not shown).
The upper trajectory, which is above the FLS, experiences an increase in total humidity from 2.5 g/kg at 0000 UTC to almost 3 g/kg at 0300 UTC. In contrast, for the
lower trajectory, starting at the centre of the stratus, the total humidity decreases
from 4.25 g/kg to 3.5 g/kg.
The trajectory analysis corroborates the fact, that the FLS over the Swiss Plateau
for this case study does not dissipate because of the advection of a drier airmass
from the southwest. The loss in total humidity apparent in the lower trajectories
and simultaneous increase in total humidity in the upper trajectories can only be
explained by a vertical mixing process along the way.

5.7

Numerical uncertainty related to boundary layer diffusivity

Combining the facts that the sensitivity experiments in Sections 5.4.1–5.4.3 have
not been able to identify the main concerns to be addressed, and that the analyses
in Sections 5.5 and 5.6 have revealed excessive mixing at the cloud top related
to the advection scheme, this points towards numerical diffusion to be the key
component requiring attention.
Horizontal diffusion along model surfaces is known to promote unrealistic (vertical) mixing of adjacent cells which exhibit large differences in temperature and hu-
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midity up and down mountain slopes (Wilson and Fovell, 2016). In our model setup,
a fourth-order hyper-diffusion operator along model levels is applied in the boundary zone where the prognostic variables are relaxed against the driving model. In
the centre of the computational domain however, no numerical damping is activated to stabilise the model. Nevertheless, the Bott advection scheme (Bott, 1989)
used to transport moisture variables exhibits a certain amount of implicit diffusivity,
especially along strong gradients in the fields that are being transported. Also, the
Bott advection scheme is a one-dimensional advection scheme and Strang-splitting
along the three dimensions is used to implement the fully three-dimensional advection operator (Strang, 1968). This means that, for a purely horizontal flow in presence of orography, the vertical advection scheme has to compensate the advection
along the sloping coordinate surfaces (using contravariant advection velocities).
Flat, low-elevation regions are scarce in Switzerland. While the Swiss Plateau
may seem flat as compared to the surrounding mountain ranges (Jura, Alps), variations in surface elevation easily amount to few hundreds of meters even on the
Swiss Plateau. In order to investigate the sensitivity of the FLS dissipation to the
implicit diffusion of the advection scheme in the presence of terrain-following coordinates, we present a sensitivity experiment where hƒ t lies below the cloud top
(850 m asl instead of 11,357 m asl). The computational domain for this experiment
had to be confined to a nested subdomain of 25× 25 km northeast of ZRH, since
hƒ t always has to be some at distance above the mountain tops. For this reduced
domain, 850 m is the lowest value for hƒ t for which a simulation was possible. The
scale heights s1 and s2 of the SLEVE coordinate (cf. Schär et al., 2002) were set
to 840 m asl and 830 m asl, respectively. Due to the small horizontal domain, we
can only analyse the results for short leadtimes. With a horizontal wind speed of
5–10 m/s, we expect results to be contaminated by boundary effects after approximately one hour of simulation time.
Figure 15 shows the south-north cross-section of the elevation of the model levels together with the cloud layer for both setups. For hƒ t = 11,357 m asl, the orographic signature is clearly visible throughout the lower atmosphere at typical FLS
cloud top heights while for hƒ t = 850 m asl, the vertical levels near the cloud top
are quasi-horizontal and do not cut through the cloud top. As a consequence of the
lowering of hƒ t , the levels become squeezed together close to the ground; for hƒ t
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= 850 m asl the minimal thickness is 7.71 m as opposed to 19.65 m. Furthermore,
as the total number of vertical levels is kept constant, the level thickness makes a
jump above 850 m asl. However, as already stated above, our case exhibited no
sensitivity to decreased vertical layer thickness.
Lowering hƒ t directly affects the LWC, especially near the cloud top. Figure 16a
compares the vertical LWC-profiles after 1 hour of simulation above Andelfingen
(AND, see Fig. 2), which is located close to the centre of the reduced computational
domain. The cloud top is clearly better maintained (around 900 m asl) in the experiment with lower hƒ t . Within only one hour, the cloud top height and maximum
LWC for the two setups differ by more than 30 m and 0.05 g/kg, respectively.
A comparison of Figure 16b (hƒ t = 11,357 m asl) and c (hƒ t = 850 m asl) illustrates how these differences in the LWC-profiles indeed correlate with reduced
negative advection tendencies in the simulation with lower hƒ t . (To allow for comparison, the tendencies are averaged for the first simulation hour.) Negative advection tendencies are still apparent but much reduced, especially near the cloud top;
around -0.3 g kg−1 h−1 as opposed to -0.72 g kg−1 h−1 in the reference simulation.
The result is a more persistent FLS layer in the experiment with flat model levels
near the cloud top. This finding supports the hypothesis that the implicit diffusion
of the advection scheme contributes significantly to excessive vertical mixing.
It should be noted that the lowering of hƒ t is possible for a small model domain
without significant topography, but not for typical computational domains of operational NWP models. Furthermore, while in our case study the cloud top was located
at a height of 900 m asl, FLS tops can be anywhere from only a few meters above
ground to almost 2000 m asl. Thus, lowering hƒ t is not generally applicable, but
can serve as a tool to assess the sensitivity of FLS dissipation due to the advection
scheme’s inherent implicit diffusion.

6

Summary and Conclusions

Forecasting fog and low stratus (FLS) is challenging even with state-of-the-art highresolution NWP models. In this article, we investigated the key model processes
for predicting wintertime FLS forecasts in complex terrain on the Swiss Plateau. We
presented a novel method for evaluating forecasted FLS extent based on satellite
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imagery. We showed that COSMO-1, the operational high-resolution NWP model
employed at MeteoSwiss, substantially underestimated FLS compared to the satellite product from November 2016 to February 2017. The negative bias of FLS extent
increased with increasing leadtime; generally, the model dissipated FLS clouds too
rapidly.
We selected a representative case, the COSMO-1 forecast for December 25,
2017, that we analysed in detail. On that day, COSMO-1 had erroneously dissipated extensive FLS covering the Swiss Plateau and adjacent Alpine valleys within
a few hours. An interesting aspect worth noting was that large regions became
cloud-free already before sunrise.
Comparison with observations revealed that the FLS extent as well as the height
of the cloud top confined by a strong temperature inversion were well-captured in
the analysis that served as a starting point of the forecast. Throughout the first 4–5
forecast hours, the model exhibited a substantial loss of liquid water content (LWC)
associated with a sinking of the cloud top and a degradation of the temperature
inversion.
For the representative case study several sensitivity experiments were carried
out—each of them had been reported to improve FLS simulations in various earlier studies—to investigate which model processes are relevant for improving FLS
forecasts in complex terrain. Six conclusions can be drawn: (1) The saturation
adjustment was the dominant cloud microphysical process in the current setup of
COSMO-1. (2) The introduction of a two-moment microphysics scheme (PAFOG, developed by Bott and Trautmann, 2002) led to even faster FLS dissipation, probably
due to removal of larger cloud droplet via sedimentation, which was not taken into
account by the standard microphysics scheme of COSMO. (3) Increasing the vertical
resolution of the model did not produce significantly better results, indicating that
the number of vertical levels is not the key problem in predicting FLS with COSMO1. (4) Decreasing the lower bound for turbulent mixing coefficients and decreasing
horizontal grid spacing were the only applied measures which led to improvements
with respect to the FLS extent and FLS persistence. However, the dissipation of FLS
could not be prevented but only delayed. This potential improvement, however,
comes at the expense that a lower bound for the turbulent mixing coefficient is
known to lead to instabilities in the turbulence scheme for certain meteorological
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situations (Buzzi, 2008), and a doubling of resolution is too costly to introduce in
an operational forecasting system. (5) A decrease in horizontal grid spacing while
retaining the coarse resolution orography and external parameters (such as landuse and soil-type) led to a more extensive FLS layer as compared to experiments
in which both the resolution as well as the associated orography and external parameters were modified. (6) An analysis of the LWC budget revealed that negative
development rates near the cloud top can be attributed primarily to horizontal advection. A trajectory analysis indicated that this drying is not associated with the
advection of a dry airmass from outside the FLS region, but must be associated with
a numerical vertical mixing process inherent to the advection scheme.
COSMO-1 employs a vertical terrain-following coordinate system, and the prevalent horizontal winds both within and above the FLS layer need to cross multiple
model levels due to the moderate orography present on the Swiss Plateau. An experiment in which we forced the vertical levels to become quasi-horizontal at the
cloud top resulted in significantly reduced negative advection tendencies and an
improved LWC profile. We conclude that the implicit numerical mixing of the advection scheme in terrain-following coordinates is the primary cause for the rapid
dissipation of the FLS layer in our case study. This interpretation is consistent with
the result that forecasts with a smooth orography generate more extensive FLS
clouds: Vertical levels exhibiting less steep gradients suffer less from implicit numerical diffusion than what is observed with steep gradients.
Furthermore, also stratocumulus clouds are suspected to suffer from numerical
diffusion near sharp inversions (Lock, 2004). To improve numerical simulations of
stratiform clouds in the boundary layer we suggest that future research should
focus on the quantification of the implicit numerical diffusion of advection in terrainfollowing coordinates.
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Figure 1: Days per year where a human observer reported fog (visibility below 1 km)
at Zürich airport (ZRH).
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Figure 2: Computational domain of COSMO-1, the operational numerical weather
prediction model of MeteoSwiss. Represented in grey shading is the surface elevation. The following locations situated within the Swiss Plateau are indicated: Payerne (PAY), blue circle; Oftringen (OFT), orange cross; Zürich airport (ZRH), green
star; Andelfingen (AND), red triangle; Lake Konstanz (LAK), purple rectangle. Orange polygon indicates region used for COSMO-1 forecast evaluation.
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Figure 3: Validation of the FLS detection algorithm (Eq. 2) with satellite imagery
averaged from November 2016 to February 2017. Values of the FLS confidence
level range from 0.0 (no FLS present) to 1.0 (highest confidence of FLS occurrence).
Orange polygon indicates region used for COSMO-1 forecast evaluation.
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Figure 4: Synoptic setting in central Europe on December 25, 2017, 1200 UTC: Temperature (degree Celsius, dashed lines), geopotential height (geopotential decameter, solid lines) and wind (knots) at 500 hPa. A high-pressure system dominates the
weather in Switzerland.

Figure 5: MODIS Terra Corrected Reflectance imagery of Switzerland on December
24, 2017, 10:30. Mountainous regions are covered in snow, most regions at lower
elevation are covered by extensive FLS. FLS can easily be distinguished from snow
because it is less bright and does not show any small-scale structure. Downloaded
from: https://worldview.earthdata.nasa.gov.
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Figure 6: Median FLS fraction over the Swiss Plateau derived from satellite (dark)
and COSMO-1 forecasts after 12 hours of simulation (light) for different times of day
between November 2016 and February 2017. Only days where the observed FLS
fraction exceeds 0.2 and the high cloud fraction is below 0.1 are included. The
whiskers denote the interquartile range (IQR).
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Figure 7: FLS fraction bias (COSMO-1 forecast vs satellite) for the Swiss Plateau
from November 2016 to February 2017 for varying forecast leadtimes. The box
shows the quartiles, the whiskers extend to show the rest of the distribution (1.5 ×
IQR), and outliers are denoted by a diamond.
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Figure 8: Comparison of FLS extent modelled by COSMO-1 forecast issued on December 25, 2017, 0000 UTC and satellite observations for 0000 UTC, 0600 UTC and
1200 UTC. FLS indicated in yellow (model) and pastel green resp. light pink (satellite) color;

see www.eumetrain.org/resources/MSG_HRVfogRGB_pink_cloud.html

and www.eumetrain.org/resources/MSG_nightmicro_green_cloud.html.

The num-

bers indicate the elevation of the cloud base (in m asl) measured by ceilometers at
Payerne and Zürich airport.
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Figure 9: Vertical profiles above Payerne (PAY, blue dot in Fig. 2): Radiosounding
measurements (full lines) and modelled with COSMO-1 simulation started on December 25, 2017, 0000 UTC (dashed lines): 0000 UTC (left) and +12 hours (right).
Grey shaded area indicates observed cloudy layers, i.e. relative humidity > 99 %
(there is no modelled cloud layer, as exactly at a few grid cells around PAY, COSMO1 did not produce FLS at analysis time and at noon, all FLS clouds had already
dissipated). Temperature: a), b); Specific humidity: c), d); Wind speed: e), f).
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Figure 10: Hourly COSMO-1 forecast vertical profiles of a) LWC, b) liquid water potential temperature, and c) specific humidity at the grid cell of Zürich airport (green
star in Fig. 2) on December 25, 2017, from 0000 UTC to 0500 UTC.

Figure 11: COSMO-1 forecasted low cloud extent on December 25, 2017, 0000 UTC:
+09 hours for three different setups: a) The original one-moment scheme microphysics parameterisation is turned off and instead replaced by the two-moment
scheme PAFOG (Bott and Trautmann, 2002); b) Reference simulation; c) The minimum turbulent diffusion coefficients for heat and momentum have been reduced
from 0.4 m2 /s to 0.01 m2 /s.
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Figure 12: COSMO-1 forecasted low cloud extent on December 25, 2017, 0000 UTC:
+09 hours. Grid spacings of 4.4 km (a), 2.2 km(c,d), 1.1 km (e,f), and 550 m (g,h).
The numerical grids of d,f,h are derived from the 4.4 km grid, i.e. they contain
no additional information about smaller-scale features and therefore feature lowresolution (LR) vs high-resolution (HR) orography. (b) displays the vertical LWC
profiles at ZRH for these experiments (excluding those that did not exhibit any
LWC) including the experiment with reduced minimum turbulent mixing coefficients
(Fig. 11c).
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Figure 13: COSMO-1 modelled LWC budget analysis: a) Vertical LWC profile above
Zürich airport (ZRH) on December 25, 2017, at 0045 UTC (dark green) and 0100 UTC
(light rose). b) Corresponding total liquid water content tendency (black), contribution from advection (blue), turbulent mixing (yellow), and microphysics (green).
The light green line combines the contributions from turbulent mixing and microphysics. c) Partitioning of advection tendency (blue solid) into vertical component
(light blue, dashed) and horizontal component (dark blue, dotted).
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Figure 14: 3-hour backwards trajectories from December 25, 2017, 0300 UTC to
0000 UTC initialised at Payerne (PAY, left), Oftringen (OFT, centre), and LAK (right) at
800 m asl and 1000 m asl. The colour denotes the total specific humidity (combining
water vapour and liquid water) at a certain grid cell.
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Figure 15: Computational grid along south-north cross section through Andelfingen (AND, vertical red line, location in Figure 2 indicated with red triangle): a)
hƒ t =11,357 m asl and b) hƒ t =850 m asl. Rose shading displays cloud extent at
the beginning of the COSMO-1 simulation of December 25, 2017, 0000 UTC.

Figure 16:

Vertical profile of LWC (a) and corresponding budget analysis (b:

hƒ t =11,357 m asl; c: hƒ t =850 m asl) above AND. Blue line in (a): hƒ t =11,357 m
asl, orange line in (a): hƒ t =850 m asl, the colours of the budget analysis as in
Figure 13.
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Appendix: Additional Figures
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which were used for satellite-based evaluation of COSMO-1 FLS forecasts.

February 2017 at Payerne and Zürich airport (blue dot and green star in Fig. 2). Grey shaded areas indicate time periods

Figure A.1: Time series of temperature (a), relative humidity (b), and precipitation (c) measured from November 2016–
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Figure A.2: Hourly COSMO-1 forecast vertical profile of vertical wind at the grid cell
of Zürich airport (green star in Fig. 2) on December 25, 2017, from 0000 UTC to
0500 UTC.
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