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Abstract
This study consists of two parts. In the first part we evaluate the cloud cover representation of the

high-resolution mesoscale model HARMONIE using MSG (Meteosat Second Generation) observations.
We assess the performance of different model versions. We also examine anomalies in time and space.
Cloud cover is a difficult to model parameter and is dependent on several processes, like turbulence
and convection. Verification of cloud cover in HARMONIE using satellite data has not been done sys-
tematically and is therefore needed. Although MSG cloud cover is approximately 4% higher compared
with ground based observations, a significant underestimation of cloud cover in HARMONIE above sea
is observed. The degree of underestimation is dependent on weather conditions. The latest version of
HARMONIE correlates better with MSG than its predecessors. More advanced verification methods
show a systematic underestimation of the cloud area and an increase in performance during the night.
In the second part, the impact of cloud cover schemes is studied. Subgrid variability of temperature
and humidity are important for cloud formation. Parametrizations are needed to link the subgrid
variability of temperature and humidity to cloud cover and are called cloud schemes. Two types of
cloud schemes are assessed: a relative humidity cloud scheme and a statistical cloud scheme. The
relative humidity cloud scheme directly links relative humidity to cloud cover, while the statistical
cloud scheme provides a probability distribution of the temperature and humidity around the mean,
which can be converted to a fractional cloud cover. Each sophistication of the statistical cloud scheme
contributes to better cloud cover forecasts. During the day, sophistications to the cloud scheme have
a larger impact than during the night, which is due to the lack of convective and turbulent conditions
during the night. Relative humidity cloud schemes perform worse than the statistical cloud schemes.
The relative humidity cloud scheme does provide information about possible changes to the statistical
cloud scheme.
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1 | Introduction

Clouds are a vital element of the Earth’s weather and climate system. Cloud cover is not just of interest
in its own, but also has a major impact on the redistribution of energy, heat and moisture. Clouds
reflect the incoming solar radiation back to space. Consequently, the observed weather will be altered
significantly by clouds. At night, the outgoing longwave radiation is reduced due to clouds. This
impacts local weather and boundary layer formation. Clouds are also highly variable in size, location
and time. The representation of clouds in numerical models proves to be one of the most challenging
problems in large and mesoscale models (Haiden et al., 2015; Quaas, 2012). The resolution of these
models is too coarse to distinguish all processes involved in cloud formation. Hence parametrizations
are needed to represent sub grid processes.

Haiden et al. (2015) shows that ECMWF’s (European Centre for Medium-Range Weather Fore-
casts) IFS (Integrated Forecasting System) large scale model has difficulties in producing a correct
prediction beyond 24 hours for total cloud cover. The predictability of cloud cover of this model is
therefore limited. For a mesocale model like HARMONIE (HIRLAM ALADIN Research on Mesoscale
Operational NWP (Numerical Weather Prediction) in Euromed), the resolution is not high enough to
calculate all processes involved in cloud formation. Consequently, the problems regarding cloud cover
representation are comparable with large scale models and need parametrizations. These parametriza-
tions have to be verified against observations. In this study we use satellite observations.

In the first part of this study we focus on evaluation of cloud representation of the high-resolution
mesoscale numerical weather prediction model HARMONIE using Meteosat Second Generation (MSG)
satellite observations. We consider different time periods: August 2006, May 2008, March 2012, Oc-
tober 2012 and the year 2012. HARMONIE is an operational weather model based on the ARMOME
model (Seity et al., 2011) and further developed by the HIRLAM-ALADIN community (Bengtsson
et al., 2017). For this study, different versions of HARMONIE will be tested for Western Europe and
verified against MSG.

In the second part of this thesis we study the impact of changes made to the cloud scheme. A cloud
scheme is a scheme to compute cloud cover from the turbulence and convection parametrizations,
using temperature and humidity. Different methods are possible to link the temperature, humidity,
turbulence and convection to cloud cover. In this part we evaluate the impact of these methods on
cloud cover.

The remainder of this chapter covers important concepts of cloud formation. We also discuss the
impact of clouds in the weather and climate system. Finally, we discuss a project outline including
research goals.
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1.1 Clouds in the weather and climate system

To be able to understand clouds in the weather and climate system, one should know the formation
process. A simple cloud formation process is the adiabatic rise of warm moist air in the boundary
layer. The air package has a relative low density and can only rise during unstable conditions. The air
is unstable with respect to an air package, if the density of the air package is higher than the density
of the environment. The package will continue to rise and cool until it is in equilibrium with its
environment. This is called convection. Cold air can contain less moisture than warm air, so whenever
the air package reaches the dew point temperature, the parcel is saturated and a cloud will form. The
level of cloud formation is called the Lifting Condensation Level (LCL). The LCL can be interpreted
as the altitude for which the air package cannot sustain its moisture, resulting in the formation of a
cloud. The existence of the LCL can be explained using the Clausius-Clapeyron equation:

des
dT

=
esLv
RvT 2

. (1.1)

In equation 1.1, Lv and Rv are, respectively, the specific latent heat of evaporation and the gas
constant for water vapour, T the temperature and es the partial saturation water vapour pressure.
Partial pressure can be interpreted as the pressure the considered gas would have if it is the only gas
present. When the partial saturation water vapour pressure is high, it means that the air can support
a high concentration of water vapour. High humidity levels are reached when the partial water vapour
pressure is close to the partial saturation water vapour pressure. Equation 1.1 can be rewritten to:

log es − log es,0 =
Lv
Rv

(
1

T0
− 1

T

)
, (1.2)

with es,0 the partial saturation vapour pressure at T0 = 0◦C. Figure 1.1 shows equation 1.2, in
which es increases when T increases. The figure shows that colder air can support less water vapour,
often resulting in the saturation of air. Note in figure 1.1 that the temperature range is below freezing.
This is not unusual, due to the high surface tension of water, droplets can be supercooled before
freezing.

Figure 1.1: Partial saturation water vapour pressure es as a function of the temperature T ,
following equation 1.2.

Clouds do not only form due to convective lift, but also due to orographic and frontal lift. Oro-
graphic lift is the process of air lifted towards higher elevations due to rising terrain. Frontal lift occurs
if a cold and a warm air mass collide, forcing the warm air mass to rise. This lift may lead to saturation
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and cloud formation. The impact of turbulence on cloud formation is not negligible. Turbulence can
lead to local temperature and humidity changes. This may lead to local water vapour saturation and
cloud formation.

Another process involved in cloud formation is entrainment. Entrainment can be split into lateral
and top entrainment. Lateral entrainment is the process of mixing surrounding air into a flow. For
example, dry air can be transported into moist regions, reducing the dew point temperature. This
eventually leads to changes in the convection pattern. Detrainment is the opposite effect. Detrainment
represents the process of air from a flow deposited into the environment. This usually takes place at
a high altitude. Entrainment and detrainment may lead to updrafts or downdrafts if the transported
air is unstable. Top entrainment is the mixing of air into the boundary layer. Entrainment is difficult
to model and results in an increase of uncertainty in total cloud cover. This will have its effect on the
radiation budget (Knight et al., 2007).

Figure 1.2 (Wild et al., 2013) shows the global annual mean energy budget between 2001 and 2010,
which is used in the IPCC report (Hartmann et al. (2013)). It shows the strong reflective and absorp-
tive capability of clouds for short and longwave radiation. Clouds have an impact on the global annual
mean energy budget between 2001 and 2010 by approximately 50 Wm−2. This shows that clouds
significantly impact the climate system on Earth. The impact of clouds on incoming solar radiation
can be used to measure clouds. This is called the optical thickness, and is defined as the ratio of the
incident and transmitted radiation.

Figure 1.2: The global annual mean energy budget for the period 2001-2010 (Wm−2). The broad
arrows indicate the schematic flow of energy in proportion to their importance (Wild et al., 2013).
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1.2 Project outline and research goals

Due to many processes involved in cloud formation, it is one of the most difficult parameters to model,
and is accompagnied by large uncertainties(Stocker et al., 2013). The verification of cloud cover in
numerical weather prediction models is an underdeveloped field of research and is mostly performed
against ground based measurements, short time periods or small research areas, like Söhne et al. (2008),
and Weniger and Friederichs (2016). An extensive research on cloud cover against satellite data on
a mesoscale model for a relatively long period of time is therefore needed. The research goals of this
study are:

1) Cloud cover verification of HARMONIE using MSG satellite data.
2) Evaluation and verification of different cloud scheme products.

The first part of this study we focus on the performance of different HARMONIE versions. We
test the performance of HARMONIE versions against each other and study anomalies in time and
space. We start this analysis with a case study. This is followed by applying some basic statistics
to the data sets. We also provide a more in-depth statistical analysis. Finally we assess the model
performance in time and space.

The second part consists of testing different cloud scheme products, as well as assessing the contribu-
tion of turbulence and convection. We use the statistical methods of the first part on the HARMONIE
versions with a new cloud scheme to assess the performance. The goal of this part of the study is to
test different parametrizations and to find a possible improvement.

This report consists of the following chapters:
Chapter 2 provides an overview of the observation method of MSG and the accompanying errors. We
provide an assessment of the importance of uncertainties. Finally, we give an estimation of the error
margin due to MSG to be considered when comparing with HARMONIE.
Chapter 3 contains general information about HARMONIE. We also explain the different versions of
HARMONIE as well as the different modes to run the model. Section 3.1 describes the turbulence
scheme as is used in HARMONIE. Section 3.2 explains different possible cloud schemes.
Chapter 4 consists of a detailed overview of the methodology. We first describe the choice of considered
time periods. We also describe in detail how we merge the grids of HARMONIE and MSG together.
We provide a description of the statistics that we use in this study, including basic statistics, corre-
lation coefficients and statistical bootstrapping. We describe the Structure, Amplitude and Location
(SAL) method as well.
Chapter 5 shows the results of the first part, including a SAL analysis. The year 2012 is considered in
Section 5.8 and 5.9. Furthermore, differences between land and sea are investigated.
Chapter 6 covers the last part of this study, consisting of all experiments done with a new cloud scheme.
This chapter also includes the investigation of the contribution of convection and turbulence on cloud
cover.
In chapter 7, we wrap up the results and discuss the conclusions.
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2 | Observations

2.1 Introduction

In the past, the cloud cover representation of HARMONIE has been verified against ground measure-
ments. To further assess the performance of cloud cover forecast in HARMONIE, an extensive analysis
using satellite data is needed. In this study, the model output is verified with total cloud cover satellite
data generated by the Meteosat Second Generation (MSG) satellites (Schmetz et al., 2002). The qual-
ity of the satellite data is dependent on the errors in the measurements. It is important to know the
uncertainty of the observational data sets in order to determine if the results of HARMONIE deviate
significantly. In this chapter we provide further information about the MSG satellite and present a
detailed analysis about uncertainties in the data. From this uncertainty analysis follows an estimation
of the uncertainty in the observational data sets that we use in this thesis.

2.2 MSG Cloud Products

The MSG project consists of satellites in geostationary orbit and is produced by the European Or-
ganisation for the Exploitation of Meteorological Satellites (EUMETSAT). The satellites have been
specifically designed to deliver data needed for numerical weather predictions as well as for climate
research (Legendre et al., 2010; Schmetz et al., 2002). The Spinning Enhanced Visible and InfraRed
Imager (SEVIRI) has been mounted on the satellites and measures passively multiple variables includ-
ing cloud cover in twelve spectral bands, ranging from the visible (0.6 µm) to the infrared spectrum
(13.4 µm) (Schulz et al., 2008). During the night, only infrared is used to compute cloud cover. Hence
SEVIRI is expected to perform better during the day, when all spectral bands can be used. SEVIRI
delivers a full disk image of Europe every 15 minutes with a resolution of 4 by 7 km. This is sent to
the Satellite Application Facilities (SAF) and processed at the European Space Operations Centre in
Darmstadt, Germany. Apart from SEVIRI, the satellites also carry Geostationary Earth Radiation
Budget (GERB) instrument on board. This measures the short and longwave radiation coming from
the Earth. SEVIRI’s cloud cover data is compared to ground measurements and NASA’s spectrometer
The Moderate Resolution Imaging Spectroradiometer (MODIS). Differences can be quite large and up
to 10% (Finkensieper et al., 2016).

MODIS is an imaging instrument mounted on the sun synchronous Terra and Aqua satellites. Terra
passes the equator north to south at 10:30 local time and Aqua passes the equator south to north at
13:30 local time. Time taken to fully scan the surface of the Earth is up to 2 days, in 36 spectral
bands. Like SEVIRI, MODIS performs measurements passively. MODIS proves to be stable, has a
relatively high resolution of 1 by 1 degree and have been measuring for the complete MSG time period
Platnick et al. (2003). For the verification of MSG cloud products, we use the MODIS satellite.
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2.3 Observational uncertainties

The measurement angle of SEVIRI is important for the quality of the data. The measurement angle
increases with latitude, because the satellites are in geostationary orbit. The bias in figure 2.1 reveals
an underestimation of SEVIRI for total cloud cover when compared with ground based measurements
for viewing angles < 40◦ and an overestimation for viewing angles > 40◦. The statistics in regions
with a low viewing angle are not mature due to the lack of ground observations. The vertical dashed
lines indicate the considered latitude range of HARMONIE. In this domain, the bias ranges from 0%
to +6%. An overestimation of the total cloud cover of SEVIRI is therefore likely.

Figure 2.1: Ground observations, bias between SEVIRI and ground observations and root mean
square error against the SEVIRI zenith angle (Finkensieper et al., 2016). The vertical lines indicate

the considered domain in HARMONIE.

Figure 2.2 presents ground based measurements against SEVIRI cloud cover data (Finkensieper
et al., 2016) in a scatter plot and a frequency distribution. It shows the monthly mean cloud cover data
between 2004 and 2015. Figure 2.2 shows a clear overestimation of the total cloud cover by SEVIRI
during cloudy conditions (cloud fraction of 0.5 - 0.85) when compared with ground observations, with
a mean bias of 0.0369. The overestimation of clouds is reduced when overcast conditions are dominant,
because ground observations and satellite data provide almost the same results. The overestimation
of clouds is also reduced during dominantly clear sky conditions, but with some small clouds present.
These small clouds are overestimated, but the impact of these errors are small due to the general lack
of clouds. As a consequence, cloud cover conditions in between the two extremes provide the largest
overestimation (to be more precise, the largest overestimation corresponds with a cloud fraction of 0.5
- 0.85).

With larger viewing angles, the location error of clouds will increase due to the parallax effect.
Figure 2.3 shows the concept. When the satellite measures under an angle, it localizes the cloud as if
it is on a different location. It is translated with respect to the actual location of the cloud, which is
directly linked to the viewing angle. No correction is applied for this effect in SEVIRI.

SEVIRI struggles with the correct detection of opaque clouds. Opaque clouds are interpreted as
overcast and can lead to a strong overestimation by SEVIRI. This overestimation is mostly due to
high measurement angles for Western Europe. It results in an overestimation of the optical path
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Figure 2.2: Ground observations and SEVIRI cloud cover data in a scatter plot and a frequency
distribution (Finkensieper et al., 2016).
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Figure 2.3: Schematic illustration of the parallax error when measuring the location of a cloud and
overestimation of the optical path. An increasing measurement angle of the satellite with respect to

the cloud will cause a larger error.

and therefore cloud thickness. The upper part of figure 2.3 schematically shows this effect. The
quality of cloud detection is not only dependent on the measurement angle, but also on the surface
albedo. Whenever the surface albedo is high, clouds are more difficult to detect. The satellite then
has difficulties to distinguish clouds and surface, due to the high albedo of both. In Western Europe,
this is only a small effect. However, it may become important during extensive snow cover periods.

Figure 2.4 shows the process responsible for the overestimation of the area of clouds during cloudy,
but not overcast conditions. Due to a non zero viewing angle, the estimated cloud area is larger than
the real area of the cloud. The structure is therefore likely to be overestimated. The impact of the
error in the estimated cloud area is dependent on the size of a cloud. The impact is higher for small
clouds than for large clouds. For large clouds, the cloud area is extensive and the overestimation is
relatively small. During overcast conditions, the error in the area is therefore reduced. For small clouds
the overestimated area is relatively large compared with the real area.

The detection of clouds by SEVIRI is based on the brightness temperature. When a threshold is
exceeded, a cloud is detected (Derrien et al., 2012). The threshold depends on the brightness tempera-
ture, albedo, time of day, land or sea and the viewing angle. The brightness temperature is defined as
the temperature the object would have if it is in equilibrium with its surrounding and is a black body
radiator with the same intensity as is observed. However, different near-infrared bands and thresholds
are used above the ocean to detect clouds. This may lead to differences in quality of observations
above land and sea. The differences of detection between land and sea can be quite large (Derrien
et al., 2012). Clouds are generally easier to detect above water than land due to the large albedo
difference between the surface and the cloud. A detection difference between land and water is ex-
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Figure 2.4: Schematic illustration of the structure overestimation of clouds estimated by SEVIRI.
The degree of overestimation is linked to the viewing angle.

pected. The separation between snow and ice and water clouds is done by looking at low reflectance
in the 1.6 µm and 3.9 µm spectrum. This restriction may be insufficient to distinguish snow and
clouds, especially during night (Derrien et al., 2012). The determination of opaque clouds also fol-
lows a brightness temperature threshold. This threshold is only applied to cloud contaminated regions.

To summarize, for the considered domain in HARMONIE, cloud cover is overestimated during cloudy
conditions. The uncertainties are dependent on the viewing angle. After the analysis of this chapter,
we estimate the uncertainty of MSG cloud cover to be approximately +4% against ground observa-
tions. In this study we use this 4% uncertainty range. This uncertainty range is mostly caused by
the area error, and in a lesser extent the location and amplitude. We have also seen that SEVIRI has
difficulties with estimating cloud cover over high albedo surfaces. A difference in quality between day
and night is also observed. Cloud detection above land and sea can be significant, especially for high,
optically thin clouds.

One should also note that the data provided by SEVIRI is a binary cloud mask, resulting in a 1.0 if a
cloud is present and 0.0 if none is present. For Western Europe, SEVIRI provides data on a 4 by 7 km
grid. Although SEVIRI performs the relevant cloud measurements, in this study we call the satellite
observations simply MSG.
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3 | Model

In this study, we use different versions of HARMONIE (HIRLAM ALADIN Research on Mesoscale
Operational NWP in Euromed). HARMONIE is a high resolution mesoscale model, which we run
on the domain of Western Europe. It is a non-hydrostatic model with a resolution of 2.5 by 2.5 km.
HARMONIE consists of 65 vertical levels. The thickness of each layer is variable, with relatively thin
layers at the surface. In the model, some processes can be calculated directly on the grid. These
are called resolved processes. The theoretical relations between quantities can be implemented. One
of the resolved processes in the model is large scale convection. Other processes, like turbulence, are
unresolved. Unresolved processes take place on a subgrid scale, meaning that they cannot be calculated
directly using the equations of motion with the resolution of the model. Parametrizations are needed
to incorporate these subgrid scale processes. Parametrizations are simplified representations of the
considered process. For parametrizations, resolved quantities are used to approximate unresolved
quantities. Subgrid scale processes thus can be estimated using parametrizations. Turbulence is
important for cloud cover, but is an unresolved process. Parametrizations are therefore needed to
represent turbulence. In the following section we discuss the turbulence parametrization.

3.1 Turbulence scheme

To understand the turbulence scheme implemented in HARMONIE, we start with the potential tem-
perature and moisture equation for a turbulent flow (Stull, 1988). For the full derivation of these type
of equations, see appendix A.

∂θ̄

∂t
+ ū

∂θ̄

∂x
+ v̄

∂θ̄

∂y
+ w̄

∂θ̄

∂z
= −∂θ

′w′

∂z
+ Sθ, (3.1)

∂q̄

∂t
+ ū

∂q̄

∂x
+ v̄

∂q̄

∂y
+ w̄

∂q̄

∂z
= −∂q

′w′

∂z
+ Sq. (3.2)

The grid boxed averaged potential temperature and moisture are respectively θ̄ and q̄ and represent
the resolved quantities. The perturbation potential temperature and moisture are θ′ and q′ and
represent the unresolved quantities. Other source and sink terms are represented in Sq and Sθ. The
grid boxed averaged horizontal velocity are ū and v̄ and in the vertical w̄. The perturbation vertical
velocity in the z direction is w′. The advection terms (element 2 - 4 on the left hand side (l.h.s.) in
equations 3.1 and 3.2) are resolved by the model. The first term on the right hand side (r.h.s.) of
equation 3.1 is the vertical turbulent potential temperature flux and the first term on the r.h.s. of
equation 3.2 is the vertical turbulent moisture flux. Both terms are unresolved by the model. For
these equations, Reynolds decomposition has been used. For example, θ has been decomposed to:

θ = θ̄ + θ′, (3.3)

with θ̄′ = 0. Whenever turbulent fluctuations are present, the first term on the r.h.s. in equations
3.1 and 3.2 is non zero. Stable conditions prevail when ∂θ′w′

∂z > 0, what results in cooling. We do
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not consider the horizontal convergence of turbulence and heat, because it is often several orders of
magnitude smaller than the vertical component. Equations 3.1 and 3.2 have more variables than
equations and thus a closure problem occurs. We discuss different closure schemes in the following
sections.

3.1.1 First order closure scheme
The first order closure is often used to close relations of the form of equations 3.1 and 3.2 (Perov and
Gollvik, 1996). The first order closure scheme directly links turbulent fluxes to the mean gradient of
the considered quantity. Vertical turbulent fluxes are then described by:

φ′w′ = −K∂φ̄

∂z
. (3.4)

The considered quantity is φ and K is the eddy viscosity coefficient with units m2/s. The term
on the r.h.s. of equation 3.4 represents the resolved part and is linked to the unresolved part on the
l.h.s.. The vertical turbulent flux is now directly dependent on a resolved quantity. The parameter K
can be considered as a length scale (L) times a vertical velocity scale (W ):

K = W · L (3.5)

The value of K depends on the considered variable and atmospheric conditions. If K > 0 and
∂φ̄
∂z < 0 it results in ¯φ′w′ > 0, what means that the turbulent flux is flowing down-gradient. In the
atmospheric boundary layer (the layer for which the atmosphere experiences friction from the bottom),
the first order K-theory leads to the often observed Ekman spiral (Ekman, 1905).

The quality of the first order K-theory is undermined by its basic assumptions made (Perov and
Gollvik, 1996). First of all, turbulence is assumed to be in equilibrium. Hence a time memory of the
turbulent structure is not included. The turbulence is also generated locally and cannot be transported
to other regions with advection. A higher order closure scheme is able to solve some of the problems
occurring in the first order closure scheme. In the next section we therefore focus on the one-and-a-half
order closure scheme.

3.1.2 One-and-a-half order closure scheme
The difference between the one-and-a-half order closure scheme and the first order scheme, is that it
not only retains the zero-order variables, but also the equations for the variance of the most relevant
quantities. It is not a second order closure scheme, because we do not calculate the variance of all
variables. More processes are incorporated when using higher order closure schemes, but then new
unknowns occur. For the one-and-a-half order closure scheme, we have to introduce a new variable,
which is calculated directly. This variable is the turbulent kinetic energy (TKE, or e), defined as
TKE = e = 1

2

(
u′2 + v′2 + w′2

)
. The perturbation velocity in the x, y and z direction are respectively

u′, v′ and w′. The TKE represents kinetic energy per mass of eddies and provides information about
turbulence. The TKE equation can be used to find the vertical velocity W of equation 3.4 to calculate
K. The TKE equation for the one-and-a-half order closure scheme is given by (Stull, 1988):

∂ē

∂t
= −u′w′ ∂ū

∂z
− v′w′ ∂v̄

∂z
+ w′θ′

g

θ̄
−
∂
[
w′(p′/ρ+ e)

]
∂z

− ε. (3.6)

(3.7)
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The density of air is represented by ρ. The production occurs in the first two terms on the r.h.s..
The third term on the r.h.s. represents the buoyancy flux, the fourth term the pressure and TKE
diffusion and the last term dissipation. The TKE provides information about the turbulence and can
therefore be used for the parametrization. Using one of the possible parametrizations, the equations
then become, splitting K into a heat (KH) and momentum (Km) part:

u′w′ = −Km

(
ē, θ′2

) ∂ū
∂z

(3.8)

v′w′ = −Km

(
ē, θ′2

) ∂v̄
∂z

(3.9)

θ′w′ = −KH

(
ē, θ′2

) ∂θ̄
∂z
− γ

(
ē, θ′2

)
(3.10)

w′ [p′/ρ̄+ e] =
5

3
Λ3e

−1/2 ∂ē

∂z
(3.11)

εR = 0, ε =
ē3/2

Λ1
, εθ =

ē1/2θ′2

Λ2
. (3.12)

The pressure is p, u and v are the horizontal wind velocity, γ is the mixing length, which can be
considered as the ability of turbulence to cause mixing and ε, εR and εθ are dissipation terms. The
terms Km, KH and γ are dependent on ē and θ′2. The Λ factors are length-scale parameters. The
TKE provides an estimation of the vertical velocityW of equation 3.4. The Λ term provides the length
scale L. The K coefficient can therefore be approximated with:

K = Λē1/2. (3.13)

The one-and-a-half order closure is similar to the first order closure, but it is now dependent on
TKE. Equations 3.8 - 3.12 are complex relations for which no analytical solutions are available. These
equations can nonetheless be solved numerically, as is done in HARMONIE (Cuxart et al., 2000).
Cuxart et al. (2000) can be consulted for the numerical implementation of the one-and-a-half order
closure scheme. Using one-and-a-half order closure has some important advantages (Stull, 1988). This
scheme creates well mixed layers that increase in depth during the day, as is expected due to increased
turbulence during daytime. Secondly, a nocturnal stable boundary layer forms. Parametrizations of
condensation and cloud formation can now be computed. Entrainment is also possible to model with
this scheme. This turbulence scheme is implemented in the version of HARMONIE called HARATU
(HArmonie with RAcmo TUrbulence). This turbulence scheme leads to enhanced turbulent mixing
compared with the older versions of HARMONIE with a first order closure scheme.

3.2 Cloud Schemes

To connect the turbulence calculated from the turbulence scheme to cloud cover, a cloud scheme is
necessary. The cloud scheme consists of parametrizations necessary to determine the cloud cover within
a grid box. Turbulence can cause local saturation of water vapour within a grid box. This leads to
clouds smaller than the resolution of the model. Cloud schemes are therefore necessary to incorporate
subgrid cloud cover and leads to a fractional cloud cover. Figure 3.1 shows a schematic illustration of
subgrid variability that can lead to cloud cover. The figure shows the total water specific humidity
within a grid box. The total water specific humidity is defined as:

qt = qv + ql + qi. (3.14)

The liquid water specific humidity is represented with ql and qi is the ice water specific humidity.
The saturation specific humidity qs is defined as the maximum humidity the air can sustain. When
qt > qs, a cloud will form. The dashed area of figure 3.1 represents the region within a grid box where
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saturation occurs and a cloud will form. These regions within the grid may have clouds, while the
non-dashed areas do not. The fraction of the saturated and unsaturated parts of the grid box then
provides the fractional cloud cover for the grid box. The cloud scheme is necessary to incorporate
these subgrid variabilities. In this study, we provide a relative humidity cloud scheme and a statistical
cloud scheme. In the following section we discuss the relative humidity scheme.

Figure 3.1: Schematic illustration of the subgrid variability of cloud cover. The total specific
humidity and saturation specific humidity are drawn within a gridbox. A cloud will form when

qt > qs and is indicated by the dashed area.

3.2.1 Relative Humidity Cloud Scheme
A simple cloud scheme, which has been used in the past and is still used in various models (Quaas,
2012), is based on a simple relation between relative humidity and cloud cover. Relative humidity is
defined as:

RH ≡ qv
qs
. (3.15)

The relative humidity is directly connected to cloud cover. When the relative humidity is 1.0,
saturation occurs and a cloud will form. With a relative humidity scheme, we assume that relative
humidity is affected by subgrid processes. This results in possible cloud formation even if the relative
humidity is below 1.0. The subgrid processes are incorporated in the scheme with a probability density
function (PDF) for the relative humidity. The relative humidity can then be converted to a fractional
cloud cover, starting cloud formation from a critical relative humidity (RHcrit), until a maximum
relative humidity (RHmax). In this study, we use a relative humidity scheme with a rectangular PDF,
as is shown in figure 3.2a.

In this cloud scheme, ice and liquid water are neglected, qt then reduces to qv. Clouds begin
to form from a certain critical relative humidity RHcrit, which is lower than 1.0. The width of the
PDF determines RHcrit and corresponds to the maximum possible subgrid variability. The width is
represented with ∆q. The width can be calculated using figure 3.2b. This figure shows the PDF when
clouds start to form for the first time within the grid. The qs line then matches with the qv + ∆q line,
so

qs = qt + ∆q (3.16)
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(a) (b)

Figure 3.2: (a) The uniform probability density function of total water specific humidity as is used
for the relative humidity cloud scheme. N is the cloud cover (Quaas, 2012). (b) The probability

density function of total water specific humidity when clouds start to form. Then RH = RHcrit and
qt + ∆q = qs.

∆q = qs − qv (3.17)

=

(
1− qv

qs

)
qs (3.18)

For this case, we defined the relative humidity to be RHcrit. Equation 3.18 then becomes:

∆q = (1−RHcrit) qs. (3.19)

This equation shows that the choice of RHcrit impacts the width of the PDF and therefore the
fractional cloud cover. A large RHcrit corresponds with large subgrid variability. From this PDF, we
calculate the cloud cover. The cloud cover in a rectangular PDF is represented with the blue area of
figure 3.2a. This area equals:

N =
qv + ∆q − qs

2∆q
(3.20)

=
RH + (1−RHcrit)− 1

2(1−RHcrit)
(3.21)

The grid box mean relative humidity (RH) can be split into a clear sky part and a cloudy sky part.
We assume the relative humidity to be 1.0 in the cloudy part. The grid box mean relative humidity is
then:

RH = f · 1 + (1− f)RHclear. (3.22)

The clear sky relative humidity RHclear can be rewritten, using the PDF of 3.2a:
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RHclear =
qs + qv −∆q

2qs
(3.23)

=
1 + qv/qs − (1−RHcrit)

2
(3.24)

=
RH + (1−RHcrit)− 1− 2(1−RHcrit) + 2

2
(3.25)

= N(1−RHcrit) + 1− (1−RHcrit). (3.26)

This can be used in equation 3.22:

RH = N + (1−N)RHclear (3.27)

= N +N (1−RHcrit) + 1− 1 +RHcrit −N2 (1−RHcrit)−N +N (1−RHcrit) (3.28)
= N + (1−N) ((1−RHcrit)N + 1− (1−RHcrit)) (3.29)
= N + (1−N) ((1−RHcrit) (N − 1) + 1) (3.30)

= 1− (1−RHcrit) (1−N)
2
. (3.31)

The cloud fraction then becomes:

N = 1−

√
1−RH

1−RHcrit
. (3.32)

From now on, we omit the bar above RH for readability. Figure 3.3 shows the cloud cover profile
as a function of the relative humidity. The dashed vertical lines represent from left to right RHcrit

and RHmax. We have chosen RHcrit = 0.8 as an example.

Figure 3.3: Cloud cover as a function of RH, following equation 3.32. The dashed lines correspond
with RHcrit and RHmax.
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(a)

Figure 3.4: (a) Global mean pressure profiles of RHcrit as measured (red, orange and black) and
modelled. The arrow shows the profile of (Sundqvist et al., 1989), which we use in this study. The

dashed lines show fits. (Quaas, 2012).

Variance of the subgrid-scale total water is not a constant, but height dependent. Note that
RHcrit is directly related to the subgrid variability and thus the variance. Variance of temperature
and humidity is produced by turbulence and convection. Turbulence causes for example mixing, what
increases the variance. Clouds in higher regions of the atmosphere have a longer lifetime and are
transported into the grid box, increasing the variance relative to qs, therefore reducing the critical
relative humidity for clouds. Figure 3.4a shows RHcrit measurements, using ERA interim (Dee et al.,
2011) as well as Atmospheric Infra-Red Sounder (AIRS) mounted on the Aqua satellite (Susskind
et al., 2003) to compute a vertical profile of RHcrit (Quaas, 2012). The figure shows the decrease of
RHcrit with height. Our relative humidity scheme will follow ECHAM-Sundqvist (Sundqvist et al.,
1989) from figure 3.4a, which is highlighted with the arrow. It consists of a gradual decrease of RHcrit

in the boundary layer and above, followed by the stabilization of RHcrit from the middle troposphere
and up. The measurement sets from AIRS and ERA-interim (red, orange, light blue and black)
show a lower critical relative humidity profile compared to the profiles parametrizations of the models
ECHAM-Sundqvist and ECHAM-Tompkins (blue and purple). A different choice of PDF also impacts
the critical relative humidity profile, as is shown with the triangle PDF. In this study, we experiment
with the profile of Sundqvist et al. (1989):

RHcrit = RH0,top + (RH0,surf −RH0,top) exp

(
1−

(
ps
p

)n)
. (3.33)

The RH0,top = 0.7, RH0,surf = 0.9, ps = 1000 hPa and n = 4 are respectively the top and surface
relative humidity, surface pressure and fitting parameter. Note that this empirical estimate of the
vertical profile is based on a global mean profile, which may vary in time, space and resolution (higher
resolution decreases subgrid variability and hence increases RHcrit) and may in general be a too sim-
ple representation of the atmosphere. Also note that the considered models, ECHAM-Sundqvist and
ECHAM-Tompkins, do have higher RHcrit values than the observations.

Another relative humidity scheme that we consider includes qi and ql of equation 3.14 in the cloud
scheme. If a rectangular PDF is considered, then due to ice and liquid water, qt/qs can be larger
than 1.0. Cloud cover will start to grow when qt/qs = qcrit. The cloud cover then increases from
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qcrit to qmax, as is shown in figure 3.5a. This figure shows the cloud fraction N as a function of qt/qs
with this cloud scheme. Clouds begin to form when qt/qs = qcrit, and overcast conditions occur when
qt/qs = qmax. When a rectangular PDF is considered, then qt/qs = 1.0 is in the middle of the linear
relation, which corresponds in this scheme with a cloud cover of N = 0.5. When qt/qs = 1.0, overcast
conditions are present for 50% of the grid box and clear sky conditions for the other 50%, resulting in
N = 0.5. Due to the linear relation between qcrit and qmax, and that qt/qs always corresponds with
N = 0.5, qmax is linked to qcrit. If qcrit is reduced, then is qmax is increased similarly in order to keep
N = 0.5 correspond with qt/qs = 1.0. Beyond qmax, the variance is not high enough to cause qt/qs to
drop below 1.0 anywhere, resulting in complete overcast.

For this relative humidity scheme, we use an approximated qcrit profile following the critical rela-
tive humidity measurements of AIRS A and AIRS B (Quaas, 2012) from figure 3.4a. Figure 3.5b
shows the implemented qt profile profile as a function of height. Keep in mind that the chosen qcrit
profile is linked to critical relative humidity, which does not include ql and qi in the cloud scheme.
The critical relative humidity profile does provide a first guess about the choice of qcrit. This relative
humidity scheme provides information about the impact of qi and ql in the cloud scheme.

(a) (b)

Figure 3.5: (a) Cloud cover N as a function of qt/qs at ground level, when also considering ice an
liquid. The vertical lines correspond with RHcrit and RHmax. (b) Estimated dependence of RHcrit

on height, using the measurements of AIRS A and AIRS D (Quaas, 2012) of figure 3.4a.

3.2.2 Statistical Cloud Scheme
The statistical cloud scheme is the default cloud scheme in HARMONIE. It is a more complex cloud
scheme than the relative humidity scheme. The statistical cloud scheme has a strong theoretical basis.
The scheme assumes a probability distribution around the grid box mean temperature and moisture,
which represents the subgrid variability. This PDF determines the fractional cloud cover. The most
important difference between the different schemes is the way of obtaining the variances of qt and θl.
The variable θl is given by:

θl = θ − Lv
cpΠ

ql, (3.34)

with cp the specific heat at constant pressure for moist air, Lv the latent heat and Π the Exner
function. The Exner function is defined as:
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Π =

(
p

pref

) R
cp

(3.35)

=
T

θ
, (3.36)

with R the gas constant for dry air and pref a reference pressure. One can view the cloud
parametrization problem as a probability density problem. Suppose variability in θl and qt are de-
scribed by the PDF in a grid volume. Then the cloud cover N and the liquid water specific humidity
qt can be determined using integration from minus to plus infinity for θl and qt over the PDF, using
the Heaviside function:

N =

∫ ∞
−∞

∫ ∞
−∞

H(qt − qs)P (θl, qt)dqtdθl (3.37)

ql =

∫ ∞
−∞

∫ ∞
−∞

(qt − qs)H(qt − qs)P (θl, qt)dqtdθl. (3.38)

The probability density function corresponds with P and H(x) = 0 if x < 0 and H(x) = 1 if x > 0.
Let us call s = qt − qs(p, T ). This quantity can be interpreted as how far the total specific humidity
is from the saturation curve. Figure 3.6 shows the saturation curve as a function of qt and T . From a
certain mean temperature and total specific humidity (T̄ , q̄t), the shortest distance to qs is s̄.

Figure 3.6: The saturation curve as a function of qt and T (De Rooy et al., 2014). The variation
around the grid box mean (T̄ , q̄t) are the dashed PDF isolines. The shaded area is the part of the
PDF that contributes to the fractional cloud cover. The shortest distance to the saturation curve

from (T̄ , q̄t) is given by s̄.

Whenever a cloud is present, the saturation mixing ratio qs can be estimated using a first order
Taylor expansion around Tl, which is the mean liquid water temperature. The saturation specific
humidity qs then becomes:
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qs(T ) ' qs(Tl) +
∂qs(Tl)

∂T

(
T − Tl

)
+O

((
T − Tl

)2)
. (3.39)

Equation 3.34 can be rewritten in terms of the temperature and using equation 3.36.

T = Tl +
L

cp
ql (3.40)

Equation 3.39 then becomes, using Tl = Tl + T ′l , and using equation 3.38:

qs(T ) ' qs(Tl) +
∂qs(Tl)

∂T

(
Tl +

L

cp
ql − Tl

)
(3.41)

qs(T ) ' qs(Tl) +
∂qs(Tl)

∂T

(
T ′l +

L

cp
ql

)
(3.42)

qs(T ) ' qs(Tl) +
∂qs(Tl)

∂T

(
θ′lΠ +

L

cp
ql

)
(3.43)

qs(T ) ' qs(Tl) +
∂qs(Tl)

∂T

(
θ′lΠ +

L

cp
H(s)s

)
. (3.44)

(3.45)

Now s can be approximated as follows:

s = qt − qs(Tl) +
∂qs(Tl)

∂T
θ′lΠ−

∂qs(Tl)

∂T
sH(s)

L

cp
, (3.46)

which can be split up, depending on the sign

s =


(

1 +
(
L
cp

)
∂qs(Tl)
∂T

)−1 [
qt − qs(Tl)− ∂qs(Tl)

∂T Πθ′l

]
if s > 0;

qt − qs(Tl)− ∂qs(Tl)
∂T Πθ′l if s < 0.

The distance to the saturation curve s can be interpreted as a parameter that controls saturation
within the grid, because saturation is possible whenever ql = s ≥ 0. The parameter s and q can be
split into a grid box mean and a perturbation part: s = s+ s′ and qt = qt + q′t. Saturation takes place
whenever s′ ≥ −s. s′ is given by:

s′ =
q′t −

∂qs(Tl)
∂T Πθ′l

1 +
(
L
cp

)
∂qs(Tl)
∂T

(3.47)

The standard deviation of s is the root of the mean of the square of s′:

σs =
√
s′2 =

(
1 +

(
L

cp

)
∂qs(Tl)

∂T

)−1
√
q′2t − 2

∂qs(Tl)

∂T
q′tθ
′
l +

(
∂qs(Tl)

∂T

)2

θ′2l . (3.48)

To get a dimensionless quantity that has a one-to-one correspondence with cloud fraction for
Gaussian PDF’s, one needs to normalize s′, which will be called t ≡ s′/σs. Saturation is present when
t ≥ − s

σs
. The normalized averaged saturation deficit Q1 (Sommeria and Deardorff, 1977) is then:

Q1 =
s

σs
. (3.49)
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The PDF of t is called G(t). Clouds form whenever saturation is reached. Thus the total cloud
cover of the grid cell is the integral from the lowest value possible for clouds (when t = 0) to infinity:

N =

∫ +∞

0

G(t)dt. (3.50)

When assumed Gaussian, G(t)dt = 1√
2π

exp
(
−t2/2

)
dt. Equation 3.50 then has a standard solution

in the form of:

N = 1/2
(

1 + erf(Q1/
√

2)
)
, (3.51)

in which erf is the error function:

erf(z) =
2√
π

∫ z

0

e−t
2

dt. (3.52)

The relation of equation 3.51 has been tested against measurements and large eddy simulation
models (LES) (Cuijpers and Bechtold, 1995), as is shown in figure 3.7. The distribution of N follows
approximately equation 3.51, but does not fit exactly. A best fit is performed by Cuijpers and Bechtold
(1995) and is empirical in nature. The cloud cover in HARMONIE is calculated using the estimation
done by Cuijpers and Bechtold (1995):

N = 0.5 + 0.36 arctan(1.55Q1). (3.53)

Figure 3.7: Cloud cover N as a function of Q1, as performed by Cuijpers and Bechtold (1995). The
full line is the parametrized cloud fraction. The dots are measurements.

Figure 3.7 shows the cloud cover N as a function of Q1 (Cuijpers and Bechtold, 1995), with the
parametrization of equation 3.53, which is the best fit following observations. With Q1 < −2, almost
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no cloud cover is present, following a sharp increase to an almost complete cloud cover field with Q1 >
2. Skewness of the profile is limited, thus the deviation of the empirically determined curve varies
only slightly with the Gaussian cloud cover curve. In HARMONIE, N is only dependent on Q1 and is
therefore determined whenever Q1 is known.

Figure 3.6 also shows how the statistical cloud scheme can be interpreted. The dashed circles around
the point (T̄ , q̄t) show the variation and are isolines of a joint PDF. The area of the circle beyond the
saturation curve contribute to the fractional cloud cover. The fraction of the shaded area against the
total area of the circles can therefore be interpreted as the cloud fraction.

The standard deviation σs of equation 3.48 consists of three parts in HARMONIE: the convection
part (σcon), turbulence part (σturb) and an extra term (σextra). The turbulence part is produced by
the turbulence scheme, as is described in section 3.1. The convection term is produced in the convec-
tion scheme. The convection term includes entrainment and detrainment (De Rooy and Pier Siebesma,
2010). The extra variance part is included to incorporate any relevant processes not included in the
cloud scheme, like transport of clouds at high altitudes. The extra variance term is dependent on qs.
This results in a direct dependence of Q1 with RH in this term. The variable qs is temperature and
pressure dependent, thus it varies with height. Due to the profile of qs of figure 3.6, the extra variance
term will usually decrease with height. The standard deviation σs is then calculated by:

σs =
√
a (σ2

con + σ2
turb) + bσ2

extra. (3.54)

The terms a and b are tuning parameters. The tuning parameters can be used to assess the impact of
the different terms of equation 6.1.

3.3 Versions of HARMONIE

In this study, we run HARMONIE in three different modes: hindcast (HC), climate (CL) and data
assimilation (DA). In the HC mode, the model is initialized from ERA-Interim data (Dee et al., 2011)
at the boundaries and in the atmosphere every 24 hours, followed by a forecast of 36 hours. However,
the conditions of the surface are initialized by the previous 24 hour forecast. For the first forecast,
ERA-interim data is used for the surface. The first 12 hours are disregarded due to spin-up effects.
In the CL mode, the model is initialized only once after which it runs freely without any reinitial-
izations. In both models the lateral boundary conditions are provided by ERA-Interim. Due to the
long forecasting time, the climate run will have difficulties in producing the correct individual weather
events. A statistical analysis of the weather is needed to interpret the CL mode (it is therefore called
the climate mode). The operational version of HARMONIE uses the DA mode. The DA mode makes
a forecast every 3 hours, using the previous forecast combined with observations (it is therefore called
the data assimilation mode). The boundaries are provided by the ECMWF. The DA mode is com-
putationally intensive. We focus on the computationally less intensive, but otherwise similar HC mode.

From time to time, HARMONIE will be updated following recent studies. Different operational ver-
sions of HARMONIE are indicated by cycles. The current operational version of HARMONIE at the
KNMI is cycle 36. For this study, we consider different versions of cycle 38 up to the most recent
version cycle 40. More verification is needed for a smooth transition to a new cycle. As a reference,
HARMONIE cycle 38 with inhomogeneity factor set to 1 is used and is called HARMONIE cyc38. The
cloud inhomogeneity parameter χ is defined as the ratio of the exponential of the logarithmic average
of the cloud optical thickness to the linear average of the cloud optical thickness Gleeson et al. (2015):

χ =
elog τ

τ̄
. (3.55)
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Table 3.1: Table of the considered model versions with its description.

Model version Model description

HARMONIE cyc38 Reference HARMONIE cycle 38 version
HARMONIE SM HARMONIE cycle 38 with simple micro physics

HARATU HARMONIE with RACMO turbulence scheme
HARATU update HARATU with updated turbulence and new radiation scheme

HARATU update DA As HARATU update, but in data assimilation mode

For which τ is the optical thickness, defined as:

τ = log

(
Φi
Φt

)
. (3.56)

The optical thickness is therefore the logarithm of the fraction of the received and transmitted
radial flux (respectively Φi and Φt). The choice of the inhomogeneity parameter has its impact on the
radiation budget of the model. For all considered HARMONIE versions, the inhomogeneity factor is
set to 1.0, which is a reasonable value for a 2.5 by 2.5 km resolution.

Another model version assumes only simple micro physics, which we call HARMONIE SM. Micro
physics of clouds describe the properties and structures of clouds on the microscopic scale. This means
that cloud microphysics include processes happening on the droplet scale. It includes the growth and
precipitation of droplets. Cloud microphysics happens on a subgrid scale, so parametrizations are
needed. A microphysics scheme is incorporated in HARMONIE, but now we turn off some recent
updates made to this scheme. Some of the turned off changes are: tuning of the conversion from ice to
water vapour and vice versa, and a separate ice cloud fraction, contributing to the total cloud cover.

HARATU (HArmonie with RAcmo TUrbulence) is an important parametrization to test. The tur-
bulence scheme HARATU is different than is used in HARMONIE cycle 38. This turbulence scheme
has been developed for the regional climate model RACMO Neggers et al. (2004), but has also been
implemented in HARMONIE (De Rooy et al., 2014). RACMO includes changes in boundary layer
turbulence. It includes enhanced mixing of turbulence, resulting in reduced cloud cover if compared to
older versions of HARMONIE. The new turbulence scheme calculates the TKE and turbulent mixing
length scale L of equation 3.5 at half vertical levels (De Rooy et al., 2014). Prognostic variables at
full levels are determined by the vertical divergence of the turbulent fluxes at half levels and is now
calculated by HARATU. Previously, TKE and L were calculated at full levels and thus interpolation
was necessary.

Another version we use in this study, is an updated version of HARATU and a new radiation
scheme (here called HARATU update). Cloud liquid optical properties have been simplified by Nielsen
et al. (2014), especially in the Mie scattering range (when the size of aerosols is comparable with
the wavelength of the incoming light). The update of the turbulence scheme also provides a better
estimation of the zonal 10 meter wind speed under stormy conditions. As a result of the update
in the turbulence scheme, slightly more mixing takes place near the surface and considerably more
mixing at intermediate heights. We also run HARATU update in data assimilation mode, which we
call HARATU update DA. Table 3.1 shows an overview of the different HARMONIE versions.
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4 | Methodology

4.1 Coarse graining

Before MSG and HARMONIE data can be compared, it has to be converted to the same grid. For
Western Europe, MSG observes clouds with a resolution of 4 by 7 km, while HARMONIE provides
data on a 2.5 by 2.5 km grid. MSG and HARMONIE will be interpolated to the same regular latitude-
longitude grid. The new resolution is then 0.05 by 0.05 degrees. For Western Europe, this corresponds
with a grid size of approximately 3.5 by 5.5 km. The interpolation may lead to a fractional cloud cover
of MSG. If a data set misses data for a certain location or time, it will be omitted from all other sets.
For some calculations it is necessary to coarse grain even further. The impact of the binary cloud
cover data provided by MSG is reduced on a coarser grid and fractional cloud cover can occur. Errors
are also expected to average out with a coarser grid. The results can be easily compared with lower
resolution models. Figure 4.1 shows how the initial grid, called 1 x 1, is converted to a coarser grid.
An average from neighbouring grid points is taken, which becomes a new grid point. For example, for
3 x 3, the initial grid point and its eight surrounding points are taken to compute a mean. A grid of 5
x 5 or more can be calculated using the same method. Any further calculations are done on the newly
calculated grid.

Figure 4.1: Illustration of coarse graining. Every dot represents a grid point, with the initial grid
corresponding to 1 x 1 (black box). To create a coarser grid, averages will be taken from

neighbouring grid points. For example, for 3 x 3 (blue box), the initial grid point and its eight
surrounding points are taken to compute a mean. The mean is then taken as a new grid point. Any
further calculations are done on the newly calculated grid. The red box shows the points that are

used for calculating a new grid point using 5 x 5.
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4.2 Statistics

To be able to quantify the observed differences between MSG and HARMONIE, a statistical analysis
is needed. We start with the bias of the data set.

Let us consider two hypothetical data sets, model output x and observational set y. Both data
sets range from 1 to n. We define the bias as the mean difference between the model output and the
observational data:

BIAS =

n∑
i=1

(xi − yi)

n
. (4.1)

The bias can be used to locate regions of over- or underestimation of the considered variable by the
model. The bias does not provide information about the cause of the model and observational differ-
ences. Overestimation may also cancel underestimations. To prevent this, it is convenient to calculate
the absolute bias. The absolute bias shows how strongly the model and observations deviate. A small
absolute bias shows that the observation and data set are similar. The absolute bias can be calculated
for different model versions. The difference between these biases then provide a measure of the per-
formance of the different model versions against MSG. A large absolute bias difference shows that one
version performs better when compared with MSG than the other.

The root-mean-square error (RMSE) is another method for measuring the correctness of a model
for a particular variable. The observations (x) and model outcome (y) are compared in the following
way:

RMSE =

√√√√ n∑
i=1

(xi − yi)2

n
. (4.2)

The RMSE has the same units as the considered variable and is therefore easy to relate to. It can
also be interpreted as the mean distance between a model point and the corresponding measurement
point. The RMSE is expected to be large when comparing a data set that provides fractions with
a binary data set. In this study, HARMONIE provides fractional cloud cover while MSG provides
mostly binary data. On each grid point and on every time step, model and observational data are
compared. On average, the difference between model and observations is large due to comparison of
fractional data set with this binary data set. As a result, the RMSE is expected to be large.

To quantify the dispersion of a data set, the standard deviation can be used. The standard devi-
ation is independent of other data sets and represents the spread of the variable in the considered data
set. Data with a small standard deviation is close to the expected value and shows the spread around
the mean. The standard deviation is defined as:

σX =

√√√√ 1

n(n− 1)

n∑
i=1

(xi −X)
2
. (4.3)

The mean of data set x is represented with X. The standard deviation can be enhanced to assess
the mutual change of two data sets. This results in the covariance. The covariance shows how two
variables variate together. It is defined as:
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σX,Y =
1

n(n− 1)

n∑
i=1

(xi −X) (yi − Y ) . (4.4)

The covariance can be used, along with the standard deviation, to quantify the linear dependence
of variable x and y. The correlation coefficient is defined as the ratio between the covariance and the
standard deviations in x and y. The correlation coefficient r equals:

r =
σX,Y
σXσY

(4.5)

r =

n∑
i=1

(xi −X) (yi − Y )√
n∑
i=1

(xi −X)
2
n∑
i=1

(yi − Y )
2

. (4.6)

The correlation coefficient r ∈ [-1,1], in which r = 1 corresponds with a perfect positive correlation
and r = −1 with a perfect negative correlation. The correlation coefficient can be used to show the
degree of correlation between two data sets. It is an important method to test the performance of
the used models. To compare the calculated correlation coefficients of two different model versions,
the theory of Fisher (1921) and Steiger (1980) about statistical significance between dependent and
independent correlation coefficients is used (see appendix B.1 and B.2).

The standard deviation, RMSE and correlation coefficient can be combined into a single diagram,
which is called the Taylor diagram (Taylor, 2001). The Taylor diagram is a diagram used for com-
paring the same variable for different models. The Taylor diagram consist of the standard deviation
on the x and y axis. The observational standard deviation of a certain variable is given as a star on
the x axis, and follows the quarter circle toward the y axis. The standard deviation is therefore the
radial distance to the origin. If the spread in the model is estimated correctly, it should be comparable
with the observations and should be on the dashed line. Points closer (further) to (from) the centre
underestimate (overestimate) the spread. Circles from the observational point on the x axis are drawn,
representing the RMSE. The correlation coefficient is related to the angle with the x axis, with highest
correlation coefficients closest to the x axis.

Figure 4.2 shows an example Taylor diagram, with three hypothetical models. The performance of
the different models can be easily compared. Model 1 has a relatively high RMSE and low correlation
coefficient. The standard deviation is underestimated, meaning that the spread of model 1 is too low.
Model 3 severely overestimates the uncertainty, resulting in a high RMSE. Model 2 performs best,
with a standard deviation comparable with the observational data set, low RMSE and high correlation
coefficient. The Taylor diagram is thus an easy method to compare multiple statistical methods.
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Figure 4.2: Example Taylor diagram (Taylor, 2001) for hypothetical models and an observational
data set. The observations are denoted with a star. The standard deviation is on the x and y axis,
and follows the quarter circle. The correlation coefficient is dependent on the angle with the x axis.

The RMSE corresponds with the circles around the observations.

In this study, we use the statistical method of bootstrapping to determine significance. Boot-
strapping consists of generating a randomly sampled list of data to approximate the statistics of the
considered quantity. Most importantly, the bootstrapped dataset can provide the standard deviation.
The significance of the observed value can be determined when comparing with the bootstrapped error
margin. For this study, the 2σ, or 5% boundary, is used as a decent margin for significance. Any value
above the bootstrapped uncertainty range of 2σ is considered as a significant difference. Statistical
bootstrapping can be used for different calculations, including bias calculations.

4.3 Structure, Amplitude and Location (SAL) Analysis

Quality analyses are done with simple to use and quickly to implement methods like the RMSE and
comparison of correlation coefficients. However, spatial and structural information of cloud cover is
not measured by these quantities. The following example is useful to illustrate how grid point based
error measures, such as the RMSE, can state that a model calculates cloud fraction very poorly, while
it is only slightly off. Let us consider a cloud, which is correctly calculated in the model in terms
of amplitude and structure, but not in location. The grid point based error calculations will rate
the model outcome as very poor. Under such conditions, the RMSE is comparable to a completely
misplaced event in the model, while in fact it is only slightly off compared to the observations. The
RMSE does not identify the nature of the error. A statistical verification method which considers the
amplitude, structure and location of cloud cover is therefore imperative.
The World Meteorological Organization (WMO) recommends (Mittermaier et al., 2012) spatial veri-
fication methods for verifying cloud-related forecasts. In this study we use the Structure, Amplitude
and Location (SAL) method (Wernli et al., 2008). This method is developed for precipitation, but has
also been used for cloud cover verification (Crocker and Mittermaier, 2013; Weniger and Friederichs,
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2016). The SAL method considers the structure (S), amplitude (A) and location (L) of the cloud
fraction in the given domain. The SAL method can also be used to rank the performance of models
compared to the observations.

4.3.1 Objects
For the computation of the location and structure components, individual cloud fields have to be
identified and are called objects. These fields are separated between each other and are essential for
the calculation of S and L. A threshold is used to identify objects. Cloud cover is only considered if
the cloud fraction is larger than the threshold. The choice of this threshold f to get the best results
is difficult, and dependent on time and model version. Two different fractions are tested, one for the
MSG data and one for the models. The threshold for the MSG data is expected to be high due to the
tendency of the satellite to overestimate the cloud cover relative to ground measurements (see chapter
2). It is important to choose f large enough to filter out the overestimation of high cirrus clouds. The
choice of f may have large consequences on the SAL calculations (Wernli et al., 2008). Figures 4.3 and
4.4 show an example of the objects in the lower figures when f = 0.5 and f = 0.25 respectively during
25 March 2012, 13 UTC. The figures show the cloud cover distribution of this moment according to
MSG and HARATU. Every cloud object receives a number, ranging from 1 to the total amount of
objects on this moment. Figures 4.3 and 4.4 show the importance of the fraction choice. Especially
small cloud fields and a possible interconnection between cloud fields are dependent on the threshold
choice. The definition of the components of SAL is given in the following sections.

MSG

MSG

Figure 4.3: Cloud cover distribution (upper figures) and identification of objects (lower figures) for
MSG and HARATU during 25-03-2012 13 UTC, with f = 0.5.

4.3.2 Amplitude A
The amplitude component of SAL is the normalized difference of the domain averaged cloud cover,
between the model and the observations. This is given by the following equation:

A =
D(Rmod)−D(Robs)

0.5[D(Rmod +D(Robs)]
, (4.7)
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MSG

MSG

Figure 4.4: Cloud cover distribution (upper figures) and identification of objects (lower figures) for
MSG and HARATU during 25-03-2012 13 UTC, with f = 0.25.

with:

D(R) =
1

N

∑
(i,j)∈d

Rij . (4.8)

The cloud cover field is given by R and D(R) refers to the domain average of R in the domain d.
Rij are cloud cover grid point values. The amplitude component of SAL provides only information on
the total amount of cloud cover in d, in which A ∈ [-2,2]. An over- (under)estimation of the domain
averaged cloud cover by a factor three corresponds with A = 1 (A = −1) (Wernli et al., 2008). If
A = 0, the calculated amplitude of the model is the same as the observations. Note in equation 4.7
that A is independent of objects.

4.3.3 Structure S
The structure of a cloud field is calculated using the volume of the objects. If the volume of the objects
of MSG and the models differ, then S 6= 0. No different vertical layers are used, hence the volume is
an area. The weighted mean of the volume of all objects (V ) is:

V (R) =

M∑
n=1

R2
n

M∑
n=1

Rn

. (4.9)

The sum of the cloud cover of all grid points within an object n is defined as Rn. For the calculation
of V , Rn is squared and summed from the first object, to the last object called M , divided by the sum
of Rn over all objects. S is defined as the normalized difference of the volume V , and is calculated as
described by Wernli et al. (2008):

S =
V (Rmod)− V (Robs)

0.5[V (Rmod) + V (Robs)]
. (4.10)
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If S is large, then cloud cover is widespread in the domain. In HARMONIE, parts of the cloud field
often have a cloud cover of 1.0. Therefore, one would expect S and A to correlate with each other.
This means that an increase of S is expected to correspond with an increase of A. Like A, S ∈ [-2,2].
When S = 0, it means that the model and the observations produce exactly the same structure.

4.3.4 Location L
The location component L consists of two equally important parts; L1 and L2 (L1, L2 ∈ [0,1]). L1 is
defined as the normalized location difference of the centre of mass of the cloud field and is independent
of objects. The first location component L1 is given by:

L1 =
|x(Rmod)− x(Robs)|

δ
. (4.11)

In this equation, δ is the largest distance between two possible boundary points of the domain d,
and x is the location of the centre of mass of the cloud cover field R. If L1 = 0, the centre of mass is
predicted correctly. It does not necessarily mean the location of all clouds are predicted correctly. One
large cloud in the middle of the domain may have the same centre of mass as two clouds on opposing
sides. The other part of L is chosen to distinguish these cases. It is not always possible to compare
corresponding objects in the observations and the model. The location of objects will therefore be
calculated with respect to the centre of mass of the total cloud cover. The normalized average distance
of the centre of mass of the different objects to the centre of mass of the total cloud field is assessed
in L2. The averaged distance r is calculated as follows:

r =

M∑
n=1

Rn |X −Xn|

M∑
n=1

Rn

. (4.12)

The location of the centre of mass of the whole cloud cover field is X, and Xn the location of the
centre of mass of cloud object n. The absolute difference between the modelled and observed r is then
used to calculate L2:

L2 =
2 |r(Rmod)− r(Robs)|

δ
. (4.13)

The factor 2 in equation 4.13 is chosen such that L1 ∈ [0, 1] and L = L1 + L2 ∈ [0,2], in which
0 means a perfect prediction. The calculation of each component is relative to observations, in this
study relative to MSG satellite data.

4.3.5 Idealized situations
Idealized cases have been sketched for SAL interpretation in figure 4.5 (Wernli et al., 2008). The
shown situations are useful to pinpoint the strength and weakness of the SAL analysis. Figure 4.5
shows from B to I: B is a cone shaped object; C is a larger cone shaped object; D is the same object as
B, but displaced; E is a smaller cone, with lower amplitude; F is two connected cones; G is two cone
shaped object side to side; H is a high amplitude object, and I is a peaked cone. The threshold f of
object identification have been taken to equal 0.15. Table 4.6 shows the SAL values for the different
scenarios when compared to each other, with rows corresponding with the forecast, columns with the
observations. Do keep in mind that a positive (negative) S or A component corresponds with a over-
(under)estimation of the total cloud cover by the model with respect to the observations. Let us first
consider BC. One would expect a negative structure and amplitude, due to the underestimation of B
compared to C. However, the location of the object is correct, thus L is around zero. According to
table 2, S = −0.88, A = −0.88 and L = 0, which is expected. D is translated with respect to B,
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Figure 4.5: Contour plots of idealized objects for evaluation of SAL. The sub figures range from B
to I (not A due to possible confusion with the amplitude component). The darker the color, the

higher the amplitude (Wernli et al., 2008).

Figure 4.6: SAL values for all possible combinations of figure 4.5. The used format is S/A/L. The
lower half of the table is not shown for readability. Rows correspond with forecasts, columns with
observations (Wernli et al., 2008). For example, BC has a negative S and A. C is considered the

observational set and B the model. B underestimates the structure and amplitude with respect to C,
hence S and A are negative.

and therefore only the L component is non zero. BE only has an amplitude difference and BF only
a structure difference (due to underestimation of the object). H shows an overestimation and I an
underestimation of S and A, which is caused by the amplitude and volume difference. However, the
difference between F and G when compared to B shows the importance of the choice of the threshold
f . The structure of G compared to B is correct, while the location is not. If f is taken lower, G could
become similar to F, due to the identification of only a single object. This results in a correct position
L, but an incorrect structure S when compared to B. Thus the different L components of F and G, is
completely caused by L2 of equation 4.13.

4.3.6 Object identification algorithms
The stability of the threshold f is linked to uncertainties in the data (see chapter 2). Observational
uncertainties should not be omitted in spatial verification methods, and are especially important in the
sensitivity of object identification. Errors due to spatial interpolation of model and satellite outcome
will also contribute to the uncertainty.

Different algorithms may be used for identifying objects. Wernli et al. (2008) only used a single
threshold, derived by a rough estimate of the measurement errors. This approach is rather simplistic,
but has a clear physical interpretation. No filtering of small objects have been used, what leads to
substantial differences between the SAL analysis and other verification methods in conditions with a low
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cloud cover. The location and structure component may be way off, while model predictions of cloud
cover are almost correct (Morales and Calvo, 2013). This error arises especially with small objects.
Under more cloudy conditions, the objects are much larger and expected to be much closer to the
observations (Weniger and Friederichs, 2016). Another algorithm is smoothing the data over a window
(for example 3 x 3, Weniger and Friederichs (2016)), using a smoothing radius. This method depends
on the choice of the radius. The third algorithm considers only objects of a minimum size. If only
considering the median of the SAL distribution, the threshold and smoothing algorithms are sufficient,
although the smoothing algorithm is often more stable than the threshold algorithm. Figure 4.7
shows the correlation coefficient for changing parameter values for the different algorithms (threshold,
smoothing parameter and minimum size (Weniger and Friederichs, 2016)). The figure displays the
weakness of the threshold algorithm, which shows correlation coefficients between 0.4 and 0.8. In figure
4.7, the smoothing parameter method (convthresh) has the highest correlation coefficient compared to
the other methods.

Figure 4.7: Illustration of the correlation coefficient against changing parameter values between S
and L2 for a test case, as performed by Weniger and Friederichs (2016). Thresfac is the threshold

method, convthresh the smoothing parameter method and the threshsizer the minimum size method.

Weniger and Friederichs (2016) tests the SAL analysis with hypothetical data sets. These data sets
are converted sets of their original data. Weniger and Friederichs (2016) concludes that the ability of
SAL to distinguish between data sets depends on the data. Thus it cannot be stated a-priori if SAL
is able to calculate S, A and L correctly for a data set.
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4.4 Experiments

In this study we use the statistical methods, as described in this chapter, on MSG and the HARMONIE
versions of table 3.1. This study covers a case study, the mean cloud cover and an application of all
named statistics of this section, including the SAL analysis. Differences between land and sea, day and
night and seasonal variations are studied as well. We also compare model output in the climate mode
with MSG. The second part consists of a study of different cloud schemes, following section 3.2. This
part includes an analysis of the different components contributing to σs of equation 3.48 as a function
of height.

For this study, we consider the following time periods: August 2006; May 2008; March 2012; October
2012 and the year 2012. August 2006 is characterized by record high precipitation for the Netherlands,
May 2008 by unusual sunny and warm weather, and March 2012 by slippery road conditions. October
2012 is considered to evaluate any seasonal signals when compared to March 2012. The year 2012 is
used to investigate the performance of the versions of HARMONIE on a longer time scale.
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5 | Results part I: Verification of cloud
cover with MSG

In the following chapter, all results are in HC mode, unless stated otherwise. The results are split in
two parts. Part I consists of the evaluation of HARMONIE using MSG. Part II consists of a study
regarding cloud schemes.

5.1 Case study

We start the result chapter with two cases. Cases are important to illustrate problems that would
be hard to spot with a long term statistical analysis. A snapshot may also depict MSG cloud cover
retrieval errors, as is discussed in chapter 2. A case study can be used to locate differences between
MSG observations and other measurement sets. Figure 5.1a shows a true color satellite image taken
by MODIS on 3 March 2012, 13 UTC (Dundee, 2016). MODIS measures cloud cover and its optical
properties, radiation budget and processes in the lower atmosphere (Platnick et al., 2003). This
moment is characterized by a mostly closed cloud field in the east and a broken cloud field in the west,
alongside some clear sky areas. This image is compared with MSG and HARMONIE data in figure
5.1. Figure 5.1b shows the cloud cover according to MSG for this moment. Figure 5.1c, 5.1d ,5.1e
shows respectively HARATU update, HARATU update DA and HARMONIE cyc38. Do note that
the domain and the projection of figure 5.1a is different than figures 5.1b - 5.1e. This day is a common
day in March. MSG shows in the western part of the domain some overestimations. Both HARATU
update and HARATU update DA perform well with respect to MODIS, especially the clear sky band
off the east coast of England. This band is missed by HARMONIE cyc38 and is almost absent for
MSG. Let us consider another moment that shows what could go wrong with MSG and HARMONIE.
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(a)

(b) (c)

(d) (e)

Figure 5.1: True color satellite image taken by MODIS on 3 March 2012, 13 utc (a). Cloud cover
during the same moment according to MSG (b), HARATU update (c), HARATU update DA (d),

HARMONIE cyc38 (e).
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(a)

(b) (c)

(d) (e)

Figure 5.2: True color satellite image taken by MODIS on 25 March 2012, 13 UTC (a). The orange
box indicates a region of overestimation of MSG. A red box indicates a fog field. The cloud cover

field for the same moment according to MSG (b), HARATU update (c), HARATU update DA (d),
HARMONIE cyc38 (e).
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Figure 5.2a shows the true color satellite image taken by MODIS for 25 March 2012, 13 UTC. The
total cloud cover according MSG, HARATU update, HARATU update DA and HARMONIE cyc38
are respectively shown in figures 5.2b - 5.2e. The general distribution of clouds of HARATU update
is similar to MSG. However, some regions are significantly different, especially the North Sea. As
discussed, the MSG data from figure 5.2b shows almost no fractional cloud cover areas, suggesting
that many regions have N = 0.0 or N = 1.0. MSG seems to overestimate the cloud cover in some
regions when compared to MODIS, especially in the orange box over the North Sea. Note that cloud
cover is mostly overestimated above the sea due to the large albedo difference between surface and
cloud (see chapter 2). Cirrus clouds can be present and interpreted as overcast conditions. For this
moment, HARMONIE performs relatively bad, with too much cloud cover especially above the North
Sea for all three considered versions. The data assimilation run of HARATU update (figure 5.2d)
predicts complete overcast above the North Sea. The red box indicates a fog field above the North
Sea, which extents beyond the red box into the English channel. All model versions produce a too
small fog field in the red box, with HARATU update DA only producing fog outside the box, in a
region where no fog is expected. This indicates a possible weakness of HARMONIE regarding fog
and/or low clouds.

5.2 Mean cloud cover and observational differences

Mean cloud cover for the considered domain is an important measure of model performance. The
average in time has been taken for every grid point. Figure 5.3a shows the mean cloud cover for MSG
for March 2012. Figure 5.3 also shows the mean cloud cover for March 2012 for the different versions
of HARMONIE in the upper figures. The versions of HARMONIE show approximately the same cloud
cover pattern. In the south we observe a relatively low cloud cover, but increases with latitude. The
cloud cover is generally higher above sea than land, especially near the North-East coast of England.
Some differences between the model versions can be observed. HARMONIE SM shows high cloud cover
in the domain, while HARATU update is less cloudy. Note that the land sea difference of MSG is much
more distinct than the models. To further investigate the differences between MSG and HARMONIE,
we show the mean cloud cover differences between MSG and HARMONIE in the lower figures of figure
5.3. In this figure, bootstrapping is used to determine any significant discrepancy (see section 4.2) and
is indicated with a plus. The figure shows what regions and which models deviate significantly from
MSG. HARMONIE cyc38 shows an overestimation of the cloud cover, which has also been observed
by De Rooy et al. (2014). The overestimation mostly occurs above land. HARMONIE SM severely
overestimates the cloud cover. HARATU, HARATU update and HARATU update DA show a similar
pattern. Note that HARATU update DA significantly overestimates a region of the North Sea that
HARATU update does not. The differences are often larger than the assumed 4% overestimation
margin by MSG (see chapter 2), hence land sea differences have to be investigated further.
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(a) MSG

(b) HARMONIE cyc38 (c) HARMONIE SM (d) HARATU

(e) HARMONIE cyc38 - MSG (f) HARMONIE SM - MSG (g) HARATU - MSG

(h) HARATU update (i) HARATU update DA

(j) HARATU update - MSG (k) HARATU update DA - MSG

Figure 5.3: Mean cloud cover as observed by MSG for March 2012 (a). Mean cloud cover for
HARMONIE (upper figure) and cloud cover difference between HARMONIE and MSG for March

2012 (lower figure). (b) and (e) show HARMONIE cyc38, (c) and (f) show HARMONIE SM, (d) and
(g) show HARATU, (h) and (j) show HARATU update, and (j) and (k) show HARATU update DA.
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Figure 5.4a shows the mean total cloud cover for August 2006 for MSG. August 2006 is character-
ized by cloud conditions. The mean cloud cover of HARMONIE and cloud cover difference between
MSG and HARMONIE for August 2006 are also shown in figure 5.4. The upper figures represent total
cloud cover and the lower figures the cloud cover difference. For this cloudy month, all versions of
HARMONIE significantly underestimate the cloud cover when compared with MSG. The differences
of figure 5.4 are much larger than the uncertainty of MSG against ground observations. HARMONIE
SM shows the best results due to its tendency to produce a high cloud cover, but the total cloud cover
is still underestimated.

The total cloud cover for May 2008 according to MSG is shown in figure 5.5a and for HARMONIE cyc38
and HARATU update in figure 5.5b and 5.5c. The differences of HARMONIE cyc38 and HARATU
update with MSG are shown in figure 5.5d and 5.5e. This month is characterized by low cloud cover in
the North-Eastern corner of the domain. Figure 5.5 shows that the considered HARMONIE versions
significantly underestimate the cloud cover for the sea as well as most land regions.

The results of this section show that the HARMONIE versions generally underestimated the cloud
cover against MSG above sea. Some regions above land are also underestimated. The performance of
the models is dependent on the weather conditions. We also observe that HARATU update performs
better than the other versions for March 2012.
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(a) MSG

(b) HARMONIE cyc38 (c) HARMONIE SM

(d) HARMONIE cyc38 - MSG (e) HARMONIE SM - MSG

(f) HARATU (g) HARATU update

(h) HARATU - MSG (i) HARATU update - MSG

Figure 5.4: Mean cloud cover as observed by MSG for August 2006 (a). Mean cloud cover for
HARMONIE (upper figure) and cloud cover difference between HARMONIE and MSG for August
2006 (lower figure). (b) and (d) show HARMONIE cyc38, (c) and (e) show HARMONIE SM, (f)

and (h) show HARATU, and (g) and (i) show HARATU update.
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(a) MSG

(b) HARMONIE cyc38 (c) HARMONIE update

(d) HARMONIE cyc38 - MSG (e) HARATU update - MSG

Figure 5.5: Mean cloud cover as observed by MSG for May 2008 (a). Mean cloud cover for
HARMONIE (upper figure) and cloud cover difference between HARMONIE and MSG for May 2008

(lower figure). (b) and (d) show HARMONIE cyc38, and (c) and (e) show HARATU update.

5.3 Absolute mean bias difference and histograms

To be able to assess the performance of the models against each other, we consider the absolute mean
bias difference (see section 4.2). Due to the difference between model and observations, which can
be positive and negative, the calculated bias (equation 4.1) may result in a wrong impression, as
positive and negative differences might compensate. It is therefore convenient to take the absolute
values of the bias. This is a measure of the quality of the model. When the absolute mean bias is
close to zero, it means that the model output is close to the observations. The same process can be
done for another model version. When the absolute mean bias of the model versions are extracted, it
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(a) (b)

(c) (d)

Figure 5.6: The difference between the absolute mean bias of HARMONIE cyc38 and MSG, and
HARATU update and MSG for (a) August 2006, (b) May 2008 and (c) March 2012. Figure (d)
shows the difference between the absolute mean bias of HARMONIE update DA and MSG, and

HARATU update and MSG for March 2012. A plus resembles a significant change as determined by
bootstrapping. Red shows that HARATU update performs better than HARMONIE cyc38 for (a),

(b) and (c), and better than HARATU update DA for (d).

shows which version performs better. In figure 5.6, the absolute mean bias difference between HAR-
MONIE cyc38 and MSG, and HARATU update and MSG, now called |HARMONIE cyc38−MSG|
− |HARATU update−MSG|, is shown for August 2006, May 2008 and March 2012. Figure 5.6d
shows |HARATU update DA−MSG| − |HARATU update−MSG| for March 2012. To be more
precise: HARATU update performs better (worse) with respect to HARMONIE cyc38 for red (blue)
areas and for figure 5.6d than HARATU update DA. A plus represents significant change as is deter-
mined by bootstrapping. When using the absolute mean bias we lose information about the sign of
the deviation of the model with respect to MSG. This information is provided in section 5.2.

For August 2006 we see a worsening of the model for the North Sea. This corresponds with the
unusual high cloud cover for this region. The cloud cover in HARATU update is generally lower, so
during extensive cloud cover periods it performs worse than HARMONIE cyc38. However, figures 5.6a
- 5.6c show an increased performance of HARATU update above land when compared to the reference
version HARMONIE cyc38. Figures 5.3 - 5.6 reveal that the performance of models depends on the
weather conditions, land sea contrast and possibly seasons. It is remarkable that the data assimilation
mode performs significantly worse, mostly above sea. The conclusion that HARATU update has
difficulties above sea also hold in data assimilation mode.
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(a) (b) (c)

(d) (e) (f)

Figure 5.7: Fractional cloud cover occurrence for MSG and HARATU update for March 2012: (a)
both land and sea, (b) land, (c) sea, and for August 2006: (d) both land and sea, (e) land, (f) sea.
Blue shows the MSG data, green HARATU update and dark green when both data sets overlap.

The impact of the binary cloud scheme of MSG has to be investigated. Due to regridding of the
MSG data, some fractional cloud cover can occur. Comparing a mostly binary data set like MSG with
a fractional data set like HARMONIE causes uncertainties. It is therefore necessary to investigate
this further, especially differences between land and sea. Figure 5.7 shows histograms of the fractional
cloud cover occurrence for MSG and HARATU update for March 2012 (upper row) and August 2006
(lower row) for both land and sea, only land and only sea. In blue is MSG, green is HARATU update,
and dark green is when both MSG and HARATU update overlap. Every grid point is considered,
including all time steps. Note that only a small part of the MSG data has a fractional cloud cover, and
is much smaller than the fractional cloud cover of HARMONIE. If only land is considered for March
2012 (figure 5.7b), MSG is both for N = 0.0 and N = 1.0 equally larger than HARATU update. This
is caused by the lack of fractional cloud cover in MSG. Overcast conditions are dominant above sea,
but here the difference between MSG and HARATU update is larger than for land (figure 5.7). The
difference is beyond the assumed MSG uncertainty range of 4% and can be considered as a significant
signal. For August 2006, the figure shows the abundance of clouds, as was observed before. The model
slightly overestimates the clear sky conditions and severely underestimates overcast conditions. As
expected, HARATU update performs better above land (figure 5.7e) than sea (figure 5.7f). Figure 5.7
supports the hypothesis that the performance of HARMONIE is dependent on the weather conditions
(cloudy conditions perform worse) and surface type (land or sea). A further analysis on the land sea
difference is done in section 5.8.

5.4 Root-Mean-Square Error

To improve our quality analysis, more advanced statistical tools will be used. The root-mean-square
error (RMSE) is an efficient method to measure the accuracy of the data (defined in section 4.2). A
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large difference on average between model and observations results in a high RMSE. HARMONIE can
produce all possible cloud fractions, while MSG mostly provides a binary scheme, as is seen in the
previous sections. The grid point based differences in cloud cover N between MSG and HARMONIE
are often large. For example, MSG produces a cloud cover of N = 1.0, while HARMONIE produces
N = 0.6. MSG retrieval algorithms do not allow a cloud fraction of N = 0.6 and produces N = 1.0
instead (due to regridding, some regions can have a fractional cloud cover with MSG, see section 4.1),
hence a large RMSE can be expected. Equation 4.2 shows that large deviations contribute strongly to
an increased RMSE.

(a) (b) (c)

(d) (e) (f)

Figure 5.8: RMSE between MSG and HARMONIE cyc38 for (a) August 2006, (b) May 2008 and
(c) March 2012. The RMSE between MSG and HARATU update are shown for (d) August 2006, (e)

May 2008 and (f) March 2012.

Figure 5.8 shows the RMSE for August 2006, May 2008 and March 2012 between MSG and HAR-
MONIE cyc38, and MSG and HARATU update. Again, the model performs better for March 2012
than for August 2006 and generally better above land. Note that the RMSE is large, especially for
August 2006 and May 2008. Cloud fractions are only between 0.0 and 1.0, hence a RMSE of > 0.5 is
substantial. As is explained before, this is mostly due to the binary cloud scheme of MSG. However,
one could still argue about the quality of HARMONIE. Note that the differences between HARMONIE
cyc38 and HARATU update are relatively small. Nonetheless, RMSE is still a valid method to assess
the different models. Models with a low RMSE produce forecasts closer to the observations. To in-
vestigate the effect of the binary cloud scheme of MSG, let us consider the mean RMSE in time and
space on the domain while changing the time steps taken to perform this mean. More time steps are
taken to calculate the total cloud cover. This results in the data being transformed from hourly data
to daily averaged. The binary scheme of MSG is averaged, and more fractional cloud cover appears if
more time steps are considered. It therefore becomes more similar to the model output. As a result,
the RMSE is expected to decrease with increasing time steps used to compute an average. Figure 5.9
shows the result.

The figure shows how the RMSE decreases for HARMONIE compared to MSG for March 2012
when the time taken to calculate the average is increased. Thus on the left we have the initial model
output, using every hour for the calculation of RMSE. We observe the expected pattern, with the
RMSE decreasing with increasing time steps taken to compute the average. We conclude that the
large RMSE error is caused mostly by the binary cloud scheme of MSG.
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Figure 5.9: RMSE between cloud cover of MSG and HARMONIE as a function of time taken to
compute the average for March 2012.

5.5 Correlation coefficient

The quality of model output compared to measurements can be estimated using the correlation coef-
ficient, as is defined in equation 4.6. Remember that r = 1 corresponds to a perfect correlation. The
correlation coefficient between the different HARMONIE versions and MSG data have been tested as
a function of the grid size. With every step, more points around the initial grid point are used for
interpolation to a new grid (see section 4.1). The grid then becomes increasingly coarse. Errors in
both MSG and HARMONIE average out when interpolated to a new grid. The correlation coefficient
is therefore expected to increase with increasing grid size. Figure 5.10 shows the correlation coefficient
of different HARMONIE versions against MSG data as a function of grid size. In the figure, "7x7"
represents the averaging of 7 by 7 original grid points, to form a new grid point (see figure 4.1). The
correlation coefficients for March 2012 are shown in figure 5.10a, May 2008 in figure 5.10b and August
2006 in 5.10c.

The results are comparable with Haiden et al. (2015). According to Haiden et al. (2015), increasing
correlation corresponds with increasing grid size. The correlation coefficient keeps improving with
grid size due to the continuation of averaging out errors. An important feature of figure 5.10, is the
position of the different model versions of HARMONIE, which is an indication of the performance of
the model. The higher the model is positioned in figure 5.10, the better it correlates with MSG. The
differences between the models can be very small and statistical significance has to be tested. Using
the theory of significance between dependent variables (see appendix B.2), p-values can be calculated
between models. The differences between the models prove to be statistically significant, due to the
large amount of data points, which is in the order of hundred thousands or more. The corresponding p-
value (< 0.01) is below the threshold p-value of 0.05. One might consider that such a small correlation
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(a) (b)

(c)

Figure 5.10: Correlation coefficient for different HARMONIE versions as a function of grid size, for
March 2012 (a), May 2008 (b) and August 2006 (c).

coefficient difference (∼0.01) is physically unimportant. However, the relative position of each model
does provide us information. The relative difference between the models remain approximately the
same for small grid sizes. The relative difference between the model versions mostly deviate beyond 10
by 10. Consequently, we can use a 7 by 7 grid for computational intensive calculations. The results can
be compared easily with coarser resolution models like the EC-Earth model of ECMWF, because the
conclusions still hold for the resolution of HARMONIE, which is between 5 by 5 and 9 by 9. In figure
5.10, HARMONIE SM (cyan) performs the worst for all months. The other versions of HARMONIE
are relatively close to each other for all considered months, especially for May 2008, but are much
higher than HARMONIE SM. This suggests that the changes made in the microphysics scheme of
HARMONIE contribute the most to a better performance of the cloud cover forecast. For March 2012
and August 2006, a gradual increase in performance to newer versions of HARMONIE is observed.
HARATU update therefore performs best for March 2012 and August 2006. Consequently, we conclude
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that HARATU update often provides the best results or at least comparable with the other versions of
HARMONIE. Figure 5.10c shows that all model versions perform worse during August 2006 than the
other months. The correlation coefficient is in the order of 0.2 lower than the correlation coefficient in
March 2012.

(a) (b) (c)

(d) (e) (f)

Figure 5.11: The correlation coefficient between MSG and HARMONIE cyc38 for (a) August 2006,
(b) May 2008 and (c) March 2012. The correlation coefficient between MSG and HARATU update

are shown for (d) August 2006, (e) May 2008 and (f) March 2012.

Figure 5.11 provides an overview of correlation coefficients on the domain. In the upper row the
correlation coefficient between MSG and HARMONIE cyc38 are shown and in the lower row for MSG
and HARATU update. The left column represents August 2006, followed by May 2008 and March
2012. The model generally has a higher correlation coefficient above land than above sea. However,
the results of August 2006 shows a low correlation coefficient, suggesting the correlation coefficient is
dependent on the weather conditions. The spatial variability and temporal or seasonal variability can
be large. The differences between HARMONIE cyc38 and HARATU update are small.

5.6 Taylor diagram

The Taylor diagram (Taylor, 2001) is a diagram used for comparing the same variable for different
models. The Taylor diagram combines multiple parameters that can be used for a quality check (see
section 4.2). The total cloud cover for the different months and models are verified against MSG. The
Taylor diagram consists of the standard deviation on the x and y axis. The MSG standard deviation is
given as a star on the x axis and follows the quarter circle toward the y axis. The standard deviation
is therefore the radial distance to the origin. If the spread in the model is estimated correctly, it
should be on the dashed line. Circles from the MSG point on the x axis are drawn, representing the
RMSE. The correlation coefficient is related to the angle, with highest correlation coefficients closest
to the x axis. Figure 5.12 shows the results for the considered HARMONIE versions against MSG for
August 2006, May 2008 and March 2012. For the considered months, the standard deviation of the
models is relatively close to the prescribed standard deviation by MSG. The order of magnitude of the
spread is therefore approximately correct for the models. Note that during the extensive cloud cover
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month August 2006, the standard deviation of the models and MSG is lower than during May 2008
and March 2012. Due to the high cloud cover, measurements are more often close to the expected
value, thus the standard deviation is reduced. The RMSE is always large, but almost the same for
the different months and models and is already described in section 5.4. The correlation coefficient
does vary per month and model. When the correlation coefficient is considered, HARMONIE SM
performs the worst during most circumstances, and HARATU update performs the best. During the
high cloud cover month August 2006, HARMONIE performs significantly worse when compared with
the other months, resulting in the model points close to the y axis. The spatial variability is also
slightly overestimated, resulting in an overestimation of the standard deviation. These results are in
accordance with the results of section 5.5. After all, we see that the model versions do not differ much,
but that HARATU update performs slightly better in general.

(a) (b)

(c)

Figure 5.12: Taylor diagram (Taylor, 2001) for August 2006 (a), May 2008 (b), March 2012 (c).
The star on the x axis represents the MSG data set.
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5.7 SAL analysis

In this section we discuss the application of SAL on the data set. The SAL analysis is discussed in
section 4.3. We use the SAL analysis to obtain information about the performance of HARMONIE
with respect to MSG, regarding the location and structure of clouds.

5.7.1 Threshold analysis
Before the SAL method can be applied, a threshold analysis on our data set has to be done. Finding
a minimum in the sum of the structure, amplitude and location components can lead to an optimum
value for the threshold. Figure 5.13a shows |S|+ |A|+ |L| as a function of the threshold f for March
2012. The different versions of HARMONIE are indicated in colours. The quantity |S|+ |A|+ |L| is a
measurement of the correctness of the model compared to the observations. The lower it is, the closer
the model resembles the observations. One would expect the sum of the absolute mean of the SAL
components to increase with increasing f . An increasing f results in smaller objects. Smaller objects
are harder to predict in terms of the structure and location. For example, the location of a large cloud
is easily forecasted, while the location of a small cloud is not. A small increase of the volume of a
cloud has a relatively large effect on a small cloud. This leads to higher SAL components. Obser-
vational uncertainties also contribute to the instability of the threshold, as is described by Weniger
and Friederichs (2016). Therefore one would expect |S|+ |A|+ |L| to be higher close to f = 0.0. An
optimum is thus predicted. Figure 5.13a shows the expected behaviour for increasing f . No increase
of |S|+ |A|+ |L| is observed close to f = 0.0. From this figure one could not extract an optimum for
f to use in further analysis. The figure does illustrate the improvement of the models. HARMONIE
SM performs the worst with respect to MSG, while HARATU update performs the best.

The model and the observations both provide a different uncertainty. It is therefore convenient to
split the threshold f in two parts, f1 for the observations and f2 for the model. An estimation of
the uncertainties in the observations is given in chapter 2. Estimating the uncertainty range of HAR-
MONIE a-priori is more difficult. Therefore f2 is set to vary and f1 is taken constant.

(a) (b) (c)

Figure 5.13: (a) |S|+ |A|+ |L| as a function of f , (b) as a function of f2 with f1 = 0.2 and (c) as a
function of f2 with f1 = 0.5 for March 2012, using MSG data as observations. Colours indicate

different versions of HARMONIE: blue HARATU, green HARMONIE cyc38, red HARMONIE SM,
cyan HARATU update.

Figures 5.13b and 5.13c show |S| + |A| + |L| as a function of f2, while taking f1 = 0.2 for figure
5.13b and f2 = 0.5 for figure 5.13c. The results are vastly different, compared to figure 5.13a. Now
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an optimum of f2 is observed. However, the location of the optimum of f2 strongly depends on the
chosen HARMONIE version. The location of the optimum of f2 is dependent on the cloud cover of
the model version. A low cloud fraction leads to a low optimum of f2. When the cloud cover is low, a
low threshold performs the best due to the relative abundance of small clouds. The difference between
figure 5.13b and figure 5.13c is also large, especially the location of the optimum of f2 is different. For
these results, it is inconclusive what value to use for f2 that is valid for all model versions. The choice
of f1 is also uncertain.

(a) (b)

Figure 5.14: Calculating |S|+ |A|+ |L| as a function of f2, for f1 = 0.5, during May 2008 (a) and
August 2006 (b), using MSG data as observations. Colours are the same as figure 5.13a.

Figure 5.14 shows the result when f1 = 0.5 for May 2008 and August 2006. It shows a completely
different result compared to figure 5.13. No optimum is visible. Note that HARATU and HARATU
update perform worse than HARMONIE SM and HARMONIE cyc38 in terms of |S|+ |A|+ |L|. This is
likely caused by the weather conditions during these months. These months have a high cloud cover, so
the model versions that also produce a high cloud cover performs the best (HARMONIE SM). Figures
5.13 and 5.14 show a large variability per month. Considering figures 5.13 and 5.14, we are unable
to choose an optimal threshold from this method that is valid for all months and model versions.
For this study we have chosen a single threshold of f = 0.5, which is approximately the optimum
of HARMONIE cyc38 in figure 5.13c. We choose f to be sufficiently high enough to incorporate
the uncertainties in MSG and HARMONIE. The smoothing parameter and minimum size method of
section 4.3.6 are tested as well, but prove to perform worse than the threshold parameter method for
these months and model versions.
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5.7.2 SAL analysis on cloud cover of HARMONIE and MSG
In this research we use the SAL analysis to study the strength and weakness of HARMONIE. The sum
of |S|, |A| and |L| can be used, which is an estimate of the performance and spread. The strength of
the SAL method is to distinguish model output performance considering the structure, amplitude and
location. The SAL diagram, as was first produced by Wernli et al. (2008), shows the result for total
cloud cover. The value of each of the SAL components is calculated hourly for the whole domain, and
is relative to the MSG satellite data. Figure 5.15 shows a SAL diagram for March 2012 (f = 0.5).
The figure shows the S component against the A component, coloured by the L component. Median
values of S and A are the non-dashed lines. The 25 to 75 percent of the distribution of A and S are
represented by the grey box. In the upper right corner is the sum of the absolute values of S, A and
L.

(a) (b)

(c) (d)

Figure 5.15: SAL diagrams for hourly cloud cover forecast compared to MSG for March 2012 of (a)
HARATU update, (b) HARMONIE cyc38, (c) HARMONIE SM and (d) HARATU update DA. On
the x (y) axis the S (A) component. Colour indicates the L component. The median values of S and
A are the non-dashed lines. The grey box is 25 to 75 percent of the distribution of A and S. In the
upper right corner is the sum of the absolute values of S, A and L. The threshold f = 0.5 is used.
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For HARATU update (figure 5.15a), the median of the SAL components is around 0.0 for both A
and S. For HARMONIE cyc38 (figure 5.15b), the median of both A and S are slightly positive, but
very similar. An overestimation of the cloud cover for HARMONIE SM is observed, especially the
structure (figure 5.15c). The result for HARMONIE update DA is similar to HARATU update (figure
5.15d). The spread of the data points is still large, but most points are close to the main diagonal
through the top right quadrant and the lower left quadrant. The spread is smaller for HARATU update,
indicating that it performs better than HARMONIE cyc38 (|S| + |A| + |L| is smaller for HARATU
update than HARMONIE cyc38). The high density of calculated points around the diagonal indicates
a correlation between the amplitude and the structure of the cloud cover. This is expected, due to the
often occurring N = 1.0 or N = 0.0. An increase in the cloud cover volume is often linked to a higher
mean cloud fraction. Most points are therefore found in the top right quadrant (overestimation of A
and S) and the lower left quadrant (underestimation of S and A). However, the entities do not follow
exactly the diagonal, but follow a line with a lower slope. This reveals that HARMONIE struggles
with the structure component more often than the amplitude component. The information acquired
from the SAL analysis provides us new spatial information, which we were unable to acquire with the
other methods. Other months have been considered as well, which are shown in figure 5.16.

Figure 5.16 shows the SAL diagrams for August 2006 (5.16a and 5.16b) and May 2008 (5.16c and
5.16d) for HARATU update and HARMONIE cyc38. The results for both August 2006 and May 2008
show us a different distribution than figure 5.15. More entities are found in the lower left quadrant.
Consequently, the structure and amplitude component are systematically underestimated. Especially
the structure component is strongly underestimated, which can be as large as -1.5 (remember that a
factor of -1 corresponds with an underestimation of the domain averaged cloud cover by a factor 3).
The amplitude component is mildly underestimated, to -0.5, what corresponds with an underestima-
tion of approximately 1.7 with respect to the observations. The spread of points in May 2008 is larger
than for August 2006. This is likely caused by the variable weather during May 2008. August 2006
was characterized by high precipitation and cloud cover, suggesting less variability. The differences
between HARATU update and HARMONIE cyc38 are small for the SAL method for May 2008. For
August 2006, the differences between HARATU update and HARMONIE cyc38 are larger. Regarding
|S| + |A| + |L| for May 2008 and August 2006, we observe that HARMONIE cyc38 performs better
than HARATU update. After all, we conclude that especially the structure (volume) of the cloud
cover is often underestimated by the models during high cloud cover conditions.

The results of the SAL analysis of this study can be compared to other studies. Crocker and Mit-
termaier (2013) used the threshold method to apply the SAL analysis on cloud cover forecasts of the
United Kingdom. The observational data set of Crocker and Mittermaier (2013) is also MSG. The used
threshold was 0.4 and 0.2, although Crocker and Mittermaier (2013) concluded that their results are
dependent of the choice of the threshold, which is in accordance with Weniger and Friederichs (2016).
The results of Crocker and Mittermaier (2013) are comparable with figures 5.15 and 5.16. Most of
their results also follow the main diagonal to some extent and are positioned in the upper right and
lower left quadrant, concluding that S and A are correlated. The results of Morales and Calvo (2013)
are similar, with most points following the main diagonal. They conclude that SAL can be used for
ranking models and to acquire new spatial information.

5.7.3 Time analysis of SAL components
Using the SAL method to consider a whole month can be used for a statistical analysis, but one loses
information about the performance of the models during different weather conditions. Let us look at
the evolution of SAL during March 2012 for the different model versions.
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(a) (b)

(c) (d)

Figure 5.16: SAL diagrams for hourly cloud cover forecast for August 2006 of HARATU update (a)
and HARMONIE cyc38 (b) and for May 2008 HARATU update (c) and HARMONIE cyc38 (d),

compared to MSG. On the x (y) axis the S (A) component. Colour indicates the L component. The
median values of S and A are the non-dashed lines. The grey box is 25 to 75 percent of the

distribution of A and S. In the upper right corner is the sum of the absolute values of S, A and L.
The threshold method is used, with f = 0.5.
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(c) L

Figure 5.17: Time evolution of the SAL components for
March 2012, with MSG as observations. On the x axis is the
day of the month. From top to bottom: HARATU update,

HARATU, HARMONIE cyc38, HARMONIE SM and
HARATU update DA. Green represents the component of SAL
on the left axis, blue the mean cloud cover according to MSG

on the right axis. (a) S, (b) A and (c) L.

Figure 5.17 shows the evolution of S (figure 5.17a), A (fig-
ure 5.17b) and L (figure 5.17c) during March 2012 from top to
bottom for HARATU update, HARATU, HARMONIE cyc38,
HARMONIE SM and HARATU update DA in green on the
left axis. In blue, on the right axis, the mean cloud cover ac-
cording to MSG is shown. The difference between models is
marginal. Whenever one model is off, than so is the other.
The month is characterized by distinct periods of high and
low model performance, especially the S component. These
periods are often, but not always, associated with a low aver-
age total cloud cover. This supports the results of figures 5.15
and 5.16, in which it was shown that especially the S com-
ponent is often not predicted correctly by the models. Figure
5.17 shows that overcast conditions are predicted better than
periods with a low cloud cover.

The diurnal cycle in figure 5.18 is relatively large for a do-
main averaged mean. The diurnal cycle is likely caused by
the reduced turbulence and convection during night, produc-
ing a stable boundary layer. It is also caused by the measur-
ing method of MSG. MSG uses only infrared light to measure
cloud cover during night, while it uses both infrared and vis-
ible light to measure cloud cover during day (see chapter 2).
To further investigate the diurnal cycle, we consider the SAL
components for every hour of the day. The results are an av-
erage of the total cloud cover per hour of the day.
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Figure 5.18: The SAL components per hour for March 2012, using MSG data as observations and f
= 0.5 as a threshold. Colours indicate different versions of HARMONIE. The bars indicate the

standard deviation. The horizontal dashed line represents the ideal value for the mean of S and A,
which is the 0.0 line.

Figure 5.18 shows the result. The mean of S, A and L are shown as a function of the day in March
2012. The performance of all model versions are almost equal for the location component per hour.
However, for S and A, HARMONIE SM performs systematically worse, followed by HARMONIE
cyc38, HARATU, HARATU update DA and HARATU update. During the night, S and A are
predicted well for HARATU update. The older HARMONIE versions perform worse during the night.
The convection and turbulence are then reduced, often leading to a stable boundary layer. During day
time, turbulence and convection are increased, which is more difficult to calculate for the model. Not
enough convection and turbulence leads to a reduced average cloud cover. This results in a decrease
of the mean of S and A, which is observed in figure 5.18. The model performance converge during
the day, underestimating S and A. This suggests that some improvements can be made during day
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(a) (b)

Figure 5.19: The cloud cover difference between HARATU and MSG for the year 2012 (a) and a
SAL analysis for HARATU, using a 7x7 grid (b).

time. The diurnal cycle of HARMONIE for a domain around Spain has been investigated by Morales
and Calvo (2013). They observe an overestimation of S and A during the night, while they observe
an underestimation during daytime. The results are similar to the results of figure 5.18. Note that
Morales and Calvo (2013) do not use HARATU update, but use HARMONIE cycle 36.

5.8 Whole year and land sea analysis

Up to now we have considered individual months. Some of the considered months are rather exceptional
(August 2006) and thus one could question the generality of the results. It is therefore convenient to
extend the considered time period to a whole year. The year 2012 is examined.

Figure 5.19a shows the cloud cover difference for the year 2012 between HARATU and MSG. Note
that the year 2012 is only run for the regular HARATU version. The model and MSG difference is
calculated first and then the annual average is taken. An underestimation of the total cloud cover
is evident for almost all regions. Above land, the difference is often smaller than 4%, so the model
performs relatively well and is still in the assumed uncertainty range of MSG. The model performs
worse above sea. The difference between land and sea is very distinct. One possibility for this difference
is the data retrieval of MSG above sea. Due to the lower albedo of water, thin cirrus clouds are more
easily observed and interpreted as overcast (see chapter 2). A part of the deviations may be caused by
retrieval error, but does not fully explain the relative large land sea difference of more than 0.1. The
conclusion that the cloud cover is underestimated above sea by the model is still valid when considering
a whole year. Figure 5.19b shows the SAL analysis for the whole year 2012. Most model output is in
the upper right or lower left quadrant. Most entities follow a line with a lower slope than the main
diagonal. A relatively large amount of data points underestimate the structure and in a lesser extent
the amplitude. To conclude, the structure component is often underestimated for 2012 and HARATU
performs worse above the sea.

To investigate this land sea difference further, let us look at figure 5.20a. Figure 5.20a shows the
correlation coefficient with increasing grid size for only land, water and both for 2012. It emphasizes
the difference between land and sea. The correlation coefficient differences are large, more than 0.1.
Figure 5.20a shows that HARATU performs better above land than water for 2012, supporting the

60



(a) (b)

Figure 5.20: Correlation coefficient for 2012 considering land, water and both for HARATU, per
grid size (a) and per month (b).

previous findings. Considering the large amount of data points, the difference is therefore significant
(see appendix B.2). To investigate a possible seasonal dependence, we investigate the correlation
coefficient per month for land, water and both in figure 5.20b. The fluctuations between months can
be large, but no clear signal is visible per season. The relative differences between land and water
is for most months relatively large, just like figure 5.20a. From figure 5.20b we conclude that the
performance of HARMONIE is dependent on the month, but a clear seasonal signal is not visible. For
all months, land performs better than sea.

5.9 Climate mode

All previous experiments have been done in HC and DA mode. In this section, we test the ability of
HARMONIE to simulate total cloud cover in climate mode.

Let us start with the mean cloud cover for March 2012 for HARMONIE cyc38 and HARATU
(HARATU update is not run in CL mode) in figure 5.21. If we compare these results with the HC mode
of figure 5.3, we observe more cloud cover in the domain. To further show these differences between
model and MSG, let us look at figure 5.22a, which shows the monthly mean cloud cover difference
between HARATU and MSG for March 2012. A significant overestimation is calculated above land
and a large part of the North Sea. Figure 5.22b shows the difference |HARMONIE cyc38−MSG|
− |HARATU−MSG| for March 2012. Again, red indicates a better performance of HARATU than
HARMONIE cyc38. The figure illustrates that HARATU performs much better than HARMONIE
cyc38, especially above land. This is supported by figure 5.23a, which shows the correlation coefficient
with increasing grid size for March 2012. The difference between HARATU and HARMONIE cyc38
is large and very significant (p-values < 0.001). In climate mode, HARMONIE performs worse when
compared with the correlation coefficient of figure 5.10a. The correlation coefficients are lower, hence
the climate mode does not resemble the observations as good as the HC mode. This is expected due to
the lack of guidance of HARMONIE in climate mode. Errors early in the experiment can grow large
due to the lack of ERA-Interim input during the run, which is inherent to the climate mode (only
input at the boundaries is provided). Comparison with hourly observations is therefore not ideal.
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(a) (b)

Figure 5.21: Mean cloud cover for March 2012 climate mode, for HARMONIE cyc38 (a) and
HARATU (b).

(a) (b)

Figure 5.22: Mean cloud cover difference between HARATU and MSG for March 2012 climate
mode. A plus signifies significance as is calculated using bootstrapping (a). The absolute mean bias
difference |HARMONIE cyc38−MSG| − |HARATU−MSG| for March 2012 climate mode (b).

Figure 5.23b shows the Taylor diagram for HARMONIE in the climate mode for March 2012.
The differences between the models are much larger than in figure 5.12c, showing that climate mode
performs worse than the HC mode. HARATU predicts more spatial variability (higher standard
deviation) than the other models. Note that the RMSE is approximately the same as in HC mode
of figure 5.12c. This suggests that the high RMSE is caused by comparing the binary cloud cover of
MSG with the fractional cloud cover of HARMONIE.

So far we have considered the CL mode only for individual months. Let us consider the results
for the CL mode for the year 2012. Figure 5.24a shows the correlation coefficient for land, water
and both for 2012 for HARATU. The model performs better above land than water, as we have seen
in figure 5.20a. Figure 5.24b shows the SAL analysis when both land and water are considered for
2012 for HARATU. Most data are in the upper right quadrant and mostly overestimate the structure.
The sum of the absolute values of the components is higher than in figure 5.19. This shows that
the HC mode performs better than he CL mode. Again, we conclude that the cloud cover performs
significantly worse above the sea. For the climate mode, the cloud cover is generally overestimated,
especially the structure. Other months show approximately the same result. Only August 2006 shows
an underestimation of the cloud cover.
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(a) (b)

Figure 5.23: The correlation coefficient as a function of increasing grid size for March 2012 (a), and
a Taylor diagram for different HARMONIE versions and MSG for March 2012 in climate mode (b).

(a) (b)

Figure 5.24: The correlation coefficient for only land, water and both for 2012 for HARATU (a).
The SAL analysis for 2012 for HARATU in climate mode (b).
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6 | Results part II: Study of cloud
schemes

6.1 Statistical and relative humidity cloud schemes

In the second part of this study, we implement a relative humidity scheme and make changes to the
statistical cloud scheme. We assess the impact of cloud schemes on the model performance. Section
3.2 and figure 3.1 show the importance of a correct description of subgrid variability. For the statistical
cloud scheme experiments we tune the parameters a and b of equation 6.1. This equation is restated
here:

σs =
√
a (σ2

con + σ2
turb) + bσ2

extra. (6.1)

Table 6.1: Table of the tuning parameters used in the statistical cloud schemes.

ref fac1 extravar novar
a 1 1/2 0 0
b 1 1 1 0

Table 6.1 shows the chosen tuning parameters for the different experiments. The reference statistical
cloud scheme is called ref in the table, and uses a = 1 and b = 1. As a sensitivity experiment, we
change a from 1 to 1/2 and call it fac1. This factor will lead to a lower variance. When the cloud
cover is overestimated, a = 1/2 will lead to a better prediction. Another experiment is considering
only the extra variance term of equation 6.1 and is called extravar. The total variance is then reduced.
It is likely that it will have the same consequences as described by the experiment with a = 1/2.
In HARMONIE, the extra variance term is also multiplied with a height dependent factor. Another
experiment consists of neglecting all variance terms (a = 0 and b = 0, called novar), and is the most
radical scenario. This results in a binary cloud cover distribution. Cloud fractions in between 1.0 and
0.0 are caused by subgrid variations, which are produced by turbulence. Without variance, this results
in cloud formation only for situations with 100% relative humidity. A binary cloud scheme assumes
that the subgrid variability does not significantly contribute to cloud cover formation. However, the
resolution of HARMONIE is not high enough to calculate the smallest turbulence, so a binary cloud
scheme is expected to perform worse than the other experiments.

We also experiment with a relative humidity cloud scheme (as described in section 3.2). All relative
humidity experiments are done in HARATU update (now called HARATUUP). The first relative
humidity experiment consists of a simple relative humidity scheme, neglecting ice and liquid water
in the cloud scheme. This experiment is called HARATUUP RH. The second experiment is a simple
relative humidity scheme, including liquid and ice water. This experiment is called HARATUUP RH
qt. The last experiment consists of a relative humidity scheme like HARATUUP RH, but with a
different vertical profile for RHcrit, following Sundqvist et al. (1989); Giorgetta et al. (2013) (which is
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Table 6.2: Table of the considered model versions with its description.

Model version Model description

HARATUUP stat Reference HARATU update with statistical cloud scheme
HARATUUP stat fac1 HARATUUP stat with a = 1/2

HARATUUP stat extravar HARATUUP stat with only the extra variance term
HARATUUP stat novar HARATUUP stat with no variance

HARATUUP RH HARATU update with simple relative humidity scheme
HARATUUP RH qt HARATUUP RH, with ice and liquid water included

HARATUUP RH sundqvist HARATUUP RH with RHcrit profile following Sundqvist et al. (1989)

called HARATUUP RH sundqvist). Table 6.2 shows an overview of the experiments. The statistical
cloud scheme experiments are called HARATUUP stat combined with the corresponding name from
table 6.1. The reference statistical cloud scheme is called HARATUUP stat from now on.

Figure 6.1: Correlation coefficients of different cloud scheme scenarios versus MSG as a function of
grid size for March 2012, hindcast.

To assess the performance of the cloud scheme experiments, we calculate the correlation coefficient
as a function of the grid resolution for the different cloud schemes with MSG for March 2012 HC
mode in figure 6.1. As figure 6.1 shows, all cloud schemes perform worse in terms of correlation
with MSG with respect to HARATUUP stat. The statistical cloud schemes perform relatively well
and are positioned close to HARATUUP stat. Note that a reduction in variance leads to a lower
correlation coefficient. The difference between the novar and extravar experiment is very small due to
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a contribution to cloud cover by ice clouds, which is calculated outside the cloud scheme.
The implemented relative humidity schemes perform much worse. The critical relative humidity

profile of Quaas (2012), as is used in HARATUUP RH and HARATUUP RH qt, is a global average
and causes too much variance for high resolution models. The better performing approximation of
Sundqvist et al. (1989) is used in their models and is highly optimized. When we use this critical
relative humidity profile, we lose the direct link with measurements. Figure 6.1 does show a significant
correlation coefficient increase when the scheme of Sundqvist et al. (1989) is implemented (HARATUUP
RH sundqvist). The reduced variance of this scheme produces a much better cloud cover forecast. The
low critical relative humidity at higher altitudes causes a relatively large fractional cloud cover for
HARATUUP RH and HARATUUP RH qt (see section 3.2). The regions with N = 0.0 or N = 1.0
are therefore expected to be smaller than HARATUUP stat. The difference between HARATUUP
RH and HARATUUP RH qt shows the impact of ice and liquid in the cloud scheme. As figure 6.1
shows, the contribution of ice and liquid results in a better result compared to MSG. The difference
between HARATUUP RH and HARATUUP RH sundqvist shows the importance of the choice of the
RHcrit profile. Figure 6.1 does not show the general pattern of cloud cover of the model versions in the
domain. Fractional cloud cover conditions are expected when the variance is high, like in HARATUUP
RH and HARATUUP RH qt. To investigate this further, a case study is done.

(a) (b) (c)

(d) (e) (f)

Figure 6.2: The cloud cover according to HARATUUP RH (a), HARATUUP RH sundqvist (b)
and MSG (c) during 25 March 2012, 13 UTC. The cloud cover for 16 March 2012, 13 UTC for

HARATUUP RH (d), HARATUUP RH sundqvist (e) and MSG (f).

Figures 6.2a - 6.2c show the cloud cover distribution for 25 March 13 UTC in HC mode respectively
for HARATUUP RH, HARATUUP RH sundqvist and MSG. Cloudy conditions are more dominant
in HARATUUP RH, while clear sky conditions are more dominant in HARATUUP RH sundqvist.
A large region with a fractional cloud cover is observed in figure 6.2a, as is expected. Figure 6.2d
shows another case. It shows the cloud cover distribution for 16 March 2012 13 UTC according to
HARATUUP RH and figure 6.2e according to HARATUUP RH sundqvist. The differences between
the models is smaller. Keep in mind that the only difference between the models is the critical relative
humidity profile. As expected, HARATUUP RH produces in a large area a fractional cloud cover, while
for the same area HARATUUP RH sundqvist produces mostly clear sky conditions. This illustrates
the overestimation of variance of HARATUUP RH and shows the better performance of HARATUUP
RH sundqvist for these cases, especially when compared with the MSG measurement of figure 6.2f.
These results show the large impact of the choice of the RHcrit profile.
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(a) (b)

Figure 6.3: The mean cloud cover according to the HARATUUP RH (a) and for HARATUUP RH
sundqvist (b) during March 2012.

Figure 6.3a shows the mean cloud cover for HARATUUP RH during March 2012 and figure 6.3b
for HARATUUP RH sundqvist. The cloud cover of HARATUUP RH is severly overestimated when
compared to figure 5.3a. The high variance of the RHcrit profile following the measuremetns of Quaas
(2012) results in a very strong overestimation of the cloud cover. HARATUUP RH sundqvist is more
in line with MSG. Again, both figures suggest that the choice of the critical relative humidity profile
is of utmost importance.

(a) (b)

Figure 6.4: SAL analysis for HARATUUP RH (a) and HARATUUP RH sundqvist (b) for March
2012.

To quantify the structure and location performance, we use the SAL analysis. Figure 6.4a shows
the SAL analysis for HARATUUP RH and figure 6.4b for HARATUUP RH sundqvist during March
2012. Figure 6.4a shows a strong overestimation of the total cloud for HARATUUP RH, for the S
and the A component. This is in agreement with figures 6.2 and 6.3. Figure 6.4b shows that the
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Figure 6.5: The SAL components per hour for March 2012, using MSG data as observations and f
= 0.5 as a threshold. Colours indicate different versions of HARMONIE. The bars indicate the

standard deviation. The horizontal dashed line represents the ideal value for the mean of S and A,
and is the 0.0 line.
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spread of some of the entities is very large for HARATUUP RH sundqvist. Some entities have ex-
treme values, like S = −2 and A = −2. A relative humidity scheme may be a too simple representation.

To investigate the SAL per hour of the day, let us consider figure 6.5. It shows the SAL every
hour of the day for the different cloud schemes for March 2012. HARATUUP RH qt and HARATUUP
RH are far off with respect to the other models. HARATUUP RH sundqvist is relatively close to the
statistical cloud scheme versions. The figure shows an important finding. The performance between
the statistical cloud schemes is almost the same during night, and starts to deviate during the day.
Remember that a value closer to 0.0 for S, A or L is better. The deviation can be explained with
the stable conditions during night (low variance) and more turbulent and convective conditions during
the day (increased variance). When the statistical cloud schemes are compared with the no variance
run, we observe significantly better results during the night. This shows the importance of the use of
the statistical cloud scheme during the night. The amplitude and structure are underestimated during
the day (except for the simple relative humidity schemes), so the statistical cloud scheme model with
the most variance (HARATUUP stat) performs best during the day. We also observe that each tested
component of the statistical cloud scheme contributes to the performance of HARATUUP stat during
the day. The tested components contribute to the quality of the calculation of cloud cover during
convective and turbulent conditions.

Figure 6.6: Taylor diagram for the different cloud schemes of HARMONIE compared with MSG for
March 2012.

Other statistics for the different versions of HARMONIE are shown in figure 6.6 in the form of a
Taylor diagram. All versions are again close to each other, except the new simple relative humidity
schemes HARATUUP RH and HARATUUP RH qt. For these schemes, the RMSE is comparable
with the other versions. The correlation coefficient is worse, as is observed in figure 6.1. The standard
deviation is underestimated compared to MSG. This can be explained by the systematic overestimation
of cloud cover. The spread in the data is small, what leads to a low standard deviation. It also shows
how significantly different the simple relative humidity scheme is compared to MSG. On the other
hand, HARATUUP RH sundqvist is close to the statistical cloud scheme versions. The statistical
cloud schemes perform relatively similar, although HARATUUP stat correlates the best. The figure
shows that small changes in the statistical cloud scheme will not alter the results significantly.
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6.2 Variance with height

To be able to link the critical relative humidity scheme of the relative humidity cloud schemes to the
statistical cloud scheme, one has to look at the variance of moisture and temperature with height. The
critical relative humidity is a measure of the variance. When the variance is high, local turbulence
causes the critical relative humidity to drop. If the profile of the standard deviation of the saturation
curve σs is different than the critical relative humidity profile of Quaas (2012) or Sundqvist et al.
(1989), it suggests some improvements can be made. The standard deviation σs can be split into a
turbulence, convection and an extra variance part (see equation 6.1). Figure 6.7 shows the turbulence,
convection and extra variance terms of σs, as well as σs as a function of height for the HARATUUP
stat version. This is a time average over the whole domain for March 2012.

Figure 6.7: The time and domain averaged components of the standard deviation σs as a function
of height for March 2012 in the HARATUUP stat version.

Figure 6.7 shows that the extra variance term is the dominant term in the atmosphere. On average,
the turbulence and convection contribution are only small and limited to the lower atmosphere. The
standard deviation σs decreases with height, what means that the variance decreases with height.
According to Quaas (2012) and Sundqvist et al. (1989), a decrease of RHcrit is expected. This profile
can be explained by the long life time of clouds higher in the atmosphere. This suggests that some
changes in the statistical cloud scheme can be optimized regarding total cloud cover, especially in the
extra variance term. In future research, the extra variance term can be converted to an RHcrit profile
and can be enhanced to follow a different vertical variance profile, either following Quaas (2012) or
Sundqvist et al. (1989).
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(a) (b)

Figure 6.8: The time and domain averaged components of the standard deviation σs as a function
of height for March 2012 in HARATUUP stat for (a) 13 UTC, and (b) 00 UTC.

Figure 6.7 does not provide a detailed image about turbulence and convection terms during day and
night. Figure 6.8 shows the time and space averaged profile of σs and its components during 13 UTC
(figure 6.8a) and during 00 UTC (figure 6.8b) for March 2012. It shows that the convection during
the day is significantly higher than during the night. Also the turbulence is increased during the day.
As expected, during the stable conditions of the night, convection is almost non-existent. Both the
turbulence and convection peak correctly in the boundary layer and decrease above it. The convection
and turbulence parts of equation 6.1 therefore follow the expected profile. However, we cannot say
anything about the quality of the order of magnitude of the convection and turbulence parts.
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7 | Conclusion and Discussion

In this study we evaluate the cloud representation in HARMONIE. Our main goal is to assess the
performance of different HARMONIE versions. We also do experiments with cloud schemes. The im-
pact of various relative humidity and statistical cloud schemes on cloud cover formation is investigated.

Results of this study showed a general underestimation of the total cloud cover above sea when verified
against MSG. MSG overestimates the total cloud cover above sea with respect to ground observations.
The degree of overestimation is dependent on the measurement angle, time of the day, albedo of the
surface and cloud type. In this study, we assume the uncertainty of MSG to be approximately 4%.
After converting HARMONIE and MSG to the same grid, we have observed a significant underesti-
mation of the total cloud cover of the newer versions of HARMONIE above the sea. The degree of
underestimation is dependent on weather conditions. When we compare the cloud cover of the different
HARMONIE versions, we see that the latest version of HARMONIE (HARATU update) performs bet-
ter than the other versions. Only for May 2008 we have observed a correlation coefficient comparable
with the other versions. The conclusion holds when converting to a coarser grid, so the results can be
easily compared to other models with a coarse grid. The correlation coefficient with increasing grid
size shows that the correlation coefficient increases when converted to a coarser grid. This is due to the
averaging of errors. The correlation coefficient also shows a strong difference between land and sea. It
shows a better performance of HARATU update above land than sea. No seasonal signal is observed.
The absolute mean bias difference reveals an improvement of HARMONIE above land with respect
to the other versions. Histograms of the fractional cloud cover for HARMONIE and MSG shows that
the binary cloud scheme of MSG contributes to the uncertainty, especially during cloudy months. The
Taylor diagram shows that the standard deviation is approximated correctly. It also reveals that the
RMSE is very large. This is caused by the binary cloud scheme of MSG. Although the differences are
small on the Taylor diagram, HARATU update shows the best forecast when compared to MSG for
most months.

The SAL analysis shows a relatively large spread in the data for March 2012 with respect to the
cloudy month August 2006. This represents that the model deviates stronger from the observations
for months with more fractional cloud cover. For months with low cloud cover, the importance of
the threshold choice for the SAL analysis increases. It is therefore difficult to derive firm conclusions
from the SAL analysis. The SAL analysis does provide information which is not obtained from other
statistical methods. The structure of the cloud field is stronger underestimated than the amplitude.
This means that the volume of the cloud field is too low. We have also shown that HARATU update
is capable of producing more adequate cloud cover forecasts during night in terms of structure and
amplitude than the other versions of HARMONIE. During the day, the structure and amplitude of
cloud cover is underestimated, and the difference between model versions becomes smaller. During
the day, convection and turbulence is increased. This suggests that the model has difficulties in pro-
ducing the right cloud cover during convective and turbulent conditions. For the climate mode, we
observe an overestimation of the cloud cover for March 2012. This is likely caused by the lack of
input of ERA-interim data. Errors are therefore allowed to grow in time in the climate mode. The
results for the data assimilation mode perform generally worse than the hindcast mode for March 2012.
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The second part of this study shows the performance of multiple cloud schemes. Changes have been
made to the statistical cloud scheme and new relative humidity schemes have been implemented. The
goal is to find a better cloud scheme and assess the contribution of the components of the cloud
schemes. Changes to the statistical cloud scheme did not provide better results. However, it does pro-
vide information about the importance of the different components. Drastic changes have been tested,
converting the cloud scheme to a binary scheme, as well as only considering the extra variance term.
The no variance run did not produce a complete binary cloud scheme due to an ice cloud contribution
from outside the cloud scheme. The ice cloud contribution should be considered when comparing the
no variance run with the extra variance run. The default statistical cloud scheme provides the best
results in the amplitude and structure component, especially during the day. Decreasing the strength
of the subgrid variability did deteriorate the results, demonstrating that we need substantial subgrid
variability. The subgrid variability added with each experiment results in a better forecast during the
day. We have also shown that it is important to use a statistical cloud scheme during the night, be-
cause it performs significantly better than the model version with no variance. In general, the subgrid
variability is too low during the day, so every term contributing to the subgrid variability is likely to
produce better results.

Different relative humidity schemes have been tested, including a scheme with a critical relative
humidity profile following measurements (Quaas, 2012). Boldly adding subgrid variability without
discriminating between atmospheric conditions deteriorates even further. Following a different critical
relative humidity profile (Sundqvist et al., 1989) provides better results. This relative humidity scheme
does not perform better than the statistical cloud scheme, but it does provide information about the
impact of critical relative humidity. The extra variance term of the statistical cloud scheme can be
linked to the critical relative humidity profile. We also see that the extra variance term is dominant
when compared to the turbulence and convection terms. The vertical profile of the turbulence and
convection is limited to the boundary layer and has a diurnal cycle, which is expected. More research
is needed to successfully implement a new profile for the extra variance term. This new profile can be
linked to a realistic critical relative humidity profile.
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A | Turbulence

In this section we derive the equations of the form of equation 3.1. Let us start with the Navier Stokes
equations, including the Coriolis force, but neglecting tidal forces and viscous stresses:

du

dt
= −1

ρ
∇p+ fu× k̂− gk̂. (A.1)

In which u is the three dimensional wind velocity, consisting of u = (u, v, w), p pressure, ρ density
of air and k̂ the unit vector in the vertical direction. d

dt is the total derivative:

d

dt
=

∂

∂t
+ u ·∇. (A.2)

Turbulence can be interpreted as a covariance between two quantities. Reynolds decomposition
will therefore be useful. A given variable x is then decomposed to:

x = x̄+ x′. (A.3)

In which x̄ is the mean of x and x′ the perturbations with respect to the mean, with x̄′ = 0. The
covariance then becomes:

(xy) = (x̄+ x′) · (ȳ + y′) (A.4)

= x̄ȳ + x′y′. (A.5)

Using Reynolds decomposition on p, u, v and w and substituting this in equation A.1 (considering
only in the x-direction as an example, other directions are analogue):

∂ū+ u′

∂t
+ (ū+ u′)

∂(ū+ u′)

∂x
+ (v̄ + v′)

∂(ū+ u′)

∂y
+ (w̄ + w′)

∂(ū+ u′)

∂z
= −1

ρ

d(p̄+ p′)

dx
+ f(v̄ + v′).

(A.6)

This can be simplified:

∂ū

∂t
+ ū

∂ū

∂x
+ v̄

∂ū

∂y
+ w̄

∂ū

∂z
+ u′

∂u′

∂x
+ v′

∂u′

∂y
+ w′

∂u′

∂z
= −1

ρ

dp̄

dx
+ fv̄ (A.7)

dū

dt
+ u′

∂u′

∂x
+ v′

∂u′

∂y
+ w′

∂u′

∂z
= −1

ρ

dp̄

dx
+ fv̄. (A.8)

Assuming incompressibility for turbulent wind speed:

∇ · u′ = 0, (A.9)

with u′ = (u′, v′, w′) and using the product rule of differentiation before averaging:
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∂u′u′

∂x
+
∂u′v′

∂y
+
∂u′w′

∂z
= u′

∂u′

∂x
+ v′

∂u′

∂y
+ w′

∂u′

∂z
+ u′

(
∂u′

∂x
+
∂v′

∂y
+
∂w′

∂z

)
(A.10)

= u′
∂u′

∂x
+ v′

∂u′

∂y
+ w′

∂u′

∂z
+ u′∇ · u′ (A.11)

= u′
∂u′

∂x
+ v′

∂u′

∂y
+ w′

∂u′

∂z
. (A.12)

Taking the average:

∂u′u′

∂x
+
∂u′v′

∂y
+
∂u′w′

∂z
= u′

∂u′

∂x
+ v′

∂u′

∂y
+ w′

∂u′

∂z
, (A.13)

which can be used in equation A.8 to rewrite some components to derivatives of covariance terms.

dū

dt
+
∂u′u′

∂x
+
∂u′v′

∂y
+
∂u′w′

∂z
= −1

ρ

dp̄

dx
+ fv̄ (A.14)

Assuming horizontal homogeneity, which is a decent assumption if compared to the scales of change
in the vertical direction, equation A.14 becomes:

dū

dt
+
∂u′w′

∂z
= −1

ρ

dp̄

dx
+ fv̄. (A.15)

This is the final equation for x component of the turbulent flow. Many other variables, like v and
θ can be written in the same form:

dφ̄

dt
= −∂φ

′w′

∂z
+ F, (A.16)

in which F represents all other terms and φ is the considered quantity.
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B | Significance of correlation coeffi-
cient differences

B.1 Independent variables

Let us consider two independent data sets; x1, y1 and x2, y2. Correlation coefficients can be calculated
between x1 and y1, and x2 and y2, with x a model data set and y the observational data set. The
results may tell us something about the quality of a model. However, no statement can be made about
the significance between the two resulting correlation coefficients. Fisher z-transformation (Fisher,
1921) will be used to find the probability that the results are equal or extremer than the observations
(p-value). The z-transformation is used for stabilizing the variance and transforming it into an almost
Gaussian distribution. When the z-values are found, it can be used to find p-values. The z-value
between two different independent correlation coefficients can be calculated as follows (Fisher, 1921):

z =
log
(

1+r1
1−r1

)
+ log

(
1+r2
1−r2

)
2
√

1
n1−3 + 1

n2−3

. (B.1)

In which r1 is correlation coefficient between x1 and y1 and r2 between x2 and y2. The length of
data sets is n1 x1 and y1, and n2 is the length of data sets x2 and y2. In this study is n1 = n2 = n.
The z-values can be used to calculate the p-values:

p =
1

2

(
1 + erf

(
z√
2

))
, (B.2)

in which erf is the error function:

erf(z) =
2√
π

∫ z

0

e−t
2

dt. (B.3)

When testing for significance, one should use two tailed statistics. Then the two tailed p-value p2

becomes:

p2 = 2p (B.4)

The used confidence interval is 2σ, or 95 %. For two tailed, this corresponds with measurements
in the lowest and highest 2.5% of the probability distribution function to be significantly different.
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B.2 Dependent variables

Now let us consider two dependent data sets; x1, y and x2, y. Correlation coefficients can be calculated
as in section 4.2. For calculating p-values, the theory of section B.1 is insufficient and needs to be
expanded. Steiger (1980) broadened the theory of Fisher (1921), to include a significance test for
dependent variables. The correlation coefficients between x1 and y (r13), x2 and y (r23), and x1 and
x2 (r12) are needed. The first step is to calculate the z-values using the Fisher z-transformation of
section B.1, what will result in:

z1 =
1

2
log

(
1 + r13

1− r13

)
(B.5)

z2 =
1

2
log

(
1 + r23

1− r23

)
(B.6)

The covariance can be written as:

σ31,32 =
r12

(
1− 2r̄2

)
− 1

2 r̄
2
(
1− 2r̄2 − r2

12

)
(1− r̄2) (1− r̄2)

, (B.7)

in which r̄ = 1
2 (r13 + r23). With the covariance, the z-score can be determined as follows:

z =

√
n− 3 (z1 − z2)√

2− 2σ31,32

. (B.8)

Following equations B.2 and B.4, the two tailed p-value can be calculated. Therefore the significance
between correlation coefficients of two different models can be derived. For a more detailed derivation
of the significance test between two dependent variables, see Steiger (1980).
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