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Cloud by Tannu Taneja
Clouds

I wish I were a cloud.
I could scream so loud.

Every day I would be of different shape,
once a greedy fox, then a sour grape.

Sprinkling water would be so much fun.
Scolding, yelling, there would be none.

Playing with stars and moon,
hiding the sun at noon.

I wish I were a cloud.
Blue sky all around.
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Abstract
Clouds play a crucial role in Earth’s systems, influencing the radiation budget and the hydro-
logical cycle. However, their dynamics are poorly represented in climate models, leading to
uncertainties in predicting global temperature changes. To better understand cloud dynam-
ics and improve model parametrizations, the large-scale field campaign EUREC4A focused on
studying cloud organization and its potential impact on climate feedback in the North Atlantic
trade-wind region, where shallow marine cumulus clouds are prevalent. Within the EUREC4A
framework, this study focuses on cloud fields and organization in the HARMONIE weather
model to assess the impact of shallow convective parametrizations on its outputs. By com-
paring three experiments denominated as ’HARMONIE noHGTQS’, HARMONIE noHGTQS
noSHAL’ and ’HARMONIE noHGTQS noUVmix’ one can identify discrepancies and determine
what the impact of the various shallow convective parametrizations are. Several cloud organiza-
tion metrics have been computed for the HARMONIE experiments as well as GOES-16 satellite
snapshots. The results show that none of the experiments precisely capture the observed di-
urnal patterns successfully. There exist disparities in cloud cover, cloud quantity, cloud sizes,
and the organization index. Removing shallow convective parametrization partly improves the
representation of clouds. It exhibits a stronger correlation with the observed cloud cover data
from ceilometer measurements and demonstrates a higher capability to replicate the amount of
cloud entities seen in observations in comparison to the other experiments. Furthermore, dis-
abling shallow convection leads to instability and deeper clouds. On the other hand momentum
mixing alone has a small impact on clouds, yet it alters wind patterns, resulting in reduced
speeds, and little production of precipitation. Overall the model struggles to reproduce detailed
cloud patterns such as sugar, mainly due to its coarse resolution. However, it does exhibit a
degree of day-to-day variability in cloud patterns. To gain a deeper understanding on the role
of parametrized shallow convection, further investigation into model configurations, momentum
mixing dynamics, and hybrid approaches are proposed.
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Clouds in HARMONIE

1 Introduction & Motivation
1.1 Cloud Dynamics

Clouds have a dominant role in several processes of the Earth’s systems. They not only affect
the Earth’s radiation budget, regulating the average surface temperature but also play an im-
portant role in the hydrological cycle through the generation of precipitation [1, 2]. Despite this,
the understanding of cloud dynamics is still limited and are therefore poorly represented within
climate models [3–5]. While most general circulation models are able to capture the magnitude
of global warming, they are unable to agree on the induced changes in cloud properties, mainly
due to shallow marine cumulus clouds [3, 5], hereby producing a diverging prediction of the
global mean equilibrium surface temperature in response to the doubling of CO2 of 1.5K to
4.5K [6].

Several important atmospheric processes are too small to be captured by current model resolu-
tions, thus they require parametrization schemes [7, 8]. Parametrizations use simplified equa-
tions that are functions of resolved prognostic variables and are designed to represent the mean
effect of the sub-grid processes [8]. Because these parametrizations are simplifications of often
poorly understood processes, most uncertainty in the global circulation models can be attributed
to them [9]. Climate models will always have to operate with the use of parametrizations [8].
However, the uncertainties produced by these parametrizations can be reduced by having a
better scientific understanding of the physical processes that are happening and incorporating
these within the model parametrization schemes.

1.2 EUREC4A
One of the many ways to better understand the dynamics of clouds and potentially produce
more accurate parametrizations is to understand the underlying cause of their organization.
This entails understanding the distribution of clouds in an area rather than the formation of
individual clouds.

Study of clouds started a long time ago in 1802 when Luke Howard decided to categorize single
clouds based on their outward characteristics. Later on, these categorizations were expanded
to inform about their altitude and the way they formed. These categorizations are still widely
used in studies of meteorology and can be found in the International Cloud Atlas [10]. Studies
on stratocumulus clouds revealed that clouds can organize in peculiar ways such as, but not
limited to, cloud streets, open and closed cells, fronts and cyclones [4]. In recent years also
the organization of shallow marine cumulus clouds received attention, for their influence on low
cloud climate feedback.

Various field campaigns measured the North Atlantic trade-wind cumuli with the aim of gaining
a deeper comprehension of the cloud dynamics and structure of the atmosphere in this region
[11–13]. These efforts resulted in a collection of data which was not readily available before,
enhancing our understanding of the ongoing processes such as cloud transition and precipitation.
The most recent and extensive field campaigns carried out in this area is called ; ’Elucidating
the Role of Clouds-Circulation Coupling in Climate’, EUREC4A [14]. Its primary objective was
to expand our knowledge regarding the intricate interactions of the interplay between clouds,
convection and circulation and their role in climate change [15].

The observations took place just eastward of Barbados because the clouds observed in this
particular area were considered representative of the clouds found across the broader trade-
wind region [16]. The entire domain is visually presented as the solid red rectangle in Figure
1. Shallow convective clouds are the most prevalent in the subtropical and anticyclonic regions
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[17]. These clouds are generally 1500-2000m thick at peak development and are based at about
600-760m altitude, see Fig. 2.

Figure 1: Overview of the EUREC4A Research Domain. Retrieved From the EUREC4A Web-
site.

Figure 2: Overview of Cloud Categorizations. Retrieved and edited from Clouds, circulation
and climate sensitivity [3].

The research period was from 1 January 2020 to 1 of March 2020, during the boreal winter,
when the intertropical convergence zone is the most southern [18]. This period is characterized
by prevailing trade-winds and moderate large-scale subsidence, also considered as the typical
trade-wind conditions where shallow convection is present [19, 20]. Overall, this research effort
has provided significant data for the understanding of cloud dynamics and serves as a stepping
stone for further exploration into the intricate relationship between clouds, circulation patterns,
and climate change.

2
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1.3 HARMONIE
Numerical models are the foundation of climate change studies. To accurately model the cur-
rent climate and weather as well as future climate predictions, it is essential to understand the
physical mechanisms governing cloud dynamics in the real world [3]. There have been several
efforts made to assess the accuracy of numerical models in replicating observed cloud dynam-
ics, organization, and precipitation, in an attempt to find the causes of the model errors and
improve climate predictions. The data collected during EUREC4A has played a crucial role in
advancing this research.

A previous research endeavor from Voort [21], which this report aims to expand on, was centered
on assessing how well the HIRLAM ALADIN Research on Meso-scale Operational Numerical
Weather Model (NWP) in Europe, known as HARMONIE, represents subtropical marine clouds
[21]. This NWP is currently in use by the ’Koninklijk Nederlands Meteorologisch Instituut’
(KNMI) for weather forecasting across Europe. In addition, since 2018, HARMONIE has been
implemented in the trade-wind region to explore its capacity to effectively simulate cloud for-
mations. This initiative aims to assess its suitability for future climate predictions.

Voort centered their investigation on several experiments from HARMONIE cycle 40, specif-
ically focusing on cloud and atmospheric profiles up to 3 km. They compared the results of
these experiments to observational data gathered during EUREC4A. Their objective was to
assess the accuracy of HARMONIE in replicating the atmospheric structure within the trade-
wind region. However, the study did not extensively analyze cloud patterns. In this subsequent
research, we aim to delve deeper into the intricacies of cloud patterns.

1.4 Outline
In this work, chapter 2 discusses the research objective. Following this, Chapter 3 conducts a
literature review, exploring research on cloud patterns and discussing numerical weather pre-
diction models. Once the research’s groundwork is established, Chapter 4 elaborates on the
domain, data sources, and methodology employed. The study’s findings are then presented in
Chapter 5. Lastly, Chapter 6 presents the summary and conclusions, where the research out-
comes are interpreted in the context of existing knowledge and recommendations are given for
future research.
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2 Research Objectives
The primary aim of this research is to assess how shallow convective parametrizations used in
HARMONIE affects cloud fields and cloud organization properties.

By comparing different experiments and identifying any discrepancies that arise, the study seeks
to gain valuable insights into the performance and limitations of the model’s cloud represen-
tation. Understanding the reasons behind the observed deviations will be crucial for refining
and improving the convective parametrization schemes, ultimately enhancing the accuracy of
HARMONIE’s cloud simulations. In order to efficiently conduct this research the following 3
questions are answered:

1. How well can HARMONIE reproduce the observed meso-scale cloud organi-
zation?

2. How does the shallow convection parametrization scheme influence the cloud
climatology? And what are the reasons for these differences?

3. Is HARMONIE visually able to simulate the Sugar, Gravel, Fish and Flower
cloud structures? And is HARMONIE able to simulate their day-to-day vari-
ation?

4
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3 Literature Review
3.1 Cloud Organization Patterns

Cloud organization can have a major influence on the Earth’s climate, as it can impact the
amount of radiation reflected or absorbed by the planet’s surface. Additionally, the manner in
which clouds are arranged can affect the water cycle by regulating the quantity of water vapor
transported from the Earth’s surface to the atmosphere. Research suggests that the clustering
of clouds has a different feedback on the climate compared to randomly organized cloud fields
[22]. These distinctions in feedback reinforce the significance of understanding cloud patterns
and the reasoning behind their organization.

There can be various causes for cloud organization and patterning. From satellite images one can
observe cloud fields can have various spatial patterns that are made up from individual clouds
that are similar or from regular sequences of changing clouds [18]. However, in some cloud fields,
patterns are not as clear, specifically in the region of the North Atlantic where shallow cumulus
are the prominent cloud type. In this region of the world there is still lots to discover when it
comes to the diversity of cumulus fields considering the wide range of conditions they can be
found in [23].

Due to the incomplete comprehension of cloud dynamics in this particular area and recognizing
the significance of these clouds in the climate feedback loop, several field campaigns ([15, 24])
have been conducted in order retrieve information of the atmospheric structure with the aim
to advance the understanding of the interplay between clouds, convection and circulation and
their role within climate change [15]. Previous studies have highlighted the significance of deep
convection organization in regulating the Earth’s heat-loss to space. However, our understand-
ing of shallow convection remains limited, prompting a growing interest in investigating this
phenomenon and seeing if similar processes are visible. In particular, researchers are focusing
on understanding the types of cloud patterning that exist in the trade-wind region.

One paper that has gained much attention is Stevens et al. paper on Sugar, Gravel, Fish and
Flower meso-scale patterns. It has been focused on determining whether a spatial patterning of
meso-scale cloud organization can be detected through visual inspection in the North Atlantic
Trades, and if so how often these patterns reappeared [18]. Here from it was concluded that
four main patterns could be observed. These were named; Sugar, Flower, Fish and Gravel and
are described as follows [18]:

• Sugar: Very fine scale clouds, similar to the dusting of powdered sugar, hereby the name
Sugar. They have a small vertical extent and little evidence of self organisation.

• Gravel: Fields containing clouds along a line or arcs with sizes in the order of meso-β
(20km to 100km).

• Fish: Cloud fields resembling the fish-bone structure. They are meso-α networks that are
separated from each other or other cloud forms.

• Flower: Irregularly shaped meso-β scale (20km to 200km) stratiform clouds, appearing
in bunches. They are well separated from each other by regions of devoid clouds.

A visual depiction of these patterns is presented in figures 3. For a detailed explanation of
the classification methods and conclusions see “Sugar, gravel, fish and flowers: Mesoscale cloud
patterns in the trade winds”.

5



Clouds in HARMONIE

(a) Sugar cloud pattern (b) Gravel cloud pattern

(c) Fish cloud pattern (d) Flowers cloud pattern

Figure 3: Sugar, Gravel, Fish and Flowers meso-scale cloud patterns in the trade-winds. Images
retrieved from “Sugar, gravel, fish and flowers: Mesoscale cloud patterns in the trade winds”
[18].

3.2 Pattern Classification Methods
The discovery of these four meso-scale cloud organization patterns in the North Atlantic trade-
wind region has been the only one of its kind. While it is has been revolutionary for the world
of atmospheric sciences, the classification methods used were rather subjective. Consequently,
others have been inspired to develop more objective methods to not only identify the four pat-
terns that were discovered in Stevens et al., but also try to identify general convection patterns
present within the trade-wind region.

Denby has been the first to try and detect general patterns in satellite images through the use of
trained unsupervised neural networks [25]. The concept is to construct a computational model
that is capable of automatically and without supervision group images that contain similar cloud
structures. In this manner the model is not taught which pattern it needs to detect but it can
rather objectively detect similarities based on metrics such as cloud cover and size. The results
show that the neural network has been successful in identifying and grouping images contain-
ing similar cloud structures without supervision. This allows for objective study of very large
data-sets [25].

As opposed to Denby, Rasp et al.’s work has been focused on trained neural networks for the
categorization of organization of shallow cumulus convection in the trade-wind region [26]. The
four patterns that were detected by Stevens et al. are used to train deep learning algorithms
making it possible to automate the detection of patterns. Herein the algorithm is not able to
work autonomously, but is rather trained to detect a correct pattern.
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Lastly, from these methods the most interpretable yet still objective way to detect organizational
patterns is based on the principal choice analysis as conducted by Janssens et al. Herein, 21 dif-
ferent cloud organization metrics, divided into the following three methodological categories:
statistical moments of physical cloud properties, object based metrics and attributes of scale
decompositions, are diagnosed. By using the principal component analysis the complete set of
metrics is reduced to a smaller subset of metrics that are able to produce the maximum variance
[27]. They found that the cloud patterns can be effectively described as a four-dimensional com-
bination of characteristic length, void size, directional alignment, and cloud top height variance.
The description is objective and interpretable, allowing for a better understanding of cloud or-
ganization compared to other methods like unsupervised machine learning or human pattern
identification [27].

While all of the research mentioned above use different methods for meso-scale cloud organization
detection, they all have the same objective, to objectively be able to detect patterns within
shallow cumulus cloud fields in order to be able to better understand the dynamics of cloud
processes and ultimately determine how clouds will react to a warming climate.

3.3 Diurnality of Meso-Scale Cloud Organization
The daily cycle stands as one of the most fundamental modes of tropical climate variability
[28] , exerting a profound influence on various meteorological and climatic processes. In the
context of meso-scale cloud organization, gaining insights into the factors responsible for their
daily variations is of major importance. As climate change continues to exert its influence, un-
derstanding the daily variability in meso-scale cloud organization becomes increasingly crucial
for accurately predicting weather phenomena, monitoring climate trends, and mitigating the
impacts of changing climatic conditions on tropical ecosystems. Based on the results produced
by Stevens et al. several researchers have been focused on understanding the daily variability in
meso-scale cloud organization within the trades.

The studies conducted by Vial et al. have provided valuable insights into the daily variability
of cloudiness and shallow cumulus activity within the trade-wind region [29] [28]. The findings
show that the level of cloudiness and cumulus activity tends to reach its peak in the late evening,
gradually decreasing to its lowest point during the afternoon [28, 29]. This diurnal cycle is char-
acterized by the presence of two distinct cloud populations. The first population emerges during
the daytime and comprises non-precipitating small and shallow cumulus clouds scattered in a
regular pattern. In contrast, the second population appears during the nighttime, exhibiting
fewer but deeper clouds that have a higher likelihood of precipitation. The regular pattern of
small and shallow cumuli during the day and the organized arcs of deeper precipitating clouds at
night offer intriguing insights into the dynamic nature of cloud behavior in response to changing
solar radiation and atmospheric conditions.

These diurnal patterns in cloud cover can be related to the type of cloud pattern, which in
turn relates to the size of cloud objects. It can be observed that specific cloud patterns exhibit
distinct preferences for certain times of the day. The patterns fish and sugar which are smaller
fine cloud structures, are mostly observed during the day. These smaller cloud objects scatter in
a regular pattern across the atmosphere, contributing to the overall cloud cover during daylight
hours. On the other hand, as night falls, the gravel and flowers patterns become more promi-
nent. These patterns consist of deeper and larger cloud clusters that organize themselves into
extensive arcs and organized systems during the night, leading to a peak in cloud cover during
this time [28].

This daily variation cannot be attributed to the sea surface temperature (SST) as this does not
present variations during the daily cycle due to the strong wind mixing present within the trade-
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wind region [29]. Instead, these variations in cloud cover are likely driven by variations in the
intensity of shallow convection, highlighting the significant influence of cloud convection coupling
in this region [30]. The diurnal cycle can be interpreted as a result of either an increase in surface
winds and buoyancy fluxes during the night or an enhancement in radiatively driven instability
across the entire cloud layer. Both of these processes can reinforce turbulent and convective
transports of heat and moisture within the boundary layer, contributing to the dynamic nature
of cloud behavior throughout the day [29].

8



Clouds in HARMONIE

4 Data & Methods
To conduct the research, multiple sets of data are necessary. These include the model data,
which consists of information generated by the weather model being used, and the observational
data, which encompasses real-world measurements. The process of acquiring and handling these
data sets is explained in detail within this section.

4.1 Model Data
Several characteristics of the atmosphere such as, air movement, temperature and moisture, can
be interpreted by using hydrodynamic equations. These are a set of non-linear equations that
do not have analytical solutions resulting in the use of numerical integration in order to find
approximations of the true solution. This involves breaking the atmosphere into grids of smaller
cells and applying these equations to each cell, developing a numerical weather model. These
numerical models have the ability to forecast future weather by using information about the
current state of the atmosphere by extrapolating the computed tendencies of these variables
into the future. Besides the original differential equations, numerical weather models make use
of discretized equations that describe sub-grid processes with certain spatial and temporal scales
resulting in the need for parametrizations, where only their statistical effects on the mean flow
are taken into account [31].

As previously discussed in the introduction, this research centers on the HARMONIE cycle 43
numerical weather model currently in operation by the KNMI. It is a regional high-resolution
meso-scale convection permitting model with a non-hydrostatic dynamical core and is currently
mainly used for short-range weather forecasts from 0 up to 2 days. It has a horizontal resolution
of 2.5 km, which enables it to accurately simulate processes that are crucial for cloud formation
and precipitation. Moreover, it has 65 vertical levels and is able to produce hourly outputs up
to 48-hour forecast lengths [31].

All model data used for this research are outputs from the experiments of HARMONIE. The
data covers the time frame from January 1 2020, to March 1 2020. The experimental outputs
were obtained from the KNMI. The research is focused on the North Atlantic trade-wind region.
Within HARMONIE this is a specific sub-field of the broader domain. The geographical region
under investigation precisely matches one of the sub-regions explored during EUREC4A [32]
specifically; 10°N - 20°N, 48°W - 58°W and is visualised as the solid blue rectangle in Figure 1.

4.1.1 Experiments
The model experiments utilized to carry out this research are climate runs. This involves initial-
izing the model with specific conditions and then allowing it to run freely without reinitialization
for a continuous duration of one month. Various configurations can be used to run HARMONIE.
By deactivating or modifying settings such as shallow convection, surface conditions and wind
mixing it is possible to asses the impact of the variables of interest.

HARMONIE cycle 43 is an updated version of the prior developed and currently in use HAR-
MONIE cycle 40, which was updated mainly to improve the cloud scheme that had a tendency
to underestimate low cloud cover [33]. To resolve this problem, an additional variance term was
added to incorporate more variability within the humidity scheme. However, studies revealed
that the addition of this additional variance term caused HARMONIE cycle 43 to produce un-
realistic values of cloud cover, overestimating it by a factor of approximately 1.8 [34]. Motivated
by these results, it was decided not to implement the additional variance term and instead
concentrate on experiments that do not include this, such as:
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Table 1: HARMONIE experiments overview. SCP = Shallow Convective Parametrization, UVP
= UV Mixing (Within Shallow Convective Parametrization).

Experiment Name Alternate Label Specifications

1 HARMONIE noHGTQS Control

ECUME 6
Height QS = FALSE
SCP = TRUE
UVP = TRUE

2 HARMONIE noHGTQS noSHAL No_conv

ECUME 6
Height QS = FALSE
SCP = FALSE
UVP = FALSE

3 HARMONIE noHGTQS noUVmix No_mom

ECUME 6
Height QS = FALSE
SCP = TRUE
UVP = FALSE

4.1.2 Shallow convection
When parcels of air are warmer than the surrounding environment they are less dense and will
have the tendency to rise due to increased buoyancy. This process is denominated as convection.
Once these air parcels reach a certain altitude where the temperature and pressure conditions
are suitable for their water vapor content to condense, convective clouds are formed[35]. Gen-
erally, when vertical motions are powerful enough to be able to transport air parcels from the
lower atmosphere to 500hPa, due to thermally driven turbulent mixing, this is considered deep
convection. In contrast, when the parcels are unable to reach 500hPa, it is classified as shallow
convection [36].

At 2.5 km resolution HARMONIE is expected to run with resolved deep convection explicitly
represented by the model’s non-hydrostatic dynamics; eliminating the need for parametrization
of deep convection. However, since shallow convection occurs at a smaller scale, parametrization
hereof is still required. This is done by using an eddy-diffusivity mass-flux (EDMF) framework
consisting of one or more updrafts, transporting heat, moisture and momentum [37]. The level
at which the clouds attain neutral buoyancy with respect to their surroundings marks their
cloud top, which in the case of shallow convection in HARMONIE is below 3000m above the
surface [17].

Shallow convective mixing aims to create a uniform composition of the atmospheric boundary
layer. Warm air, slow winds, and moist air near the surface are uplifted, while simultaneously,
colder air, stronger winds, and drier air aloft are brought downwards. This process is shown in
Figure 4.
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(a) (b)

Figure 4: Example of Mixing of The Atmosphere. Warm Air Moves Up and Cold Air Comes
Down (Right Panel), Slow Winds Move Up and Fast Winds Come Down (Right Panel). Figures
Retrieved From: Transport in the Atmosphere-Vegetation-Soil Continuum [38].

This mixing through shallow convection creates turbulent eddies within the atmosphere, ef-
fectively stirring and homogenizing the entire atmospheric boundary layer. This process leads
to a stable thermodynamic state with a well-mixed vertical structure [39]. Figure 5 visually
illustrates the general vertical profile of such a well-mixed atmospheric boundary layer.

Figure 5: Vertical Profile of Wind Speed (Left Panel) and Potential Temperature (Right Panel)
of a Well Mixed Atmospheric Boundary Layer (ABL). Figures Retrieved From Transport in the
Atmosphere-Vegetation-Soil Continuum [38].

Limited research has been conducted on the effect of turning off shallow convective parametriza-
tion within convection permitting weather models. According to Khain et al., if shallow con-
vection is disabled within a convection permitting numerical weather model, the updrafts would
intensify causing more occurrences of high CAPE. Furthermore, due to a lack of vertical mixing
the environment would become more unstable. This can result in the formation of localized and
scattered convection patterns over the domain, as well as the potential for the development of
intense and deep convective systems and more precipitation [40].

4.1.3 UV wind mixing
As opposed to the shallow convective parametrization scheme which when disabled, eliminates
all transport of temperature, humidity and wind simultaneously, one can disable only the mo-
mentum mixing through wind by disabling the UV wind mix. Within HARMONIE the U and
V wind components represent the horizontal wind velocities in the eastward (U) and northward
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(V) directions, respectively. UV wind mixing is the mixing of these horizontal wind compo-
nents, through shallow convection. The mixing of U and V winds through shallow convection
is achieved by considering the vertical transport of momentum within the shallow layer. As
the convective processes occur, parcels of air are uplifted or descend within the boundary layer,
affecting the horizontal wind distribution.

As described already instead of turning of all transport modes, only the wind will not be mixed.
Consequently turning off the momentum mixing alone will have a much higher impact on the
wind. In the absence of an upward motion of slow winds and a downward motion of stronger
winds, the vertical profile of wind is expected to exhibit less mixing and more stratification.
Instead of a resembling a wind speed profile as presented in Figure 4b, it will bear a closer
resemblance to Figure 6.

Figure 6: Vertical Profile of Total Wind Speed of a Stratified Atmosphere. Figures Retrieved
From Transport in the Atmosphere-Vegetation-Soil Continuum [38] .

4.2 Observational Data
In this research, a comprehensive approach is adopted by utilizing both in-situ measurements
and satellite data to gather valuable insights. The in-situ data is collected from instruments
stationed at the Barbados Cloud Observatory [20]. These in-situ measurements provide direct
and localized information about the atmospheric conditions.

For the satellite data, 10 minutes infrared (13 µm) satellite snapshots for the period of 1 January
2020 - 1 March 2020 are taken from GOES-16 satellite. These are retrieved from the channel 13
ABI level 1b: clean infra-red, cloud and moisture data, available on the ”NOAA Comprehensive
Large Array Data Stewardship System” website [41]. The additional observational data needed
for the research is sourced from the intake catalog of the EUREC4A project.

4.3 Research Methods
4.3.1 Cloud Metrics

To quantitatively assess the level of cloud organization and patterning, the study will calcu-
late specific cloud organization metrics for both the HARMONIE experimental outputs and
observational cloud field snapshots. This is done for the entire research period. By analyzing
time-series data and composite diurnal cycles, comparisons between the model simulations and
observations can be made. For this, the metrics algorithm produced by Janssens et al. will be
applied on both HARMONIE as well as the satellite observations [27].

For this research only the following 7 metrics will be discussed and compared:

1. Cloud Cover
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2. Open sky (size of voids)

3. Number of objects

4. Mean perimeter length

5. Mean length scale

6. Max length scale

7. Iorg

Most of the metrics presented above target cloud behaviour and size. Given the emphasis on
cloud organization, a metric that specifically targets this aspect is Iorg. This is a simple index
which aims to classify a cloud field as regular, clustered or random depending on the cloud
distribution within the field, see Figure 7 [27, 42, 43].

Figure 7: Categorization of The Various Types of Cloud Distribution Within a Cloud Field.
Clustered (Left Panel), Regular (Middle Panel), Random (Right Panel).

The geometrical distance from each cloud entity core to the centroid of its nearest neighbor is
calculated and a cumulative density function (CDF) of these distances is made. The CDF of
the distances are compared to the theoretical random distribution and the area underneath the
curve determines the value of Iorg [44]. When Iorg < 0.5 clouds are regularly distributed, Iorg
= 0.5 denotes a random distribution and Iorg > 0.5 are clusters of clouds, see Figure 8 [44].

Figure 8: Iorg Cumulative Density Function Graph with Cloud Organization Categorizations.
Retrieved From “Organization of tropical convection in low vertical wind shears: Role of updraft
entrainment” [44].
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4.3.2 Cloud Mask
The algorithm used for the calculation of the various cloud metrics can only operate on a binary
(0/1) representation of the cloud field. Consequently a cloud mask has to be computed based on
the original cloud field inputs. Because the focus of this research is on low clouds, the low cloud
cover output fields from the HARMONIE experiments will be utilized for the creation of their
cloud masks. The individual pixel cloudiness of the experiments show a bimodal distribution,
see Fig. 9.

Figure 9: Density Plot of Individual Pixel Cloudiness

From this analysis it was determined that pixels with cloud cover exceeding 0.5 were designated
as clouds and marked with a value of 1. Conversely, pixels with cloud cover below 0.5 were
considered clear sky areas and were masked with a value of 0. An example of this cloud mask
is presented in Figure 10.

Figure 10: Cloud Mask Example: Transition From Original HARMONIE Low Cloud Cover
Outputs (Left Panel) to Binary Cloud Mask (Right Panel).
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The GOES-16 cloud and moisture data are classified based on their brightness temperatures.
Brightness temperatures between 277 and 290K are regarded as clouds. The lower threshold of
290K has been widely utilized in previous research, as it corresponds to the brightness temper-
ature typically observed at cloud tops near 1 km above the surface [45].

The higher threshold of 277K has been computed based on the average temperature of lower
clouds which have cloud tops near 3km. By assuming a mean adiabatic lapse rate of about
6.5K per kilometer, it was calculated that the average temperature at 3 km altitude would be
approximately 277K, starting from the 290K observed at 1 km above the surface.

Furthermore, to remove the bias that high clouds will produce, days where the 25th percentile
of brightness temperatures within any satellite image is lower than 285K are discarded [45].

All relevant data and codes are available on https://github.com/Gheylla/thesis_project.

4.3.3 Day-to-day variability
In order to assess the presence of day-to-day variability in the simulated organization patterns,
a similar approach to the one in Narenpitak et al. [46] is used.

Herein it is observed that from February 2nd 2020 to February 3rd 2020 there is a transition in
the cloud patterns from sugar to flowers. Using these specific days, low cloud cover snapshots of
the HARMONIE experiments are visually compared to the observational snapshots. Herefrom
it can be concluded whether HARMONIE can simulate the transition from fine to larger cloud
structures.
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5 Results & Discussion
The results are divided into two main parts. The primary section focuses on cloud behavior,
where the results of the computed cloud metrics are examined, herein the differences between
the various experiments are discussed. The section after aims to address and present the various
factors behind the observed differences.

Due to the significant emphasis of previous research on the diurnal cycle of cloud organization,
only the diurnal cycle of the cloud organization metrics are illustrated below. The complete
time series can be found in Appendix A.

5.1 Cloud Behaviour
5.1.1 Low cloud cover

Figure 11: Composite Diurnal Cycle of Low Cloud Cover Computed With the Cloud Organiza-
tion Metric Algorithm.

The first aspect that stands out from the diurnal cycle of cloud cover, Fig. 11, is the notable dif-
ference between the observed GOES-16 results and the simulated values. While the observations
present a mean cloud cover of approximately 18 %, the ’control’, ’no_conv’, and ’no_mom’ ex-
periments exhibit a nearly twofold increase in mean cloud cover of approximately 35%, 34% and
33%, respectively. According to Jiménez, GOES-16 has a limited ability to detect low clouds.
Resulting in the differences between the observations and the HARMONIE experimental out-
puts being attributed to the missdetection of low clouds by the satellite [47].

Although the GOES-16 results deviate from the experimental outputs, they are in line with
what has already been presented in literature, see Vial, Vogel, and Schulz [28]. Herein the
same satellite data from GOES-16 over the tropical Atlantic ocean near Barbados was utilized.
The results show the same diurnal pattern. Herein it is also noted that the lower resolution of
GOES-16 ABI prevents the detection of the smallest clouds and that the BCO radar ceilometer is
much more sensitive to the low-level cumuli compared to the GOES-16 ABI infrared channel [28].

By comparing the HARMONIE experimental outputs with cloud cover measurements from the
ceilometer located at the BCO, which is more accurate at measuring low clouds, it becomes
evident that there is a significant difference in cloud cover measurements methods. From this
comparison it is evident that HARMONIE is able to reproduce the observed cloud cover to some
degree. Specifically the ’no_conv’ experiment exhibits a more close relation to the ceilometer
measurements. Both the experiment and the ceilometer observations produce a mean cloud
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cover of approximately 34% .

There is a clear diurnal cycle present in the experimental outputs. Producing a minimum cloud
cover during the afternoon [LT] and maximum during the night [LT]. Vial, Vogel, and Schulz
have observed a similar pattern of cloud cover in the observations, which indicate that the HAR-
MONIE experiments are able to reproduce the diurnal cycle and phase of cloud cover correctly.

Looking closely at the inter-experimental differences, ’no_conv’ has a less pronounced diurnality
compared to the other two experiments, producing the least cloud cover during the night [LT]
but the most clouds during the day [LT]. This signals to a decreased variability in the types
of clouds produced compared to the other experiments. Moreover, during the night it can be
observed that all three experiments have differing cloud cover amounts, whereas during daytime
’control’ and ’no_mom’ have similar values. This indicates that the impact of momentum mix-
ing on cloud cover is reduced when there is no incoming solar radiation.

Besides the studying the diurnal cycle of cloud cover researchers have also studied the diurnal
cycle of the cloud population. According to Vial et al. there is clear diurnal cycle in cloud
population in the trade wind region, consisting of shallow clouds visible during daytime and
deeper clouds present during nighttime [29, 30]. These variations are likely driven by variations
in the intensity of shallow convection and reflect the strength of cloud sensitivity to convective
mass flux [30]. To investigate whether HARMONIE is able to produce this daily variation, the
composite diurnal cycles of cloud fraction are presented in figures 12, 13 and 14.

Figure 12: Composite Diurnal Cycle of Cloud Fraction From the HARMONIE Model Output
for the Control Experiment.
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Figure 13: Composite Diurnal Cycle of Cloud Fraction From the HARMONIE Model Output
for the No_conv Experiment.

Figure 14: Composite Diurnal Cycle of Cloud Fraction From the HARMONIE Model Output
for the No_mom Experiment.

In general there is a noticeable daily cycle present within the HARMONIE experiments. It
can be seen that the clouds are the most shallow during sunset and at night [LT] and deepen
reaching a maximum depth during the early morning, right before sunrise [LT]. These results
align with the observations as discussed and presented by Vial et al. [30] and illustrate the abil-
ity of HARMONIE to qualitatively simulate the observed diurnal pattern in cloud population.
Furthermore from these figures it is illustrated that ’no_conv’ has the ability to produce deeper
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clouds compared to the other experiments, this is further illustrated in Figure 15.

Figure 15: Density Plot of Cloud Top

The data presented in the figure shows that the ’no_conv’ experiment contains more clouds
with cloud tops ≥ 2000m, confirming the validity that the ’no_conv’ experiment produces deeper
clouds.

5.1.2 Size of voids
In addition to examining areas covered by clouds, it is also interesting to look at areas with no
clouds, Fig. 16.

Figure 16: Composite Diurnal Cycle of Open Sky Computed With the Cloud Organization
Metric Algorithm.

In this case, open sky refers to the maximum measurable distance that lacks any cloud cover [27].
When comparing Figures 11 and 16 with each other it can be seen that the cycle of diurnality
of the voids is opposite to that of cloud cover. Denoting that during the night there is more
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cloud cover with small empty spaces and during the day there is less cloud cover with larger
cloud free areas. The absence of variation in the diurnal cycle of the open sky for ’no_conv’
supports the notion that this particular experiment generates consistent cloud types throughout
the entire day with little variation. The results also reveal that the diurnal pattern observed
in the observations is partially captured in the ’control’ and ’no_mom’, although there are still
noticeable variations in the values.

Initial observations of cloud cover and open sky suggest that there might be a correlation be-
tween the two variables. To delve deeper into these connections, the correlations between these
metrics are presented in Figure 17.

(a) (b)

(c) (d)

Figure 17: Correlation of Cloud Cover and Open Sky for the ’Control’ (a), the ’No_conv’ (b),
’No_mom’ (c) and GOES-16 Observations (d).

From the results it is evident that there exists a negative (exponential) correlation between
the open sky and the cloud cover. When cloud cover is large, the maximum size of the voids
are small and vice versa. It is evident that the correlation is less prominent in the ’no_conv’
experiment. In this experiment the open sky is unaffected by fluctuations in cloud cover. This
indicates that despite changes in cloud cover, whether it involves an increase in the number or
size of clouds, the overall arrangement within the field remains largely unchanged.
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5.1.3 Number of cloud entities
When analyzing the cloud cover and open sky it is not possible to state what type of clouds
and organization is being produced by the experiments. To aid in this analysis is the number
of objects is presented in Figure 18.

Figure 18: Composite Diurnal Cycle of Number of Objects Computed With the Cloud Organi-
zation Metric Algorithm.

Among the experiments, only the ’no_conv’ experiment exhibits a modest ability to replicate
the observed number of objects. However, it fails to reproduce the observed diurnal cycle. From
the results it can be deduced that ’no_conv’ produces significantly more cloud entities compared
to the other experiments throughout the whole day. A visual representation of the difference
can be seen in Figure 19.

Figure 19: HARMONIE Snapshot of Low Cloud Cover at Time 2020-02-02T06:00:00 for ’Con-
trol’ (Left Panel), ’No_conv’ (Middle Panel), ’No_mom’ (Right Panel).

Visually it is clear that the large cloud clusters that are present in the ’control’ experiment
are broken up into smaller cloud entities within ’no_conv’. Furthermore because the ’no_conv’
experiment shows lack of variability in all of the composite diurnal cycles of the computed metrics
it suggests that these small cloud formations are consistently generated. Lastly, it can be seen
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that there is not significant difference between the ’control’ and the ’no_mom’ experiment.
Even though the ’no_mom’ experiment generates a slightly higher number of cloud entities, it
continues to produce the same type of cloud formations as observed in the ’control’ experiment.

5.1.4 Size of cloud entities
Further insights on the cloud types and organization can become more clear by looking at the
various sizes of the clouds produced by each experiment. Figures 20a, 20b and 20c present the
mean length scale, perimeter length and maximum length scale respectively.

(a) Composite Diurnal Cycle of Mean Length Scale Computed With the Cloud Organization Metric
Algorithm.

(b) Composite Diurnal Cycle of Mean Perimeter Length Computed With the Cloud Organization Metric
Algorithm.
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(c) Composite Diurnal Cycle of Maximum Length Scale Computed With the Cloud Organization Metric
Algorithm.

Figure 20: Composite diurnal cycle of mean length scale, mean perimeter length and maximum
length scale.

From the Figures it is evident that there is little to no diurnality in the observational data. The
observation results of the mean length scale and mean perimeter length show similar diurnality
with a very small increase in size of the cloud entities in the early morning.

For the HARMONIE experiments there is a clear diurnal pattern, that is the explicitly visible
for ’control’ and ’no_mom’. There are larger cloud structures present during the night [LT]
while smaller clouds are present during daytime [LT]. Furthermore, it can also be seen that
the differences between these experiments are larger during the night [LT] than during daytime
[LT], enforcing the notion that momentum mixing again has more effect on the types of clouds
and their size mostly during the night [LT]. The diurnal cycle in the various length scales is less
pronounced for ’no_conv’, elucidating the fact that this experiment has little variation in the
clouds produced.

Integrating the results of cloud cover, number of objects and sizes of clouds entities altogether,
it can be concluded that the diurnality of cloud cover for the ’control’ and the ’no_mom’ ex-
periments is primarily influenced by the sizes of the cloud entities, whereas for ’no_conv’ it is
dominated by the number of clouds that are generated by the model. All of the experiments
produce a maximum cloud cover during the night [LT], and a minimum during the day [LT].
The ’control’ and ’no_mom’ produce the least number of cloud entities during the whole diurnal
cycle but have significant diurnal cycle in the sizes of the cloud objects producing the largest
clouds during the night [LT] and the smallest during the day [LT]. On the other hand ’no_conv’
does not have the ability to produce differing cloud sizes throughout the diurnal cycle. This
experiment produces the same sizes of clouds, at a much higher concentration compared to the
other experiments, resulting in its diurnal pattern being dominated by the amount of clouds it
produces.

5.1.5 Organization index
Analyzing the metrics altogether gives a subtle insight into what the cloud organization within
the cloud field is.

Summarizing; The ’control’ experiment produces more cloud objects which are overall larger in
size and has the smallest voids at night. Resulting in a more clustered pattern during the night
compared to daytime. For the ’no_mom’ experiment the same pattern is expected, while for
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the ’no_conv’ experiment it can be deduced that during the day and night the cloud entities are
small, with a slight increase in size during the night, and high in numbers concentration. As a
result of this it is expected that the type of organization is rather regular throughout the whole
day. One way to objectively illustrate this is by looking at the organization index as presented
in Figure 21.

Figure 21: Composite Diurnal Cycle of Cloud Organization Index (Iorg) Computed With the
Cloud Organization Metric Algorithm.

It is immediately clear that the experiments have a different cycle than what the observations
show. At nighttime [LT] the observational values for Iorg are at a minimum and reach a max-
imum during the afternoon [LT]. On the contrary, all of the HARMONIE experiments exhibit
an opposite cycle, producing high Iorg values during the night and afternoon and a minimum
during the early morning [LT].

When comparing the observational diurnal cycle of Iorg with the ones produced by Large Eddy
Simulations (LES), see Figure 22, a similar cycle can be observed between the two. Even though
the values may not coincide it can be seen that the LES are able to produce a minimum during
the night and achieve a maximum during the day.

Figure 22: Composite Diurnal Cycle of Cloud Organization Index (Iorg) Computed from LES
simulations produced by Alessandro Savazzi.

These LES are produced over a smaller domain and have a much finer spatial resolution compared
to the HARMONIE experiments. The lack of fine-grained spatial resolution in the HARMONIE
experiments might result in their inability to adequately capture the degree of organization.
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Looking at the inter-experimental differences, both the ’control’ and the ’no_mom’ experiments
have a more clustered pattern during the night [LT] which evolves to a more random cloud
distribution during the early morning and going back to clusters in the afternoon [LT], as ex-
pected. For the ’no_conv’ experiment the cycle of organization is not as pronounced as the
other experiments. All values of Iorg are much closer to 0.5 during the whole day, reaching 0.5
during the early morning.

Eventhough a periodic cycle is visible for the ’control’ as well as for the ’no_mom’ experiment, all
values of Iorg are above 0.5. According to the definition, this implies that these experiments are
generating clusters throughout the entire day. For the ’no_conv’ experiment the values of Iorg
are much closer to 0.5, denoting randomly distributed clouds. Based on this observation, it can
be inferred that the ’no_conv’ exhibits less organization in comparison to the other experiments.
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5.2 What is the cause for the various disparities?
Upon examining the various results of the computed cloud metrics, it is crucial to determine
the cause for the presented differences. From the analysis of the cloud organization metrics
it has been revealed that the ’no_conv’ experiment exhibits the least amount of cloud cover
during the night [LT] and the most during the day [LT] in comparison to the other experiments.
Furthermore, this experiment generates a significant number of smaller-sized cloud entities and
displays the least variability in terms of diurnal patterns. Moreover, it has also been shown
that the ’no_mom’ experiment exhibits a more pronounced influence during the night [LT] than
during the day [LT].

Past research has shown that the daily cycle of cumulus clouds present in the North Atlantic
trade-wind region is not sensitive to changes in the sea surface temperature along with breezes
from sea to land, but can be mostly attributed to the increase in surface winds and buoyancy
fluxes during the night [28, 29, 48–50]. According to the findings of Vial et al., model con-
figurations play a crucial role in the cloud production and the daily variation [30]. Differing
contributions of convective and turbulent transports to the total subgrid-scale transport can
lead to differences in simulated cloud fraction and cloud depth [30]. These findings serve as the
motivation for investigating the disparities between the HARMONIE experiments.

5.2.1 Water Balance
Cloud formation is closely related to the availability of water within the atmosphere. As the air
becomes saturated with water vapor due to factors like evaporation from water bodies, transpi-
ration from plants, and moisture influx from precipitation, it reaches a point where the air can
no longer hold all the moisture. This leads to condensation, which water vapor transforms into
liquid water droplets or ice crystals, forming clouds.

The results show that the various HARMONIE experiments have different cloud behaviours.
To determine the cause for these differences, it is necessary to examine the availability of mois-
ture required for cloud formation within all of the HARMONIE experiments. Table 2 shows an
overview of the precipitation, evaporation and the resulting water balance.

Table 2: Overview of the Mean Precipitation (P), Mean Evaporation (E) and the Resulting
Water Balance (E-P) for All of the HARMONIE Experiments.

Experiment Name Mean Precipitation
[mm/hr]

Mean Evaporation
[mm/hr]

Water Balance
(E - P)

1 Control 0.0396 0.3179 0.2784
2 No_conv 0.0460 0.2944 0.2484
3 No_mom 0.0330 0.3128 0.2798

Although the reduced moisture availability could explain the slightly lower cloud cover compared
to the ’control’ experiment, it contradicts the findings that indicate the number of cloud entities
is practically doubled compared to the ’control’ and ’no_mom’.

5.2.2 CAPE
As the variations between the different experiments cannot be completely attributed to the wa-
ter balance, further investigation into the atmospheric physics of each experiment is necessary
to gain a deeper understanding of the differences.
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As already briefly discussed and presented in Section 5.1 it is anticipated that by disabling
shallow convective parametrization, instability is able to build up reaching significant values. An
objective way to establish this is by analyzing the measure of instability of the atmosphere, also
referred to as the Convective Available Potential Energy (CAPE). By looking at the probability
density function and the composite diurnal cycle of CAPE, it can be possible to determine
whether and how the instability varies across the various experiments. Figure 23 & 24 give the
density plot and the composite diurnal cycle of CAPE respectively.

Figure 23: Density Plot of Convective Available Potential Energy (CAPE) for all of the HAR-
MONIE experiments.

Figure 24: Composite Diurnal Cycle of Convective Available Potential Energy (CAPE) for all
of the HARMONIE experiments.
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From Figure 23 it is evident that the ’control’ and the ’no_mom’ experiments have much more
instances of lower CAPE compared to the ’no_conv’ experiment. ’No_conv’ has a heavier tail,
which indicates that it contains more instances of higher CAPE values. From the composite
diurnal cycle it is also evident that the ’no_conv’ experiment continuously contains more insta-
bility, see Fig. 24. This confirms the hypothesis that instability is able to build up within the
’no_conv’ experiment producing significant energy for potential updrafts.

When shallow convective parametrization is disabled, instability is able to accumulate within
the model. As it accumulates and reaches a significant level, resolved convection will remove
this instability. Once resolved convection is present and working within the model, the concern-
ing gridbox will always contain sufficient liquid water or ice to make cloud formation possible,
leading to the production of a completely cloudy gridbox. However, it will not be large areas of
clouds. This occurs across the entire model domain, resulting in small cloud patches distributed
across the entire area.

On the other hand, the objective of having parametrized shallow convection within the model
is to eliminate instability through shallow convective mixing. With parametrized shallow con-
vection enabled within the model, instability is immediately removed and will not accumulate
at the same extent as when shallow convective parametrization is disabled. This convection
parametrization is present over larger areas of the model and is able to produce larger areas of
clouds.

Because CAPE does not accumulate as much and as fast within ’control’ and the ’no_mom’
experiments as compared to ’no_conv’, the resolved convection is less dominant within these
models. Consequently the model gridboxes have the ability to contain more fractional cloudiness
whereas when shallow convective parametrization is disabled the model functions more as an all
or nothing scheme. Figure 9 provides supporting evidence of this, showing that the ’no_conv’
experiment has much more instances of no cloud cover (cc = 0) and completely cloudy (cc =
1) pixels compared to the other experiments. Take into consideration that the ’no_conv’ ex-
periment still produces fractional cloudiness within the pixels because the cloud scheme is still
enabled. The cloud scheme estimates the sub-grid cloud fraction and the condensed water by
assuming a distribution of temperature and humidity and determining the cloud cover as the
fraction of the distribution that is above saturation [33].

The continuous accumulation of CAPE within the ’no_conv experiment is the reason for the
continuous production of small clouds throughout the entire cloud field, as presented in section
5.1.3

5.2.3 Up- and downdraft strengths
CAPE provides an estimation of the updraft strengths within the atmosphere. Because there
are more instances of high CAPE within the ’no_conv’ experiment it is generally expected
that this experiment would contain more extremes, and consequently produce stronger up- and
downdrafts. This is objectively illustrated in Figure 25.
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Figure 25: Mean Vertical Profile of Up- and Downdrafts (W-Wind speed) for all of the HAR-
MONIE Experiments.

The Figure clearly illustrates how the ’no_conv’ experiment produces stronger up- and down-
drafts, which is in line with what is expected. What can also be seen is that the ’no_mom’
experiment also has a slight increase in up- and downdrafts compared to the ’control’. From the
density plot of CAPE, Fig. 23, it can be observed that ’no_mom’ has slightly more instances of
CAPE values around 0 - 1000 J/kg compared to the ’control’. This may be the reason for the
slight increase in up- and downdraft strengths between ’no_mom’ and ’control’.

The stronger updrafts can be explained by the accumulation of instability, as already discussed.
However, updrafts can also be enhanced due to the presence of condensed water within the
region. The condensation of water vapor releases latent heat into the atmosphere, causing
the parcel of air to become warmer than its surroundings. This, in turn, amplifies buoyancy
and generates more powerful updrafts. The amount of water present within the atmosphere is
visually depicted in Figure 26.

Figure 26: Mean Vertical Profile of Cloud Fraction (CF) (Left Panel), Total Liquid Water
(Middle Panel), In-Cloud Water (Right Panel) for all of the HARMONIE Experiments.
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The ’no_conv’ experiment overall contains more liquid water throughout the whole vertical ex-
tent. Hence, it can be inferred that the greater amount of liquid water is an additional factor
contributing to the stronger updrafts observed in this experiment.

One aspect that remains unaddressed is if whether the overall greater amount in total liquid
water is due to the overall increase in clouds or if it is due to the clouds becoming more saturated
with water. By analysing Figure 26, right panel, it can be seen that the ’no_conv’ experiment
contains the most in-cloud water between 600m-1400m and from approximately 1900 m up-
wards. Moreover, it exhibits the highest average in-cloud water content, reaching a total of 0.15
g/kg. In contrast, both the ’control’ and ’no_mom’ experiments yield means of approximately
0.11 g/kg and 0.10 g/kg, respectively. This indicates that the total liquid water of ’no_conv’ is
mostly dominated by the amount of water that is present within the clouds. The clouds have
become more saturated with water. Only within the range of 1400m-1900m the quantity of total
water within the ’no_conv’ experiment is dominated by the amount of clouds present in this
experiment.

5.2.4 Precipitation
The presence of water within clouds has a direct relationship with precipitation. As clouds be-
come more saturated with water, the water droplets within them have the potential to increase
in size and ultimately lead to precipitation. Upon examination of the vertical distribution of
in-cloud water, as depicted in Figure 26, it is probable that the ’no_conv’ experiment would
yield the highest precipitation, followed by the ’control’ experiment. Conversely, the ’no_mom’
experiment is expected to generate the least amount of precipitation.

To further investigate the ability of precipitation production of each experiment the diurnal
cycle of precipitation is depicted in Figure 27.

Figure 27: Composite Diurnal Cycle of Precipitation
for all of the HARMONIE Experiments.

As expected, it is clear that the ’no_conv’ experiment precipitates the most overall, followed by
the ’control’ and lastly the ’no_mom’ experiment.

In addition to the water availability, the configurations of the model also play a role in de-
termining the precipitation production. Shallow convective parametrization is able to produce
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precipitation but often weakens this production. For significant amounts of precipitation it is
more favourable to rely only on resolved convection. This also explains why the ’no_conv’
experiment has the most amount of precipitation compared to the other experiments. For the
’control’ where shallow convection is enabled, water vapor can be transported to the free tropo-
sphere making the convective boundary layer drier, resulting in less precipitation compared to
the ’no_conv’ experiment.

Past research has also observed a diurnal cycle in precipitation. Here from a nighttime/early
morning maximum in precipitation and a minimum during the afternoon was observed [30, 51].
This diurnal cycle can also be seen the various HARMONIE experiments, see Fig. 27, which in-
dicates that HARMONIE is qualitatively able to reproduce the observed pattern in precipitation.

5.2.5 Humidity
It has been shown that the ’no_conv’ experiment demonstrates more robust updrafts and deeper
convection. This indicates that despite the absence of consistent low-level mixing in this model,
during episodes of deep convection, moisture from the surface is transported to higher altitudes
in the atmosphere.

Figure 28: Mean vertical profile of specific humidity.

The average vertical profile in Figure 28 reveals that the ’control’ and the ’no_mom’ experi-
ments exhibit greater mixing in the lower parts of the atmosphere. This again is expected as the
presence of shallow convection helps to move humid air to levels higher up in the atmosphere,
producing a more homogeneous profile of humidity through the continuous mixing. This profile
also indicates that there are instances of deeper convection present within ’no_conv’. These
are able to bring moisture from near the surface to levels higher up in the convective boundary
layer resulting in increased humidity from approximately 1500m upward compared to the other
experiments.

Moreover, the influence of momentum mixing from UV mix on atmospheric humidity is not
significant, as there is only a minor decrease in humidity. Therefore, it can be inferred that
shallow convection primarily drives the mixing of humidity within the atmosphere.
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5.2.6 Buoyancy & Winds
According to Vial et al., the daily cycle in cloud formation and depth can be interpreted as a
result of a nighttime increase in surface winds and buoyancy fluxes [30]. However, depending on
the model, the relative contribution of convective and turbulent transports to the total subgrid-
scale transport may differ, which can in turn lead to differences in simulated cloud fraction and
cloud depth. Overall it can be seen that with an increase in mass flux, clouds are expected
to deepen [30]. To determine the differences between the daily cycles of cloud fraction for the
various HARMONIE experiments the vertical profiles of liquid water potential temperature flux
are presented in Figure 29.

Figure 29: Mean Vertical Profile of Liquid Water Potential Temperature Flux (Θl flux).

From these profiles, valuable insights can be obtained regarding the strength of convection. The
left panel divides the Θl flux into the contribution by turbulence and convection separately.
Whereas the right panel shows the overall total flux.

In the analysis of the right panel, it is evident that both experiments exhibit a positive flux
near the surface, specifically up to approximately 300m. This suggests the presence of upward
movement of warm air in this region. Both experiments demonstrate a similar vertical profile
and quantity of vertical flux in this particular area, indicating comparable values of vertical
transport. However, upon closer examination of the individual contributions of convection and
turbulence, left panel, it becomes apparent that the ’control’ experiment shows a predominance
of turbulence in the lower levels, transitioning to a dominance of convection as the altitude
increases. In contrast, the total flux of Θl in the ’no_conv’ experiment is only influenced by
turbulence.

This transition from turbulence to convection and difference between the two experiments is ex-
pected. Turbulence is able to transport parcels within the lowest 200m of the atmosphere, while
convection takes over to transport these parcels further upward. In the case of the ’no_conv’
experiment, where shallow convection is disabled, the absence of convection-related contribu-
tions is compensated by turbulence. Consequently, turbulence takes on the entire workload and
becomes the primary driving force behind the flux.

From 400m upward there is subsiding motion for both of the experiments. This suggests that
the air parcels are descending rather than ascending, which is generally unfavorable for cloud
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formation. The reduced magnitudes of subsidence can be seen as an additional indication for
the higher cloud production observed in the ’no_conv’ experiment.

Winds are an important aspect for the development of convection and clouds within the at-
mosphere. As Savazzi et al. presented in their paper, an accurate representation of winds is
essential for better convective parametrizations. Based on these findings it is crucial to consider
and analyze the the diurnal cycle of total winds as depicted in Figure 30.

Figure 30: Composite Diurnal Cycle of Total Surface Wind speed for all of the HARMONIE
Experiments.

The results show a clear diurnal pattern in total surface wind speed. The experiments show a
pattern consisting of higher winds during the night and early morning [LT] and weaker winds
during daytime [LT]. The same diurnal cycle can also be seen in observations as presented in the
paper by Savazzi et al. [48], indicating that the HARMONIE experiments are able to reproduce
the diurnal cycle in wind for the domain in question.

Although the experiments successfully capture the qualitative aspects of diurnal variability of to-
tal wind speed, they tend to overestimate the amplitude quantitatively. In the observations [48],
the total wind speed ranges from approximately 9.5 m/s to 8.9 m/s, whereas the experiments
exhibit an amplitude of approximately 1 m/s, which is nearly double the observed amplitude.

Looking at the inter-experimental differences, it can be seen that the ’no_mom’ experiment
displays the weakest surface winds overall. This outcome is expected since this experiment
specifically disabled mixing caused by wind. This results in the inability of the experiment to
bring stronger winds aloft down, producing weaker winds near the surface.

Surprisingly, the ’no_conv’ experiment yields stronger winds in comparison to the ’no_mom’
experiment. This is unexpected because the ’no_conv’ experiment disables all types of mix-
ing, consisting of temperature, momentum and moisture. It would be logical to assume that
by disabling everything along with wind, the resulting winds would be even weaker. However,
it appears that there are other mechanisms at play, exclusive to the complete removal of the
shallow convection, which allow for some form of mixing to persist. One possibility could be
that resolved convection is responsible for this phenomenon.
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(a) (b)

Figure 31: Mean Vertical Profile of East-Ward (U) Winds (Left Panel) and North-Ward (V)
Winds (Right Panel).

From the mean vertical profile of the eastward winds, Figure 31a, it is observed that the east-
ward winds are much more mixed in the lower atmospheric layers for the ’control’ than the other
experiments. This is expected as shallow convection and momentum mixing are both enabled in
this experiment. As a result, this makes it possible for the downward transport of stronger winds
from higher altitudes and the upward movement of weaker winds from the surface, creating a
significantly more blended and mixed layer within the atmosphere, similar to figure 5.

Besides this, the wind speeds near the surface are the smallest for the ’no_mom’ experiment.
For the ’control’ and the ’no_conv’ experiment the wind speeds near the surface are the rel-
atively similar, indicating that the presence of shallow convection scheme only influences the
winds higher up in the atmosphere.

Finally, based on the east- and northward windspeed values, it is evident that the eastward
component predominantly influences the overall magnitude of the total wind speed.
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5.3 Visual organization
To determine whether HARMONIE is able to reproduce the day-to-day variability in cloud
patterns, two days where the observations show a change in patterns are compared to the HAR-
MONIE cloud field outputs. This method was conducted by Narenpitak et al., where cloud
fields of model experiments were compared to observational cloud fields of days where there is
a transition in cloud patterns. Herein it is observed that from February 2nd to February 3rd
there is a transition in the cloud patterns from sugar to flowers.

The figures below are a snapshot of the cloud cover at times 02/02/2020 at 12:00 UTC, 02/02/2020
20:00 UTC, 03/02/2020 02:00 UTC and are chronologically arranged vertically, from top to bot-
tom.

Figure 32: HARMONIE Snapshot of Low Cloud Cover for Control (Left Panel), No_conv
(Middle Panel), No_mom (Right Panel) at Time 2020-02-02T12:00:00.

Figure 33: HARMONIE Snapshot of Low Cloud Cover for Control (Left Panel), No_conv
(Middle Panel), No_mom (Right Panel) at Time 2020-02-02T20:00:00.
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Figure 34: HARMONIE Snapshot of Low Cloud Cover for Control (Left Panel), No_conv
(Middle Panel), No_mom (Right Panel) at Time 2020-02-03T02:00:00.

From the Figures (top row) it can be seen that none of the HARMONIE experiments are able
to produce the fine sugar clouds that are present on 02/02/2020. This can be mainly attributed
to the spatial resolution of the model, which is not able to reproduce such small scale fine clouds.

The analysis of the cloud pattern evolution in the ’control’ experiment (left column) reveals
interesting observations. While the experiment cannot fully reproduce the sugar pattern, there
is a noticeable transition in the cloud organization from 02/02/2020 12:00 UTC to 02/02/2020
20:00 UTC. During this period, the clouds show a tendency to form slight clusters, resembling
a pattern similar to the flower pattern. This transition in cloud organization indicates that the
model’s dynamics are capable of capturing some aspects of cloud clustering and organization,
even if they do not precisely match the pattern.

In the ’no_conv’ experiment (middle column), there is no clear and explicit transition from the
sugar pattern to the flower pattern. However, similar to the ’control’ experiment, some degree
of clustering can still be seen in the Figure at 02/02/2020 20:00 UTC. Notably, the ’no_conv’
experiment generates more cloud entities compared to the ’control’ experiment, and these clouds
tend to be more clustered. Moreover, the cloud organization in the ’no_conv’ experiment ap-
pears to exhibit minimal day-to-day variation, suggesting a relatively stable cloud pattern in
the absence of shallow convective parametrization.

Lastly, the ’no_mom’ experiment (right column), similar to the ’control’ and ’no_conv’ exper-
iments, exhibits no distinct transition from the sugar pattern to the flower pattern during the
times presented.
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6 Conclusions & Recommendations
To better understand the role of shallow convection in the weather system, three experiments
have been conducted with the weather model HARMONIE; HARMONIE noHGTQS, HAR-
MONIE noHGTQS noSHAL and HARMONIE noHGTQS noUVmix. This study analyses and
compares these experiments with each other and to observational data. The major differences
are summarized and explained below:

Various cloud organization metrics have been calculated using the outputs of low cloud cover
from all of the experiments, focusing on the region of the North Atlantic trade-wind. These
metrics provide objective and quantitative insights into the spatial patterns, arrangement, and
structure of the low clouds in this region. By analyzing these metrics, we can gain a deeper
understanding of how the cloud organization varies across the different experiments and assess
the impact of different factors on the overall organization of low clouds in the North Atlantic
trade-wind region.

The diurnal cycle of all computed metrics reveal a significant disparity between experiments
and observations. For cloud cover the experiments show a mean of approximately 34% alto-
gether, while the observational mean computed from the GOES-16 cloud and moisture data is
18%. Despite this deviation, the observations align with previous literature, which brings into
question the ability of GOES-16 to accurately detect low cloud cover. This also indicates the
possible need for a satellite simulator within HARMONIE. By incorporating a satellite simula-
tor within the model it is possible to observe what satellites will potentially observe under the
same atmospheric conditions of the model. This allows for a more useful comparison between
the model and observations.

Due to the limitations of GOES-16 in detecting low clouds, additional data from the ceilometer
has been utilized. Comparing the ceilometer data with the simulated data reveals a closer align-
ment. The ’no_conv’ experiment excels in capturing the pattern and magnitude of the diurnal
cycle from the ceilometer data. In contrast, the other experiments overestimate the amplitude
of the diurnal cycle. It can also be observed that the values of cloud cover for the ’control’ and
the ’no_mom’ experiments have larger differences during the night than during the day.

When it comes to open sky and number of objects both the ’control’ and the ’no_mom’ ex-
periments capture the diurnal pattern, albeit with notable differences in magnitude. The key
distinction among the experiments lies in the size and the quantity of cloud entities generated.
The ’no_conv’ experiment produces clouds that are smaller in size and approximately double
the number of objects compared to the other experiments. This experiment outperforms the
others in number of objects, by providing the best agreement with the observed values. Nev-
ertheless, it fails to reproduce the full range of variability observed. This raises the question of
how shallow convective parametrization exerts such a significant cloud production.

By disabling the parametrization of shallow convection, the continuous mixing of the atmosphere
is halted. This interruption in mixing allows for the build-up of instability within a gridbox.
Once this instability reaches a critical threshold, the resolved convection dissipates it, making
the entire gridbox cloudy. This process occurs rapidly and at multiple locations throughout
the domain, resulting in a significantly higher cloud count compared to the other experiments.
Following the build up of instability, updrafts become stronger and clouds deeper. This phe-
nomenon leads to an overall increase in cloud water content and therefore also more precipitation.

The primary focus of this research centered around the organization and patterns exhibited by
clouds. Currently Iorg stands out as one of the most commonly employed metrics for assessing
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the degree of cloud organization. HARMONIE is not able to accurately simulate the observed
diurnal cycle of Iorg, while LES simulations replicate this. Based on the differences in reso-
lutions one can conclude that the coarse resolution of HARMONIE is the primary reason it
cannot replicate this Iorg diurnal pattern. Even though Iorg is widely used to determine the
level of organization within cloud fields it is questioned whether it is the best way to quantify
and describe organization. Cloud fields that visually have very different cloud patterns can have
the same value of Iorg, which makes it difficult to interpret.

Overall, the impact of momentum mixing by wind on cloud production and the vertical profiles
of various parameters is minimal compared to the influence of disabling shallow convection. The
effect of momentum mixing is more apparent during nighttime, particularly on cloud cover. As
anticipated, it does influence the wind patterns, resulting in weaker winds compared to the other
experiments. These weaker winds can subsequently affect other aspects of the experiment such
as precipitation. By disabling momentum mixing there is lower precipitation amounts compared
to the ’control’ experiment. This suggests that the mixing of momentum by wind affects the
vertical transport of moisture and contributes to reduced precipitation production. This high-
lights the interconnected nature of different atmospheric variables and their influence on overall
dynamics.

Based on the results it can be concluded that the ’no_conv’ experiment demonstrates the most
promising performance in some aspects, specifically in cloud cover and number of cloud entities
produced. It is surprising that the ’control’ experiment, currently in operation by the KNMI for
regional weather forecasting, is not the best. One would expect since it is in operation. To begin
with, the model was created with a primary focus on providing high-resolution weather forecasts
and simulations for Europe and its surrounding areas. While it might excel in predicting weather
and climate within that region, its effectiveness could vary in the North Atlantic and subtropical
areas. This is due to dissimilarities in convection patterns and atmospheric dynamics between
these regions. Furthermore, parameterizations are based on assumptions and simplifications,
which can introduce biases into the model’s outputs. By disabling the shallow convection pa-
rameterization, the model relies more on resolving physical processes directly, thus reducing the
potential for biases introduced by parameterized equations. Convection-permitting models are
designed to explicitly capture convective processes, including shallow convection. Therefore,
when parameterizations are turned off, the model’s representation of these processes becomes
more consistent with actual observations, leading to results that better reflect real-world condi-
tions.

While the ’no_conv’ experiment may yield better results there is still room for improvement
to achieve a comprehensive and precise simulation of the observed diurnal cycles. For this it is
worth considering the potential benefits of implementing a combination of active and non-active
shallow convective parametrization. Studies conducted by Khain et al. (2020) have demon-
strated positive outcomes when employing such a hybrid approach. Therefore, investigating the
feasibility and effectiveness of such a configuration within HARMONIE could provide valuable
insights into improving the representation of cloud dynamics for the North Atlantic trade-wind
region.

The model’s resolution poses limitations in capturing small-scale and intricate cloud structures,
such as those resembling sugar-like formations. While the model struggles to reproduce these
detailed cloud features, it does exhibit a modest level of day-to-day variability in cloud patterns.
Overall, while the HARMONIE experiments may fall short in accurately simulating small-scale
cloud structures, they do exhibit a degree of variability in cloud patterns, presenting a progres-
sion from larger cloud structures to smaller clustered entities.
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In order to gain a deeper understanding of the inter-experimental differences observed, it is
advisable to conduct a more comprehensive investigation into the model configurations. It is
essential to delve deeper into the dynamics of momentum mixing to gain a more comprehensive
understanding of its effects, particularly exploring the reasons behind its heightened influence
during nighttime. This could involve analyzing the role of surface cooling, boundary layer dy-
namics, and the interaction between momentum and temperature gradients. It can also be
valuable to investigate how the absence of momentum mixing affects turbulent exchange pro-
cesses during the night, because turbulence is a key driver of vertical mixing of heat, moisture,
and momentum within the boundary layer which can affect several properties such as cloud cover.

Finally, in order to objectively assess the frequency of occurrence of the various patterns, it
is proposed to utilize existing and trained neural networks. These neural networks, as refer-
enced in Rasp et al. and Schulz, can be employed to analyze the cloud fields produced by the
experiments and determine the number of recognized patterns. The neural networks employ
sophisticated pattern recognition algorithms to identify and classify different types of cloud
structures. Passing the simulated cloud fields of the HARMONIE experiments through these
networks will provide insights into the extent to which the model can accurately replicate known
cloud patterns and the frequency at which they occur.
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Appendix A Metrics Complete Time-Series

Figure 35: Complete Time-Series of the Low Cloud Cover Metric Using the Cloud Organization
Algorithm.
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Figure 36: Complete Time-Series of the Open Sky Metric Using the Cloud Organization Algo-
rithm.
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Figure 37: Complete Time-Series of the Number of Objects Metric Using the Cloud Organization
Algorithm.

Figure 38: Complete Time-Series of the Mean Length Scale Metric Using the Cloud Organization
Algorithm.
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Figure 39: Complete Time-Series of the Mean Perimeter Length Metric Using the Cloud Orga-
nization Algorithm.

Figure 40: Complete Time-Series of the Maximum Length Scale Metric Using the Cloud Orga-
nization Algorithm.
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Figure 41: Complete Time-Series of the Cloud Organization Index Metric Using the Cloud
Organization Algorithm.
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