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Abstract
To better understand the impact of small-scale phenomena on large scale atmospheric flow, this research analyzed the
influence of convection on baroclinic instabilities (BIs) in atmospheric flow with the use of an idealistic and simplified
set-up in the MicroHH model. As the length scales of convection and BIs differ by a factor 103 , spatial model
resolution does not allow to combine them in one simulation. A theoretical scaling analysis showed that an increase
of the Coriolis parameter results in a reduction of the scale separation without changing the flow properties too
much. With this result, first, a randomly perturbed baroclinic environment was successfully simulated, as baroclinic
instabilities were obtained (Case 1). Second, a buoyancy flux forcing at the top and bottom boundaries was imposed
on the set-up of Case 1, to obtain convection in a baroclinic environment (Case 2). The results showed that there is
a strong vertical mixing due to convection in the initial stages of the simulation. Furthermore, the BIs are competing
with convection to restratify the domain and therefore does Case 2 show a weaker stratification in the final equilibrium
which results in a decrease of the deformation length (LD ). Future research can build on the successful methods
proposed in this thesis to come up with more complex set-ups that allow to study the influence of convection on BIs
more thoroughly.
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1 | Introduction
1.1

Background

Baroclinic instabilities are the primary cause for large scale weather systems (e.g. cyclones) in the middle latitudes
(Holton and Hakim 2012). This type of instability draws energy from potential energy stored in the stratification of
the atmosphere due to a meridional temperature gradient. On average, weather systems with moderate winds pass
The Netherlands ten times per year and weather systems with strong winds pass the Netherlands twice a year (Smits,
Klein Tank, and Können 2005). A recent example of a heavy storm originated from a baroclinic instability is the
storm that hit the Netherlands the 18th of January 2018. It had a large societal impact as the costs of damage on
houses and cars already add up to over e90.000.000. Besides, two people died throughout the entire Netherlands
public transportation was shut down, Schiphol Airport was closed for some time and over 300 flights were canceled.
The Royal Dutch Meteorology Institute (KNMI) first released an alert for possible danger which later turned into the
highest alert possible, indicating a heavy storm with a large impact on society (Sluijter 2017) (KNMI).
To minimize the impact of weather systems proper forecasts need to be made. To make this possible, different
factors that influence the development of a baroclinic instability need to be taken into account. Examples are: latent
heat release in precipitating systems, shear in the zonal direction in the jet stream and non-linear interactions of
perturbations (Holton and Hakim 2012). Additionally, the importance of a better understanding of the influence of
small scale events, e.g. convection, on large scale atmospheric flow is emphasized by Bony et al. (2015). Hence, to
obtain better weather forecasts the interaction of convection and baroclinic flow needs to be investigated. Furthermore, Bony et al. (2015) describe this knowledge as necessity to gain deeper insight and more confidence in future
climate scenarios (e.g. frequency and intensity of weather events).
The reference length scales of baroclinic instabilities and shallow convection are respectively in the order of 103
km (Vallis 2017) and 1 km (Atkinson and Wu Zhang 1996). It is challenging to combine both phenomena in one
simulation due to the large difference between these length scales. The resolution that used to solve for baroclinicity
is too coarse to solve for convection. For this reason convection is parameterized in weather models which increases
the uncertainties and decreases the accuracy of the forecasts (Lancz, Szintai, and Honnert 2018). As a consequence,
it is difficult to investigate the role of convection on the development of weather systems, therefore, the interaction
of baroclinic instabilities and convection is not completely understood.
A well-studied approach to tackle this problem is the improvement of spatial model resolution which allows for
the resolvent of convection on a smaller scale whereas currently this phenomenon is parameterized (Bauer, Thorpe,
and Brunet 2015). A spatial resolution in the order of tens to hundreds of meters is needed to solve for convection
(Lancz, Szintai, and Honnert 2018) and nowadays the resolution of weather models is several tenths of kilometers
(ECMWF 2017). To obtain the necessary increase in resolution different technological challenges (e.g. data storing
capacity) need to be overcome. This type of research investigates how small scale events can be included (Bauer,
Thorpe, and Brunet 2015).
To tackle this problem for oceanic flow Callies and Ferrari (2018) and Taylor and Ferrari (2010) used a different
approach. It should be noted that for oceanic flow the typical length scale for a baroclinic instability is a factor 10
smaller compared to atmospheric flow (Vallis 2017). In these aforementioned studies non-dimensional numbers are
used to tackle the problem. Callies and Ferrari (2018) used the fact that for increasing Richardson numbers (Ri)
the stratification becomes stronger. As a result upright convection becomes slanted and eventually, when Ri is large
enough baroclinic eddies dominate. Taylor and Ferrari (2010) used a theoretical scaling analysis to bring the length
scales of the baroclinic instabilities and convection closer together. Callies and Ferrari (2018) studied the competition
between baroclinic instabilities and convection with the use of an idealized numerical simulation. To account for
baroclinicity a fixed meridional buoyancy gradient is imposed and to account for convection a surface buoyancy flux is
set. The intensity of this flux is varied in different experiments. For a weak convective forcing there is restratification
and convection is shut down. When this forcing is increased the baroclinic instabilities are too small to restratify
the environment, however, the two phenomena co-exists and the instability can develop further. The work done by
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Taylor and Ferrari (2010) is comparable. In this study a scaling analysis is used to set up a numerical simulation of
turbulent convection in the presence of a zonal density gradient. Opposite to the work done by Callies and Ferrari
(2018), this study varied the zonal density gradient to investigate the competition between convection and baroclinic
instabilities. The results show that for weak zonal density gradients an almost homogeneous mixed layer is formed
and for stronger gradients turbulent layers with strong horizontal and vertical density gradients occur.
In this MSc thesis I build on the methods used by Callies and Ferrari (2018) and Taylor and Ferrari (2010)
that successfully produce convection in an oceanic baroclinic environment. A similar set-up is used, but some flow
properties are modified to simulate an atmospheric flow in stead of an oceanic flow. The length scales of baroclinic
instabilities and convection are brought closer together with a scaling analysis and the results are used to set up the
simulation in the MicroHH model (van Heerwaarden et al. 2017). A model that is typically used to simulate turbulent
atmospheric flows. Both a case with and a case without convection are constructed to make it possible to analyze
the influence of convection on baroclinic instabilities. This research will expand on the knowledge obtained by Callies
and Ferrari (2018) and Taylor and Ferrari (2010). The focus of their research was on oceanic flow and in this study it
is analyzed whether comparable methods are appropriate for atmospheric flow as well. When a successful simulation
is obtained this research contributes to the understanding of the influence of convection on a baroclinic instability.

1.2

Aim and objectives

The aim of this thesis is to investigate the influence of convection on a baroclinic instability in an atmospheric
environment, by setting up a successful simulation in MicroHH that includes both phenomena. This aim leads to the
following objectives:
"To define the important parameters for a simulation of convection in a baroclinic environment."
Variables that are included in the problem will be nondimensionalized which will result in an optimal set of nondimensional parameters. Typical atmospheric values of these parameters will be defined with the use of literature.
Additionally, it is studied how these parameters can contribute in the scaling analysis.
"To set-up a successful simulation of a perturbed baroclinic environment in MicroHH."
It will be analyzed under which meteorological and numerical conditions it is possible to simulate this case successful
and if the perturbations develop into baroclinic instabilities.
"To successfully implement the reduction of length scale separation."
It is studied if this reduction will result in a simulation that includes the effects of baroclinicity and convection.
Additionally, it will be examined whether perturbations develop into baroclinic instabilities in this set-up and whether
convection is correctly implemented in the domain as well.
"To determine which physical processes are important in the simulations to be able to analyze the influence of
convection on baroclinic instabilities."
The results of both simulations will be compared to get a deeper understanding of the influence of convection on
baroclinic instabilities. It will be studied if and how the stratification of the flow is altered by a possible competition
between convection and baroclinic instabilities.

1.3

Thesis outline

In Chapter 2 the mechanisms of the physical processes important for this thesis are fully explained. Additionally,
the derivation of the set of dimensionless parameters which describes the problem of convection in a baroclinic
environment is included. The application of this set of parameters is presented in the methods, Chapter 3. This
chapter also contains a description of the MicroHH model and the set-up of the simulation of a baroclinic environment

1.3. THESIS OUTLINE
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with and without convection. The results and discussion of the different simulations are described in respectively
Chapter 4 and 5. The discussion contains an interpretation of the most important results that helps to understand
the simulations better, a critical review of this research, a comparison of the obtained results with literature and
recommendations for future research. This thesis is finalized with the main conclusions in Chapter 6.
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2 | Theoretical background
Different types of instability can occur in the atmosphere. Nonetheless, in this thesis the focus is on the modeling of
baroclinic instabilities. To understand the set-up of the simulations and to be able to interpret the results correctly,
some additional knowledge is necessary which is provided in this chapter. First, the basics of baroclinicity are explained
(Section 2.1), including both the physics and mathematics to get a complete picture. Second, the use of dimensionless
numbers in this study is explained (Section 2.2).

2.1

Baroclinicity

In atmospheric flow a vertical density gradient is present as air near the surface experiences a higher pressure
than higher up in the atmosphere. For a barotropic environment density only depends on this pressure gradient and
therefore, the density lines are parallel distributed above the surface. In a baroclinic environment, density is dependent
on pressure and temperature and therefore, a horizontal gradient in temperature results in density differences in the
same direction. The horizontal temperature gradient in the meridional direction is for the middle latitudes of most
importance in atmospheric dynamics as it has two implications.
First, When both a horizontal and vertical density gradient are present the isopycnals are aligned in a diagonal
direction as shown in Figure 2.1. Due to this skewed orientation of the density field air parcels can extract potential
energy. When a perturbed parcel migrates from location A towards location B (see Figure 2.1) the density of the
parcel compared to its environment will decrease and it will continue to migrate upwards. As lighter parcels move
away from the surface denser parcels descend which causes the center of mass to shift downward and potential energy
to be subtracted from the environment. This energy is converted into kinetic energy and used by the perturbation
to grow.
Second, as a result of this gradient, the geostrophic wind has a vertical shear (see Figure 2.1). This relation is
defined as the thermal wind balance:
M2
dVG
=
(2.1)
dz
f
In this equation VG is the geostrophic wind [m s−1 ], f the coriolis parameter [s-1 ] and M 2 the horizontal buoyancy
gradient [s-2 ] defined as:
g dρ0
M2 ≡ −
(2.2)
ρ0 dy
In this definition g is the gravitational acceleration constant [9.81 m s−2 ] and ρ0 is the reference density of air [kg
m−3 ].
Different mathematical methods can be used to solve for baroclinicity, examples are Charney’s, Phillip’s and
Eady’s method (Holton and Hakim 2012). The latter is the most simple mathematical description and therefore, this
study uses the results of this method. In the following section the most important properties of Eady’s problem are
discussed.

2.1.1

Conservation equations

As a result of the meridional temperature gradient a vertical shear in the zonal wind component arises. An additional
term needs to be implemented in the conservation of momentum equation in the x-direction. In this research shear is
constant with height and therefore, the zonal wind component has a linear relation with height. This is accounted for
by an additional term in the first equation of the set of conservation equations (see Equation 2.4). Additionally, the
buoyancy tendency equation needs to be modified as the buoyancy profile changes due to the horizontal temperature
gradient. With the use of the thermal wind balance the change of buoyancy is described as:
∂b
= −M 2 = −f Λ.
∂y

(2.3)

6

|

CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.1: Schematic overview of a baroclinic environment. The red lines indicate the isopycnals, the yellow dots
the geostrophic velocity that increases with height and the blue dots the migration of a light parcel towards a more
dense environment, which results in potential energy being taken up from the environment.

In this equation Λ [s−1 ] is the vertical shear of VG . When this expression is multiplied with v [m s−1 ] it will have
the same unit as the buoyancy tendency [m s−3 ]. This will make the term dependent on time instead of distance.
The following set of equations shows the conservation of momentum and buoyancy for a baroclinic environment:
∂2u
∂u
∂u
1 ∂p
+ uT,j
+ f0 v − wΛ + ν 2
=−
∂t
∂xj
ρ0 ∂x
∂xj

(2.4)

∂v
∂2v
∂v
1 ∂p
+ uT,j
− f0 u + ν 2
=−
∂t
∂xj
ρ0 ∂y
∂xj

(2.5)

∂2w
∂w
1 ∂p
∂w
+ uT,j
+b+ν 2
=−
∂t
∂xj
ρ0 ∂z
∂xj

(2.6)

∂b
∂b
∂2b
+ uT,j
= vf0 Λ + κ 2
∂t
∂xj
∂xj

(2.7)

In this set of equations the velocity fields uT,j [m s−1 ] are formulated as follows:
uT,j = uj + VG (z)δ1,j .

(2.8)

uT,j is dependent on VG (basic state) which is a function of height (see Equation 2.1) and the perturbations of the
basic state (uj ). Furthermore, f0 is the Coriolis parameter, ν is the kinematic viscosity [m2 s−1 ] and κ the thermal
diffusivity [m2 s−1 ]. Note: the formulation of the conservation equations in the MicroHH model differs from the set
described above. In Chapter 3.2 the differences are discussed.

2.1.2

The Eady Model

In the Eady model the fluid is considered to be incompressible which results in a constant density throughout the
domain, except when there is hydrostatic stability. It describes the flow in a domain of width L (in both the x and
y direction) and height H and the mean potential vorticity within this domain is equal to zero which makes Eady’s
case unique. To mathematically describe the problem the following assumptions are made:
1. The f-plane approximation (β = 0) is used, ignoring the sphericity of the earth.
2. N 2 has a constant value, indicating a vertically uniformly stratified fluid.
3. There is a uniform shear with height in the x-direction. The zonal velocity is described as U0 = Λz.
4. The bottom (z=0) and top (z=H) boundaries are both rigid and flat.

2.1. BAROCLINICITY

|

7

Figure 2.2: XZ cross-sections that show the solution of the Eady problem. Left: unstable wave with λ = λm , right:
unstable wave with λ ≈ λc . Source: Vallis (2017).

For the Eady case the basic state potential vorticity is equal to zero (see Equation 2.9).
q = ∇2 ψ 0 +

H 2 ∂2 0
ψ =0
LD 2 ∂z 2

(2.9)

This equation contains the perturbation on the basic stream function ψ = ψ + ψ 0 in which the total stream function
is divided in an average and perturbed part and formulated as ψ = −Λzy. Furthermore, q is a function of H, and
deformation radius (LD = Nf0H ). The latter can also be referred to as the Rossby radius. This reference length scale
indicates how far a fluid can travel without influence of the Coriolis force. Weather systems in the middle latitudes
have a length scale in the order of the Rossby radius. Equation 2.9 is solved by following the procedure depicted in
Vallis (2017). With the solution of the phase speed of the baroclinic wave different length scales are obtained (see
Equations 2.10, 2.11). There is a critical length (λc ) for unstable waves to grow. Waves with a smaller wavelength
will dissolve. The maximum wavelength has a size equal to the domain. Additionally, there is a typical wavelength
at which waves are the most unstable and have the largest growth rate (λm ).
λc = 2.6LD

(2.10)

λm = 3.9LD

(2.11)

In the middle latitudes the deformation length is approximately 103 and therefore, instabilities with a wavelength
smaller than 2.6 · 103 m dissolve and equal to 3.9 · 103 m dominate.
Furthermore, the solution of the problem gives the dispersion relations at the bottom (ωb ) and top (ωt ) of the
domain (see Equations 2.13, 2.12). These relations show that the baroclinic waves travels towards the East at the
bottom and the West at the top.
f0 kΛ
ωb =
(2.12)
N (k 2 + l2 )1/2
ωt = −

f0 kΛ
+ kΛH
N (k 2 + l2 )1/2

(2.13)

However, it should be taken into account that the mean flow is towards the East and the perturbations are of a
smaller order and only perturb it. This perturbation is visible in a graphical presentation of the streamfunction (see
Figure 2.2).
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Nondimensional scaling

This section explains how Buckinham’s π method and scaling can be applied to simulate convection in a baroclinic
environment. First, the variables that are important for this problem are discussed. Second, these variables are
combined to obtain a set of nondimensional parameters. Third, the physical meaning and typical values of these
parameters are given. Last, the relation between different types of instabilities and some of the dimensionless numbers
is discussed.

2.2.1

Mathematical description of the problem

Convection in a baroclinic environment is expressed in the following variables:
(Λ, N 2 , B, f, κ, ν, H)

(2.14)

In this expression Λ symbolizes the shear [s−1 ] as a result of the thermal wind balance, N 2 the vertical buoyancy
gradient [s−2 ], B the buoyancy flux [m2 s−3 ], f the coriolis parameter [s−1 ], κ the thermal diffusivity [m2 s−1 ], ν
the molecular viscosity [m2 s−1 ] and H the domain depth [m]. Buckingham’s π theorem (Kundu and Cohen 1990)
is applied to obtain a set of non-dimensional parameters that describe the problem.
Formulation of dimensionless parameters
According to Buckinham’s π theorem, the problem with convection in a baroclinic environment can be described
with five dimensionless parameters, since the total amount of independent variables is seven (see Equation 2.14) and
there are two explanatory dimensions (time [s] and length [m]). H and f are selected as repeating variables to define
the non-dimensional parameters:
Π1 = f −1 Λ
(2.15)
Π2 = f −2 N 2

(2.16)

Π3 = H −2 f −3 B

(2.17)

Π4 = H −2 f −1 κ

(2.18)

Π5 = H −2 f −1 ν

(2.19)

Π4 and Π5 can be used to obtain the Prandtl number (P r):
Π04 = Π5 Π−1
4 =

ν
≡ Pr
κ

(2.20)

To get a better physical understanding of the additional parameters, some typical length and velocity scales are
introduced. With the scaling method used by van Heerwaarden and Mellado (2016) the convective length- (Lc ) and
velocity scale (Uc ) are defined with variables included in Equation 2.14:
1
 2 −3  12
B 2
m s
= [m]
Lc ≡
⇐⇒
N3
s−3
  12
 2 −3 
B
m s
Uc ≡
⇐⇒
= [m s−1 ]
N
s−1


(2.21)

(2.22)

With these scales it is possible to express the Reynolds number (Re) in variables included in Equation 2.14:
Re ≡

1
3
1
1
Uc Lc
B
= B 2 N − 2 B 2 N − 2 ν −1 = 2
ν
N ν

(2.23)

and when Π2 , Π3 and Π5 are combined this result is obtained as well:
−1
−2 −3 2 −2 2 1 −1
Π05 = Π3 Π−1
f f N H f ν =
2 Π5 = BH

B
= Re
N 2ν

(2.24)

2.2. NONDIMENSIONAL SCALING
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Next Π2 and Π3 are combined and Lc is substituted into the result:
− 32

Π03 = Π3 Π2

1

3

= BH −1 f −3 N −3 f 3 = BH −2 N −3 → B 2 H −1 N − 2 =

Lc
H

(2.25)

Additionally, Π1 and Π2 are used to obtain the gradient Richardson number (Ri) (Galperin, Sukoriansky, and Anderson
2007):
N2
2 −2 2 −2
(2.26)
Π01 = Π−2
N f = 2 ≡ Ri
1 Π2 = f Λ
Λ
The length scale of deformation (Ld ) (for a continuously stratified fluid) is used to characterize the baroclinic length
scale in this problem and is defined by Holton and Hakim (2012) as:
Ld ≡

NH
f

(2.27)

Finally, Π2 and Π03 are combined and LD is substituted into this result:
1

= N f −1 HL−1
Π02 = Π22 Π0−1
c =
3

Ld
Lc

(2.28)

Altogether, this results in the final set of dimensionless parameters:


Ld Lc
, , P r, Re
Ri,
Lc H

(2.29)

In the following section, the physical meaning of each of the parameters in Equation 2.29 is explained. The
typical values of the parameters are also described. To determine these values, (approximates of) typical variable sizes
(see Table 2.1) are used. These typical variable sizes are representative for the middle latitudes or are an atmospheric
property. Additionally, the application of this set of parameters to bring the length scales of a baroclinic instability
and convection closer together is introduced. This is described in more detail and applied in Chapter 3.
Table 2.1: Typical middle latitude values for the variables that contribute to convection in a baroclinic environment.
Λ (s−1 )
10−3

N 2 (s−2 )
10−4

B (m−2 s−3 )
10−2

f (s−1 )
10−4

κ (m2 s−1 )
1.9 · 10−5

ν (m2 s−1 )
1.5 · 10−5

H (m)
104

Physical meaning of the non-dimensional parameters
The set of non-dimensional parameters presented in Equation 2.29 contains three well known dimensionless numbers;
Ri, P r and Re. Ri is a measure for stability. Values below 0.2 indicate a dynamically unstable flow and for
values larger than 1 the flow is stable (Galperin, Sukoriansky, and Anderson 2007). The transition from laminar to
turbulent flow occurs in the ranges from 0.2 − 1. Larger values indicate a relatively strong stratification and therefore,
stable conditions (Galperin, Sukoriansky, and Anderson 2007). P r gives the ratio of kinematic viscosity to thermal
diffusivity. In this study this parameter is set to a value of 0.79 as this is a representative value for the atmosphere
(Gavrilov and Yudin 1992). Re indicates the ratio between inertial and viscous forces. Large Re values (Re1) hold
for turbulent fluids and are typical for the atmosphere (Re∼107 ) (Holton and Hakim 2012).
Additionally, the problem of convection
in a baroclinic environment is described by two other parameters that
 
LD
are less well-known. The first one LC describes the ratio between the deformation length scale and the convective
length scale. It characterizes the length scale difference between a baroclinic instability and convection. This
parameter has a typical value of approximately 103 . The last parameter is the ratio between the convective length

scale and the domain depth LHC . This value indicates the convective fraction, from the entire domain. This
dimensionless number has a typical value of approximately 1 for deep convection.

10
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Scaling of the non-dimensional parameters
To bring the length scales of a baroclinc instability and convection closer together Π2 needs to become smaller. This
is the only parameter that contains f and therefore, it stands out. When f is changed the other nondimensional
numbers remain the same and the mathematical description of the problem will not change much. In Chapter 3 this
method is described in more detail.

2.2.2

Distinguishing different types of instabilities

Besides baroclinic instabilities, it is also possible for symmetric and Kelvin-Helmholtz instabilities to occur in a
baroclinic environment. Stone (1971) showed under which conditions what type of instability arises. He used the
Richardson number (Ri) (Equation 2.30) and the ratio (δ) of the aspect ratio and the Rossby number (Ro) (Equation
2.31) to determine the stability properties of the flow.
5

αgH 2 ∂ θ̄
N2
Ri =
= g 3 H2
U02 ∂z
B2
√
1
2ΩH
2f HN 2
δ=
=
1
U0
B2

(2.30)

(2.31)

In these equations α is the thermal expansion coefficient [3 · 10−3 K−1 ], and Ω is the angular speed of rotation
[rads−1 ]. In the latter the aspect ratio and Ro are defined as respecitively H/LD and U0 /2ΩLD . Both parameters
are expressed in variables that are an element ofEquation 2.14 to analyze them. It is of importance that Ri includes
∂b
0)
the effect of Buoyancy N 2 = ∂z
= θg0 ∂(θ−θ
and δ the effect of rotation as these properties are competing in
∂z
a baroclinic environment. Ri can be physically interpreted as a stability measure to determine if turbulence exists
(Vallis 2017). The aspect ratio indicates to what extent the flow is deviated from hydrostatic equilibrium. When
δ = 0 is true, hydrostatic equilibrium holds. The growth rate of all three instabilities decreases for an increasing
deviation from hydrostatic equilibrium (Stone 1971).
In case of a strong stratification (large values for N ) the flow is shallow and parallel to stratification surfaces.
Gravity waves are generated as a result of the buoyancy force restoring the equilibrium state. Additionally, inertial
waves occur, due to the presence of rotation, to restore equilibrium. Ri and δ can be used to describe the importance
of both waves.
The different instability regimes as a function of Ri and δ are shown in Figure 2.3. When Ri > 1 it is only
possible for a baroclinic instability to occur independent of the value of δ. For the simulations in this research it is
important to have a value for Ri that is sufficiently larger than 1. The set-up for the simulations done by Callies and
Ferrari (2018) result in Ri ≈ 104 . It is difficult to interpret the meaning of such a large value for Ri. For this study
it is desired that the value is in the order of 1.
The dependence of the three instabilities on δ when Ri < 1 shows that baroclinic instabilities occur for large
values of this parameter. This indicates the importance of rotation for a baroclinic instability as large values of δ can
be the result of large values for Ω. Furthermore, it shows stretching in the vertical direction is important. Relatively
large values of LD will result in non-hydrostatic movement as density is not only dependent on pressure for the
distance an air parcel will travel. Stone (1971) concludes from this that non-hydrostatic effects are not significant for
baroclinic instabilities when the aspect ratio is not much larger than 1. For this to hold, H and LD should be of the
same order. If this condition holds the vertical motions are relatively weak and hydrostatic equilibrium is preferred
to use in experiments.

2.2. NONDIMENSIONAL SCALING
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Figure 2.3: Instability regimes as a function of Ri and δ. BI indicates baroclinic instabilities and SI and KH respectively
symmetric and Kelvin-Helmholtz instabilities. The dotted line presents the conditions for which the growth rate of
BI and SI are equal. The dot (1.4,2) indicates the values of δ and Ri that are used in this research (see Section 3.3).
Adapted from: Stone (1971), p. 669.
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3 | Methodology
In this thesis the possibilities to simulate convection in a baroclinic environment are analyzed. This chapter describes
the methodology that is used which is based on the work done by Callies and Ferrari (2018) and Taylor and Ferrari
(2010). Section 3.1 describes how the scaling analysis is applied to bring the length scales of baroclinic instabilities
and convection closer together. The output of this analysis is used to set up the simulations in the MicroHH model.
In Section 3.2 a description of this model and the needed modifications to make it appropriate for this study are
presented. This Chapter concludes with an elaborate description of the set-up of the two cases that are used in this
research (Section 3.3).

3.1

Nondimensional numbers

The scaling of nondimensional numbers is used in this study to bring the length scales of baroclinic instabilities
and convection closer together (Kundu and Cohen 1990) to make it possible to combine both phenomena in one
simulation. In the previous chapter the mathematical description of convection in a baroclinic environment is derived
and the following nondimensional formulation is obtained:


Ld Lc
Ri,
, , P r, Re
(3.1)
Lc H
To bring the length scales closer together without influencing the problem description too much the scaling should be
controlled with one nondimensional number. The coriolis parameter is a good variable to use as it only contributes
d
to L
Lc which describes the ratio between the deformation length (Ld ) and the convection length scale (Lc ). The aim
is to decrease this ratio which can be done by varying the value of f . A typical value for f on the middle latitudes
is in the order of 10−4 s−1 which results in a deformation length of approximately 1000 m (Ld = N H/f ). When f
increases, rotation is more important, air is more easily deflected and the typical length scale of a baroclinic instability
as well as the typical time it takes for it to occur decrease (Holton and Hakim 2012). For this case f is multiplied
with a factor 100 resulting in a decrease of the same order of the deformation length. This multiplication can be
physically interpreted as the earth having a 100 times as large rotation velocity compared to reality.

3.2

The MicroHH model

MicroHH is designed for the simulation of atmospheric turbulent flow with direct numerical simulation (DNS) or
large-eddy simulation (van Heerwaarden et al. 2017), the prior option is used in this research. DNS is a tool to
approach the analytical solution of the Navier-Stokes equations (Moin and Mahesh 1998). The model allows to
analyze turbulent flows without experiments in a laboratory. MicroHH solves the Navier-Stokes equations under the
Boussinesq approximation which means that the reference density is constant with height. This approximation is
generally used for calculations on buoyancy-driven flow. To legitimately use this approximation first, the aspect ratio
needs to be ≤ 1 because a large domain height can cause the hydrostatic pressure to vary which results in density
differences. Second, motion has a timescale ≥ minutes as large velocities can result in pressure differences caused by
velocity divergence. Third, the moving waves need to have a much smaller frequency compared to sound waves to
make it possible to extract them. Fourth, the thermodynamic variables can only vary little from the reference value
and Some other properties of the MicroHH model are:
1. The lateral boundaries are periodic and the top and bottom boundary conditions can be prescribed.
2. Rotation can be implemented with a rotating reference frame on an f-plane.
3. Time integration is done with a third or fourth order Runge-Kutta scheme.
The output of the model consists of vertical profiles from both diagnostic (calculated seperately) and prognostic
variables (= directly predicted by the model). Not only the horizontal mean of the prognostic variables but also the
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variance, skewness and kurtoses are part of the output. In this research both the means and the variance of θ, v, u
and B are used to analyze the simulations. Additionally, there is a possibility to obtain cross sections and 3D fields
of all different variables. The latter will not be used in this study however, the possibility of creating cross sections in
the xy- and xz-direction is used for the variable θ. These cross sections offer the possibility to see how the structure
of the flow evolves over time in detail. The details are averaged out in the vertical profiles which enable to analyze
the larger-scale-state of the domain.

3.2.1

Additions to the model

The MicroHH model did not account for baroclinicity and therefore, some changes to the code of the model are
made. The buoyancy tendency in this case is dependent on the meridional buoyancy gradient. Accounting for the
thermal wind balance (Equation 3.2) the buoyancy tendency can be formulated as:
f

∂ug
∂b
= fΛ = −
= −M 2
∂z
∂y

(3.2)

∂b
+ uT · ∇b − vf Λ = κ∇2 b
(3.3)
∂t
The momentum equation in the zonal direction is also influenced by baroclinicity. In MicroHH the velocity component
is formulated as follows:
uT = u + Vg

(3.4)

Vg = (ug , 0, 0)

(3.5)

in which

where ug is the zonal component of the geostrophic wind.
The thermal wind balance describes how the geostrophic wind (Vg ) changes with height as a result of the lateral
buoyancy gradient. The velocity tendency takes part in the momentum equations and therefore, the change in zonal
wind over time is already included in the model and does not need to be added to the code. In the buoyancy tendency
equation there is no term present that adapts throughout the simulation and an additional term is necessary. This
additional term includes a constant shear which does not change over time and therefore the lateral temperature
gradient (θy ) does not change over time. Because of this, the domain is an inexhaustible source of potential energy
and the baroclinic instabilities and periodic boundary conditions are not be able to break down θy .

3.3

Simulation set-up

This section defines the set-up of two cases used to accomplish the aim of this study:
1. An initially randomly perturbed baroclinic environment.
2. An initially randomly perturbed baroclinic environment with a continuous surface buoyancy flux forcing.
Below, the set-up of the first case is described thoroughly. Hereafter, the differences between the first and second
case are described. The set-up for the second case will not be described in much detail as the input for both cases
is quite similar except for some minor differences in input variables. The input for the model consists of parameters,
vertical profiles and boundary conditions.

3.3.1

Set-up case 1

The numerical and physical input variables for the simulation of a baroclinic environment are presented in Table 3.1.
The numerical parameters are defined in such a way multiple baroclinic instabilities can develop over time and
after some development still fit the domain. The values used for the viscosity (ν), diffusivity (κ), vertical potential
temperature gradient (θz ), horizontal potential temperature gradient (θy ), potential temperature at z = 0 (θ0 ),
vertical zonal wind gradient (Uz ) and zonal wind at z = 0 (U0 ) are based on common values for the middle latitudes.
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As described in Section 3.1, the value of f differs from a typical middle latitude value. These variables are used to
calculate Ri with the method used by Stone (1971) discussed in Section 2.2.2 and it is approximately 2 (see Figure
2.3). This is in the order of the desired value as it is clearly larger than 1 however, is is not too large to understand
the physics.
In this simulation the initial vertical profiles for U and θ are prescribed as a linear function of respectively the Uz
and θz . When perturbations are superimposed on these profiles they can evolve into baroclinic instabilities. MicroHH
offers the possibility to apply random noise on different variables at a specific height with a controlled amplitude (van
Heerwaarden et al. 2017). In this case the noise is superimposed on θ and spread throughout the entire domain with
an amplitude of 0.2 K.
The model has horizontal periodic boundary conditions, which signifies that fluid going out on one side enters
the domain unaffected on the opposite side. With this method the domain will resemble an infinite domain more
closely and problems due to finite boundary conditions are evaded. For both the top and bottom free-slip conditions
are applied and therefore, at these boundaries the vertical velocity (w), the vertical gradient of the meridional velocity
(Vz ), and Uz are equal to zero.
Furthermore, the geostrophic wind is used as large scale pressure force, there is no moisture present in the
domain, the reference density is constant (Boussinesq approximation) and there is no surface flux at the top and
bottom of the domain. Time integration is done with a fourth order Runge-Kutta scheme that uses five solving steps.

3.3.2

Set-up case 2

To account for convection in the second case a buoyancy forcing needs to be formulated. This is done with the
formulation of a flux at z = 0 and z = H (Table 3.2). At both locations the flux is of equal sign and magnitude
which results in warming at the bottom and cooling at the top of the domain. All other model settings are equal to
those of the first case.
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Table 3.1: Numerical and physical initial parameters for the simulation of baroclinic instabilities in the MicroHH
model. The black squares in the five columns on the right-hand side indicate to which nondimensional number(s)
the parameter contributes.
Parameter (physical quantity)

Value [unit]

Height (H)
Domain width (Lx , Ly )
Grid points (-)/Horizontal resolution (∆x, ∆y)
Grid points (-)/Vertical resolution (∆z))
Simulation time (T )
Time step (∆T )
Viscosity (ν)
Diffusivity (κ)
Coriolis parameter (f )
Vertical potential temperature gradient (θz )
Horizontal potential temperature gradient (θy )
Potential temperature at z = 0 (θ0 )
Vertical zonal wind gradient (Uz )
Zonal wind at z = 0 (U0 )

Ri

Ld
Lc

Lc
H

Pr

Re

3

10 [m]
105 [m]
480 [-]/208 [m]
48 [-]/21 [m]
300,000 [s]
600 [s]
10−3 [m2 s−1 ]
10−3 [m2 s−1 ]
10−2 [s−1 ]
6·10−3 [K m−1 ]
-10−4 [K m−1 ]
300 [K]
10−2 [m s−1 m−1 ]
0 [m s−1 ]

Table 3.2: Additional parameter for the simulation of convection in a baroclinic environment in the MicroHH model.
The black squares in the five columns on the right-hand side indicate to which nondimensional number(s) the
parameter contributes.
Parameter (physical quantity)
Buoyancy flux (B)

Value [unit]
10

−1

2

[m s

−3

Ri
]

Ld
Lc

Lc
H

Pr

Re
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4 | Results
In this chapter the results of the two simulated cases:
1. An initially randomly perturbed baroclinic environment,
2. An initially randomly perturbed baroclinic environment with a continuous surface buoyancy flux forcing,
are discussed. For both cases horizontal and vertical cross sections of the potential temperature (θ) are analyzed
to get a general impression of how the structure of the flow evolves over time. These plots can also show whether
rotation is implemented correctly. Second, the evolution of vertical profiles of different meteorological variables over
time and of the horizontal variance at the last time steps of these meteorological variables are analyzed to obtain
knowledge on the statistics of the simulations. At last, spectra are presented to obtain knowledge on the length
scales important within the domain. The first case is analyzed prior to the second case. For all results t is multiplied
with f to make it non-dimensional.

4.1

Case 1: A baroclinic environment

The initial perturbations have a small amplitude in the order of 10−1 K. Figure 4.1a shows that the perturbations in
the horizontal cross section of θ at z = 10 m after 100 time steps (t = 0.1) are still in the order of 10−1 K. The
same holds for the perturbations visible in the vertical cross section. This cross section still clearly shows the linearly
prescribed vertical temperature profile at this time step (see Figure 4.2a).
Later in the simulation bigger structures arise in both the horizontal and the vertical direction. Figure 4.1b
shows alternating warmer and colder structures in the horizontal direction. These structure have a cross section in
the order of 10 km. Striking is that the mean of θ and the deviation from the mean value of θ in this horizontal plane
have increased. At this point rotation is visible however, not very clear. It is possible to detect parts in the cross
section where the warmer and colder areas start to circulate around each other. This result is as expected as the
structure sizes are large enough (≥ LD ) to undergo changes as a result of Coriolis forcing. Due to the fast growing
rate of the structures these effects are not that clearly visible yet. The vertical structure has significantly changed as
well compared to the beginning of the simulation (see Figure 4.2b). Over the entire domain height θz = 0 K m−1 .
At this time step this part of the domain seems to be dominated by warmer structures. The range of θ for this time
step is smaller than for the initial time step, which is possibly the result of a redistribution of the energy due to the
vertical mixing that has taken place, the vertical profiles will give more insight on this.
At a later time step (t = 2000) counterclockwise rotation is clearly visible (see Figure 4.1c). f Is taken as
a positive value in this simulation which agrees with rotation on the northern hemisphere where cyclones have
counterclockwise rotation. The structures have increased in size and the temperature gradient between warmer and
colder structures has become stronger as there is a bigger contrast visible in the plot. The range of θ has increased for
this plane. Restratification has taken place as a result of vertical buoyancy fluxes driven by the baroclinic instabilities.
The same holds for the vertical cross section at the same time step (see Figure 4.2c). So in this vertical plane the
range in θ first decreases and then strongly increases however, the vertical mixing is still clearly visible.
At the end of the simulation (t = 3000) the features in the domain increased in size compared to the previous
time step. The cyclones almost fill the entire domain. Additionally, the range of θ has increased as well for both the
horizontal and vertical direction (see Figure 4.1d and 4.2d). Comparing both the horizontal and vertical cross section
for this time step it is clearly visible that the rotating systems extend in both the horizontal and vertical direction
and that one system fills a significant part of the domain. This is as expected because the maximum wavelength has
a similar size to the domain.
To get a better understanding of what happens within the domain throughout the simulation vertical profiles
of different meteorological variables are plotted for different time steps (see Figure 4.3). These plots show the
horizontal averaged value as a function of height for the entire domain. The initial vertical profile of θ gets perturbed
starting at approximately t = 600. It seems that first, the domain gets vertically mixed, with a maximum mixing at
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Figure 4.1: Horizontal cross sections of θ at z ≈ 10 m at time steps t = a) 0.1 b) 1000, c) 2000, d) 3000 for
the simulation of an initially randomly perturbed baroclinic environment. Time is multiplied with f to make it
non-dimensional.

t = 1200, whereafter, the stratification sets in again. This does not hold for the Eady case where the stratification
directly becomes more stable (Grotjahn 2014). A possible explanation for this vertical mixing is the presence of
symmetric instabilities (slanted convection) (Taylor and Ferrari 2010). It could be possible that in the early stage
of the simulation the baroclinic instabilities are not strong enough to compete with the buoyancy flux driven by the
slanted convection which allows for vertical mixing. At a certain moment the baroclinic instabilities are strong enough
to compete with the slanted convection and might even shut it down as there are no longer signs of vertical mixing.
However, this is not as expected as the Richardson number of 2 should not allow for symmetric instabilities to occur
(Stone 1971). Further on in the simulation, the stratification reaches a maximum at approximately t = 2700. At
the end of the simulation the vertical profile of θ seems to be becoming similar to the initial profile. However, near
the bottom and top boundary the gradient of θ is larger and near the center the gradient is smaller. It is not to
be expected that the stratification loses intensity at the end of the simulation because, the environment acts as an
inexhaustible source of potential energy. The instability can take up this energy to develop further. Possibly, the
domain has reached a statistical equilibrium at the end of the simulation and starts to fluctuate around it.
Similar to θ, the perturbation of the initial vertical profile of v is visible at time step t = 600. First, this
perturbation grows to a maximum of approximately ± 0.75 m s−1 at t = 900. Then, the perturbation starts to
decrease again. However, at the last time step the the perturbation has increased again. Comparable to the vertical
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Figure 4.2: Vertical cross sections of θ at y ≈ 100 m at time steps t = a) 0.1, b) 1000, c) 2000, d) 3000 for the
simulation of an initially perturbed baroclinic environment. Time is multiplied with f to make it non-dimensional.

profile of θ the the vertical profile of v is possible also fluctuating around a statistical equilibrium. This profile shows
that at the bottom there is a flow in a negative meridional direction indicating that colder air is transported towards
warmer areas. At the top of the domain there is flow in a positive meridional direction which indicates warmer air is
transported towards the colder areas. This lateral movement causes the domain to cool at the bottom and warm at
the top which is clearly visible in the vertical profile of θ.
The bottom and top boundary are rigid and flat and therefore, it is expected that w remains zero during the
entire simulation at these boundaries. This means that there is no fluctuation in w (w0 = 0). This results in θ0 w0
being zero at the boundaries as well. Figure 4.3c agrees with this expectation. The initial conditions prescribe there
is only flow in the horizontal direction and due to θz the domain is stratified. As a result w0 and θ0 w0 are zero over
the entire vertical direction. Further in the simulation, the baroclinic instability starts to break down the stratification
and therefore, vertically mix the domain. The vertical profile of θ0 w0 supports this, as a vertical flux within the
domain holds for t = 600 and later time steps. As expected, the flux at the surface remains zero. Similar to v, this
vertical profile is maximum perturbed at t = 900 whereafter, the perturbation seems to decrease again. However,
in contradiction to v the perturbation starts to increase again at t = 1800. This profile seems to be fluctuating
around a statistical equilibrium from this time step onwards. This plot shows that the baroclinic instabilities cause
the domain to be vertically mixed as a result of an increase in the buoyancy flux. Around t = 900 the vertical mixing
is the strongest.
The vertical profile of u shows the least changes over time which indicates that the mean flow is not influenced
much by the baroclinic instabilities. This is expected for Eady’s case in which the mean flow does not change during
the development of baroclinic instabilities. At t = 600 there is a small perturbation at the boundaries. However, after
t = 1500 the perturbation decreases significantly and becomes negligible. This is as expected as the overall pressure
force that causes the geostrophic wind does not change during the entire simulation. A possible explanation could
be that the geostrophic balance is disrupted in the beginning stages of the simulation. However, after some time the
balance seems to be acquired again. And also this profile shows that a statistical equilibrium has been reached.
The vertical profiles show symmetry around the center of the domain (H = 500 m). Because of the symmetric
set-up of the domain this is as expected. The top and bottom boundaries have equal conditions and the initial
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Figure 4.3: Evolution over time of the vertical profiles of a) θ, b) v, c) θ0 w0 and d) u in a baroclinic environment.
These graphs show for each variable the horizontal average. Time is multiplied with f to make it non-dimensional.

conditions are homogeneous throughout the entire domain. However, not all vertical profiles show perfect symmetry.
Especially some profiles of θ0 w0 are not symmetric at all. A possible explanation could be the positioning of the
baroclinic instabilities that pass through the domain which is not symmetrically.
Vertical cross sections of the variance of different meteorological variables are plotted to analyze the symmetry
of the flow further (see Figure 4.4). However, except for w, these plots show little symmetry. Additionally, as the
top and bottom boundary have the same prescribed conditions it is to be expected that at z = 0 and z = 1000 the
variance for the different variables are similar. Again, only for w this is true. It should be noted that due to the
rigidness of the boundaries it is physically not possible for the variance of w to be anything but zero. This explains
why the variance is equal at the top and the bottom for this variable. For the other variables shown in Figure 4.4
this condition does not directly imply that the values at the top and bottom should be similar. Figures 4.1 and 4.2
show that at the end of the simulation the instability takes up a large part of the domain, however, not entirely. The
vertical cross section of the last time step shows that the gradients in the x-direction at the top of the domain are
larger than the temperature gradients at the bottom of the domain. This indicates a stronger instability at the top
of the domain which means that it is not symmetric with height. Therefore, the variance of the variables θ, u and v
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Figure 4.4: Vertical profiles for the horizontal variance of a) θ, b) u, c) v and d) w in a baroclinic environment at
the end of the simulation. This figure shows the average of the time steps t = 2500 - t = 3000.

in Figure 4.4 shows no symmetry. To obtain vertical profiles with perfect symmetry the variance should be averaged
over more time steps. Additionally, to obtain symmetric profiles the basic state of the domain should not change
over time. However, the baroclinic instabilities are not fully developed yet at an earlier stage of the simulation and
therefore, the system has not reached a statistical equilibrium at that point. When vertical profiles of different time
steps of a system that is still under development are averaged, the result will not be symmetric and therefore, this
has not been done.
Furthermore, spectra are analyzed to obtain information on the length scales within the domain. These spectra
show the result of a fast Fourier transform of the horizontal cross section of θ of the domain at a height z ≈ 10
m. The result is the energy density (E) which can be explained as the contribution of a specific wavelength to
the variance of the signal. The development of E of different wavelengths over time (see Figure 4.5) indicates
first, that all wavelengths are of similar importance in the beginning of the simulation. In the first time steps all
wavelengths show a decrease in E. This is probably due to the stratification within the domain that breaks down the
perturbations. However after some time (t = 300) the baroclinic instabilities seem to have taken up potential energy
from the environment and start to develop. Wavelengths in the range of 2439 - 9090 m dominate in these beginning
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Figure 4.5: The development of the energy density of different wavelengths over time at z ≈ 10 m. The wavelengths
develop from an initially randomly perturbed baroclinic environment. Time is multiplied with f to make it nondimensional.

stages of the simulation (see Figure 4.5a). The smallest wavelengths (900 - 1960 m ) show a distinct decrease in
E around this time. For the Eady problem the critical length scale can be expressed as 2.6LD (Vallis 2017). In
this research LD has a value of 1400 m. The critical wavelength is therefore, 3640 m. This indicates that the eight
smallest wavelengths depicted in Figure 4.5 should show a clear decrease in E at the beginning of the simulation.
However, this is not the case for all these wavelengths and therefore, the simulation does not correctly present the
Eady problem. It seems as if the cut-off length is close to 1587 m as this is the largest wavelength that shown a clear
minimum. Around t = 500 the smallest wavelengths show a strong increase in E this is caused by the dissipation
of larger wavelengths. In the period between t = 0 and t = 600, λ = 4761 m shows the largest development rate.
This is in agreement with the Eady problem that describes a maximum growth rate for λ = 3.9LD which is a length
of 5460 m. It should be noted however, that LD changes throughout the simulation as a result of the varying value
for N (see Figure 4.3a). First, the domain becomes well vertically mixed and therefore, N decreases which results in
a decrease in LD (LD ≡ NfH ). Nonetheless, around t = 500 the vertical profile of θ is very little perturbed. This
implies that the wavelength with a maximum growth rate should theoretically be close to 5460 m. When E of the
smallest wavelengths starts to increase again (t = 500), E of the maximum wavelength (λ = 100000 m) starts to
strongly increase as well and eventually dominates. The development of the largest wavelength is also clearly visible
in the horizontal cross section of θ (see Figure 4.1d).
Also, it is found that around t = 600 when the vertical profiles start to get perturbed (Figure 4.3) the spectra
show locally a maximum value for E for all wavelengths. The vertical profiles showed that around t = 600 the
domain gets vertically mixed which competes with the development of the instabilities. However, around t = 700 the
instabilities start to develop further again.
After some time (t = 1500) the smaller wavelengths show little variation in E. The density of the maximum
wavelength (λ = 100000 m) still increases after this time step. The structures in the domain take up potential energy
from the baroclinic environment which enables them to grow. At the same time dissipation takes place and larger
structures are broken up into smaller structures. At time step t = 2500 these processes have reached a statistical
equilibrium for all wavelengths.
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Figure 4.6: The energy density as a function of wavelength for case 1 (red) and 2 (orange) at time step a) t = 100,
b) t = 1000, c) t = 2000, d) t = 3000. Case 1 and 2 respectively present the simulation of a baroclinic environment
without and with convection. The black lines indicate the spectral slopes −3 and − 53 that are typical for the
atmosphere at the specific wavelengths.

Additionally, spectra of E as function of wavenumber (k) are plotted for several time steps (see Figure 4.6).
These plots are used to analyze how E is distributed over different wavelengths. In the beginning stage (t = 100)
of the simulation (see Figure 4.6a) the values of E show a comparable order for different values of k. This is as
expected, as random perturbations of all sizes that fit in the domain are superimposed on the initial field. Quickly,
E strongly increases for the smaller values of k. Additionally, E shows little change for the larger values of k. This
can be explained by the fact that smaller length scales develop into larger length scales and therefore, the density of
these smaller length scales does not increase. The last two time steps presented in Figure 4.6 show similar results
which can indicate E achieved a steady state at the end of the simulation, the development rate of the instabilities
has become similar to the degradation rate of the eddies.
In literature is found: for wavelengths of a few thousands of kilometers (synoptic scale) the spectral slope has a
value of −3 (Nastrom and Gage 1985) and for wavelengths of a few hundreds of kilometers (mesoscale) the spectral
slope has a value of − 53 (Nastrom and Gage 1985). These spectral slopes typical for large scale atmospheric dynamics
are depicted in Figure 4.6 with black lines. For all time steps presented in this figure, except the first, the slope of
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− 53 is visible. The other slope is not well represented in the plots. This could however, be a result of a too small
domain. Due to the size of the large instabilities only few fit within the domain and therefore, the left hand side of
the spectra consists of only a few data points. Consequently, there is a large uncertainty in this part of the plots and
it is difficult to make conclusions based on it. It does seem however, that in this part of the spectrum the slopes
do increase for the last three plots. Furthermore, according to literature the two spectral slopes cross each other for
wavelengths in the order of 600 km (Tulloch and Smith 2006) which is similar to k = 2 · 10−5 . This does not hold
for this case. Vallis (2017) describes that the atmosphere shows a spectral slope of −3 for wavelengths similar to
and a bit smaller than LD . The smallest wavelength that shows a slope of −3 has value of approximately 800 m.
LD has a similar order as it is equal to 1400 m. To further analyze this, the simulation should be repeated with a
larger domain to increase certainty in this part of the spectra.

4.2

Case 2: Convection in a baroclinic environment

Both the horizontal and vertical initial cross sections of the simulation with convection at t = 0.1 show differences
compared to the simulation without convection (see Figures 4.7a and 4.8a). Case 2 does not show results similar to
the initial conditions like Case 1. For Case 2, the perturbations in the horizontal cross section are a factor 10 larger
than the initial perturbations and the vertical temperature gradient is completely disrupted at this point. The vertical
cross section shows quite a homogeneous spread of θ ≈ 302.5 K. It seems as if the energy is completely vertically
mixed because this value of θ is the average of the initial vertical profile of θ. However, comparable to Case 1, there
are not yet distinct structures evolving at this time step and rotation is not visible.
It is evident that for t = 1000 the instabilities are further developed compared to case 1 at this stage (see Figure
4.7b). Futhermore, rotation is already visible which was not the case for the first simulation. It seems, the process
of development of the instabilities is faster for the run with convection. The vertical cross section at this time step
resembles the vertical cross section of Case 1 at time step t = 2000. Additionally, the range of θ is much larger for the
simulation with convection both for the horizontal and vertical cross section (see Figure 4.8b). On average, θ mostly
remains between 296 and 312 K but, for the centers of the instabilities θ goes up to a maximum of approximately 324
K. So, the simulation shows more extremes as a result of two possible explanations. First, it could be possible that
the convection is strong enough to mix most of the domain though, not the centers of the baroclinic instabilities. As
a result the centers are not mixed and show a large contrast in θ with their environment. Second, it could be possible
that the extremes are a result of strong convergence, as the cyclonic structures are low pressure systems. Therefore,
there is a strong upward drift that transports the heat from the bottom boundary flux. The temperature gradients
in these areas are very strong compared to those visible in Case 1. A difference in the structure of the flow of both
cases is the smoothness of the structures in the flow. Without convection the differences in θ within one structure
are smooth. For the run with convection this is not the case as this result shows patches within the structures.
Last, it is striking that more cyclonic structures are present compared to Case 1. Also, these structures seem to be
a bit smaller. This indicates that convection possibly reduces LD . This implies that N should decrease during the
simulation as LD = NfH which is actually expected, as convection can break down the stratification (Callies and
Ferrari 2018). Later on in this thesis the vertical profiles of θ and other meteorological variables are presented and
this theory is discussed further.
In the time step t = 2000 the contrast in θ between the instabilities and the environment has increased compared
to the time step t = 1000 (see Figure 4.7c). The maximum value of θ is now approximately 342 K. However, this
extreme value only appears at one location and the rest of the horizontal cross section shows values for θ between
approximately 295 K and 312 K. The area with the extreme value shows a strong gradient of θ which indicates a
strong instability. Convection seems to enhance the strength of the instability as this gradient in θ is much larger
than the gradients for a baroclinic environment without convection. Also at this time step, patches are visible in
the flow. The vertical cross section at this time step shows little differences for both cases (see Figure 4.8)c. The
only difference is the area of the warmer and colder parts of the structures visible in the plot. In the simulation with
convection the red area is smaller. This could be a result of the larger development rate of the baroclinic instabilities
in an environment with convection. For Case 1 first, there are signs of slanted convection that mixes the domain.
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Figure 4.7: Horizontal cross sections of θ at z ≈ 10 m at time steps t = a) 0.1, b) 1000, c) 2000, d) 3000 for the
simulation of an initially randomly perturbed baroclinic environment with a constant buoyancy flux forcing of 10−1
m2 s−3 . Time is multiplied with f to make it non-dimensional.

In the presence of a convective forcing at the boundaries, the domain is completely vertically mixed in an earlier
stage. This vertical mixing results in a decrease in N and as described before, this results in a decrease in LD
and rotation becomes important at an earlier stage of the simulation (Holton and Hakim 2012). The simulation
without convection shows a similar result for a later time step (see Figure 4.2d). However it should be noted that the
vertical cross section is strongly dependent on how the instabilities are oriented within the domain. This orientation
is different for both cases which makes it difficult to compare the results.
At the end of the simulation t = 3000 the range of θ has decreased again as a result less extreme values in the
center of the instabilities. The size of the instabilities is equal to the size of the domain. The gradients in θ are for
this time step larger for the experiment with convection which indicates a stronger instability. This last plot shows
the patchy structure very clear.
Also for the simulation with convection vertical profiles of θ, v, θ0 w0 and u are plotted to analyze the development
of the domain over time (see Figure 4.9). Striking is that, for all plots the initial profile gets perturbed within the
first 300 time steps. Similar to case 1 the domain is first, vertically well mixed. The convective forcing speeds up the
vertical mixing and therefore, the vertical mixing takes place earlier in the simulation and is stronger for the second
case. At t = 300, θ is completely vertically mixed (see Figure 4.9a). This plot supports the theory that a smaller
value of LD could hold for this simulation as the stratification is broken down at an early stage in the simulation.
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Figure 4.8: Vertical cross sections of θ at y ≈ 100 m at time steps t = a) 0.1, b) 1000, c) 2000, d) 3000 for the
simulation of an initially randomly perturbed baroclinic environment with a constant buoyancy flux forcing of 10−1
m2 s−3 . Time is multiplied with f to make it non-dimensional.

This implies that N becomes smaller and therefore, LD decreases as well because it is defined as: LD ≡ NfH .
Then, θz increases again up until t = 2100 whereafter, it respectively decreases and increases again. θz seems to be
oscillating around a statistical equilibrium at the end of the simulation. This oscillation was also present at the end
of the other simulation however, at a later stage and therefore, not as clear. The equilibrium is achieved as a result
of the vertical mixing by the convective forcing and the restratification by the baroclinic instability that reaches a
balance at t = 2100. Additionally, the shape of the vertical profiles of θ in presence of convection is not similar to the
vertical profiles for case 1. The convection competes with the baroclinic instability and therefore, the restratification
is not as strong. At the boundaries, θ remains constant throughout the simulation as a result of the buoyancy flux
set at the top and bottom.
For v holds that the maximum perturbation occurs at time step t = 300 which is the time step in which the
domain is most optimal vertically mixed (see Figure 4.9b). Additionally, this profile shows a statistical equilibrium at
t = 2100 and therefore, supports the statements in the previous paragraph.
When convection is imposed on the baroclinic field the vertical profile of θ0 w0 shifts in a positive direction. For
the initial time step the boundaries show a buoyancy flux similar to the flux prescribed as boundary condition. Due to
the vertical mixing this flux gets distributed in the domain in an early stage of the simulation (t = 600 and t = 900).
Additionally, similar to Case 1 the buoyancy flux increases in the beginning of the simulation which explains the
strong vertical mixing. Hereafter, the baroclinic instability stratifies the flow again which results in a varying θ0 w0 .
Similar to the case without convection the flux fluctuates around the value of the flux forcing. The amplitude of this
fluctuation is a larger for the environment with convection.
The vertical profile of u changes very little over time, comparable to the simulation without convection (see
Figure 4.9d). However, case 1 first shows a perturbation that increases shear whereafter, it quickly decreases and
then remains constant. For Case 2 the shear shows only a decrease. It could be possible that the better vertical
mixing minimizes the perturbation of the profile of u.
In addition, vertical cross sections of the variance of different meteorological variables are plotted to analyze the
symmetry observed in the vertical profiles for Case 2 as well (see Figure 4.10). Contrary, to Case 1 the variance of all
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Figure 4.9: Evolution over time of the vertical profiles of a) θ, b) v, c) θ0¯w0 and d) u in a baroclinic environment
with a constant buoyancy flux forcing of 10−1 m2 s−3 . These graphs show for each variable the horizontal average.
Time is multiplied with f to make it non-dimensional.

variables show proper symmetry. Though, both cases show that the variance of w has the most symmetric vertical
structure. The order of the variance of w is similar for both cases as well. This does not hold for the variance of
the other variables. The fluctuation of w are little influenced by convection. The fluctuation in the other variables
is much more influenced by convection. The vertical mixing that is induced by the buoyancy flux seems to reduce
the fluctuations in variance that are present in a baroclinic environment without convection which seems logical as
convection homogenizes the domain.
Also for the second case, spectra are plotted to obtain more knowledge on the energy distribution over different
wavelengths. The development over time of different wavelengths present in the horizontal cross section of θ at z ≈ 10
m shows some dissimilarities with the first case (see Figure 4.11). In Case 1, E first decreases for all wavelengths
whereas, for Case 2 holds that already within the period up to t = 100 most wavelengths show an increase in E. The
wavelengths of 900 - 1333 m show a very strong increase in E followed by a decrease. This increase could be the
result of the convective forcing. The decrease could be explained with the cut-off length. These small wavelengths
do not have a sufficient size to develop further and therefore, dissipate and show a decrease in E. It could be possible
that similar to the Eady case there is a critical wavelength. However, it is expected that the convection alters it. In
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Figure 4.10: Vertical profiles for the horizontal variance of a) θ, b) u, c) v and d) w in a baroclinic environment with
a constant buoyancy flux forcing of 10−1 m2 s−3 at the end of the simulation. The plots show the average of the
time steps t = 2500 - t = 3000.

the Eady case the cut-off wavelength is defined as λc = 2.6LD . As described before, convection decreases LD and
therefore, possible the cut-off wavelength as well. The wavelength of 1333 m is indeed smaller than the cut-off length
that holds for the Eady case that has a value of 3640 m. The wavelengths 1587 - 9090 show a less steep increase
and thereafter, do not decrease. The vertical profiles of Case 2 showed that the domain was well vertically mixed at
t = 300. This does not seem to affect most of the wavelengths. Only λ = 100000 shows a minimum around this
time step. It could be possible that the smaller wavelengths have already reached an equilibrium at this time step
and are therefore, little influenced by this mixing. The maximum wavelength has not fully developed at this stage
and is therefore, affected. For λ = 100000 a statistical equilibrium is reached at t = 1500. This is at an earlier time
step compared to case 1.
Additionally, the value of E is for all wavelengths but λ = 100000 m larger in Case 2 at the end of the simulation.
The difference in E is larger for the smaller wavelengths. A possible explanation is that convection has a wavelength
in the order of 1000 m (≈ k = 2 · 10−4 m−1 ) which causes the smaller length scales to be more important. This
importance is visible in the simulation because of the patchy structure (see Figure 4.7).
These spectra also support the statement made before, that convection speeds up the initial stages of the
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Figure 4.11: The development of the energy density of different wavelengths over time at z ≈ 10 m. The wavelengths
develop from a initially randomly perturbed baroclinic environment with a constant buoyancy flux forcing of 10−1 m2
s−3 . Time is multiplied with f to make it non-dimensional.

development of baroclinic instabilities. This could be due to a better vertical mixing, a direct result of convective
forcing. The first case shows that the domain first, gets vertically well mixed. This process gets strengthened by the
convective forcing in Case 2.
Furthermore, the plots for E as a function of k for different time steps shows some dissimilarities compared to
Case 1 (see Figure 4.6). In general, Case 2 shows larger values for E for over the complete range of k. A possible
explanation for this could be the extra energy that enters the domain as a result of the convective forcing. Over time,
this difference does decrease especially for the smaller values for k. Additionaly, all spectra are plateauing between
k = 2π · 10−3 and k = 4π · 10−3 m−1 . This phenomenon is not visible for the case without convection. This happens
for wavelengths in the order of several hundreds of meters which is similar to the length scale of shallow convection.
Therefore, it is expected that this plateau is a direct result of the convective forcing. At this length scale energy is put
into the system at the boundaries because of the convective forcing. As a result of this plateau the typical spectral
slope of − 35 is represented over a smaller range of k in comparison to the first. The spectral slope of −3 seems to be
expressed better for the simulation with convection. It should be noted that, for this simulation also holds that the
left hand side of the spectrum has a bigger uncertainty due to the smaller amount of samples. It could be possible
that due to a larger development rate of the instability is takes less time for the energy cascade to properly develop.
However, both simulations seem to have reached a statistical equilibrium at the end of the simulation and therefore,
it is expected that this explanation is not correct.
Last the intersection between the two typical spectral slopes for large scale dynamics is less clearly visible
compared to Case 1. It could be the case that due to the convection the smaller length scales become important
and develop further and therefore, influences the slope of the spectra at a higher wavelength as well.
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5 | Discussion and recommendations
The previous chapter showed the results for the two simulated cases:
1. An initially randomly perturbed baroclinic environment
2. An intitially randomly perturbed baroclinic environment with a continuous surface buoyancy flux forcing.
With the first case baroclinic instabilities are successfully simulated. The results were expected to be similar to Eady’s
case, however, they show some differences. As the second case shows, it is evident that convection influences the
flow because it seems as if the imposed convective forcing speeds up the simulation. The methods that are used to
obtain these results as well as the results themselves are discussed in the following sections. This chapter concludes
with recommendations for further research.

5.1

Interpretation of results

In this section the most important results are recapitulated and linked together to try to explain what happens in
both simulations. The first case was set up to simulate the Eady model. It appeared to be a successful set-up to
obtain developing baroclinic instabilities. However, not all properties of the Eady case are well represented in this
simulation. For example, the cut-off length that is observed in the results of Case 1 has a value of approximately
1600 m though, the Eady case has a cut-off length of approximately 3700 m. In addition, it seems as if in the early
stages of the simulation symmetric instabilities are present in the domain because it gets vertically well mixed, which
is unexpected for the Eady case. It could be possible that due to slanted convection the vertical temperature gradient
(N ) decreases and as a result the deformation length (LD ) decreases as well. This both influences the cut-off length
and the wavelength with a maximum growth rate. However, the spectra show that the cut-off length becomes of
importance at t = 500. At this time step the vertical mixing is not clearly present in the domain yet and therefore
you would expect that the cut-off length and the length scale for maximum growth are little influenced at this time.
Several approaches that can be applied in the future, to study the Eady case and possible influence of symmetric
instabilities more thoroughly are described in Section 5.4.
The results from the second case showed that the convective forcing at the boundaries of the domain causes the
vertical mixing to be stronger. As a result the domain is better vertically mixed at an earlier stage in the simulation.
The vertical profiles of the buoyancy flux agree with this and show the vertical mixing is stronger when convection
is present. As a result of the convection the domain is better vertically mixed and at an earlier stage which is
visible in the vertical profile of θ. The spectra show that convection speeds up the process of the development of
baroclinic instabilities. For the first case, the importance of all wavelengths initially decreases, possibly as a result
of stratification of the domain. For the second case, it is expected that convection competes with the stratification
which allows the perturbations to grow and not to break down first. The difference in the intensity of the vertical
mixing is large. The spectra of the energy density (E) as function of wavenumber show that as a result of convection
a lot more energy is present in the system and especially for wavelengths in the order of several hundreds of kilometers.
It could be possible that this extra energy is used to vertically mix the domain.
As soon as the domain gets vertically mixed, the importance of the baroclinic modes in the system decreases in
accordance to the development of E over time. Around the time step the domain gets vertically mixed, the spectrum
that presents the development of E over time shows a clear dip. This minimum can be interpreted as the competition
between the vertical mixing and the development of the baroclinic instabilities that restratify the environment (Callies
and Ferrari 2018). At this stage of the simulation the convective force is stronger than the baroclinic force and as a
result the baroclinic instabilities are broken down. However, later in the simulation the baroclinic instabilities appear
to be stronger and develop further.
When the baroclinic instabilities properly develop, the domain restratifies, which is caused by the baroclinic
forcing. The vertical profile of the buoyancy flux shows a decrease which confirms that the vertical mixing becomes
weaker. The gradient of θ with height increases again indicating that the domain becomes stratified. In Case 1 the
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final stratification is stronger than the initial stratification. This is as expected for the Eady case and similar to the
results found by Callies and Ferrari (2018). When convection is present in the domain, the restratification is weaker.
Possibly because the convection and baroclinic instability are competing. It appears that the baroclinic instability is
strong enough to restratify the domain and develop further. However, the baroclinic instability is not strong enough
to shut down convection. This is confirmed by the horizontal cross section of θ as this shows a patchy structure up to
the end of the simulation, what is deemed to be convection. The convection however, does influence the baroclinic
instability. This follows from the vertical profile of θ that shows a weaker stratification in the presence of convection.
Additionally, these horizontal cross sections also show that in the presence of convection smaller structures start
to rotate during the simulation. This implies that the deformation length: LD = NfH , would decrease as a result
of convection. As the domain height (H) and f are similar for both simulations it is expected that the vertical
gradient of θ (≡N) is different for the simulation with convection. As expected, the stratification in the presence of
convection is indeed weaker which results in a smaller value for N and therefore, a smaller value for LD . As a result
one would expect that the cut-off length and the wavelength for maximum growth rate decreases because of this as
well. This does seem to hold for the wavelength for maximum growth rate however, not for the cut-off length. It
should be noted that the spectra of the case with convection show the cut-off length less clear in comparison to the
case without convection which makes it difficult to properly specify a wavelength.
At last, both simulations show that the domain has achieved a statistical equilibrium at the end of the simulation.
However, this equilibrium is reached at an earlier stage for the simulation with convection. Additionally, the statistical
equilibrium that is reached is different for both cases. Not only the stratification disagrees also the importance of the
different wavelengths shows inequalities. In the presence of convection the smaller wavelengths are more importanct.
This is confirmed by both the horizontal cross section of θ and the development the energy density of different
wavelengths over time.

5.2

Discussion of approach

The approach for this study was set up to simplify the simulation of convection in a baroclinic environment which is
successfully done. The simplification implies that with the use of non-dimensional numbers the problem of the large
scale separation is tackled. Several approaches can be applied to do this. In this section the approach that was used
for both simulations is discussed. Both advantages and disadvantages are considered.
First, the value of Ri was set to approximately 2 in this research as this would exclude the possible development
of symmetric instabilities (Stone 1971) However, the results of the simulation of a baroclinic environment without
convection imply symmetric instabilities are present within the domain. This is unexpected and can be studied further
with the use of potential vorticity (q) which is discussed in the Section 5.4. Additionally, this study is based on the
work done by Callies and Ferrari (2018) who used Ri ≈ 104 . This value is unrealistically large and therefore, it was
preferred to use Ri = 2 in this research.
Second, this study used f = 10−2 s−1 to decrease the scale separation of baroclinic instabilities and convection.
The physical meaning of this value indicates an earth with a hundred times as large rotation speed as in reality. To
simulate convection in an oceanic baroclinic environment Callies and Ferrari (2018) did not need to decrease the scale
separation with the use of a change in f . This allowed him to use a more realistic value of f = 10−4 s−1 . He was
able to do this because the scale separation for oceanic flow is smaller than for atmospheric flow and so, it is less of
a challenge to simulate a convection in an oceanic baroclinic environment. Though, one could still oppose the choice
of this unrealistic high value of f that is used in this thesis study as this, for example, decreases the length scales of
D
the instabilities (LD = NfH ). This causes the ratio L
LC to decrease as well. It could be possible that the influence of
convection on baroclinic instabilities differs per length scale. Unfortunately, due to the length scale separation it is
difficult to analyze this but this study allows for a good first indication. In addition, it might be possible to compare
the results with observations to test whether there are similar trends visible in both cases. This has not been done
as it was outside the scope of this research. The results of this research are sufficient to conclude how convection
influences a baroclinic instability however, when the results are compared to observations, this would add value on
how this reflects to reality.
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Third, in this study, symmetry within the domain is analyzed using vertical profiles of different meteorological
variables at different time steps and with vertical profiles of the variance of different meteorological variables at the
end of the simulation. The vertical profiles of the variance show the average over the last 61 th part of the simulation.
The spectra show that in this part of the simulation a statistical equilibrium is reached which means that averaging
should be possible. Also, the vertical profiles of the different meteorological variables seem to be fluctuating around
an equilibrium at this stage. However, it is debatable that the last time steps of the spectra show a small decrease
which could indicate a disruption of the equilibrium. To exclude this possibility the runtime could be increased with
50000 time steps (+17%). It is debatable whether the computation time is worth the additional results. Another
possibility is to average over fewer time steps. However, this was done and appeared to be unsuccessful as these
results show little symmetry which is caused by the baroclinic instabilities that are not symmetrically distributed
throughout the domain.

5.3

Discussion of analysis of results

This study used different tools to analyze the results. These tools proved to be sufficient to reach the aim of this
study. However, some tools allow for improvement of the analysis of the results and this is described in this section.
First, as little research has been done on simulating convection in a baroclinic environment with the use of scale
separation it is difficult to compare the results with literature. The results of Case 1 are compared with the Eady case
and the results of Case 2 are mainly compared with the work done by Callies and Ferrari (2018). To better justify
what happens during the simulation it is desirable to have more literature to compare the results to. It appeared that
the obtained literature was not sufficient to substantiate all explanations. However, with the combination of different
results it was possible to come up with possible explanations. These theories can be tested in future research.
Second, the results indicate a stronger vertical mixing for Case 2 compared to Case 1. It is expected that this
strong vertical mixing increases the development rate of the baroclinic instabilities. To analyze this further, it would
be of value to indicate this difference in vertical mixing with plots that show the vertical motion within the domain.
The figures included in this thesis only show horizontally averaged data of the vertical motion. It is known that there
is no net displacement in the vertical as the bottom and top boundaries are both rigid and therefore, no additional
knowledge on vertical motions is obtained from the horizontally averaged plots of the vertical profiles as the following
holds: ’what goes up, must come down’. It could be useful to plot cross sections of w as they would enable a more
detailed comparison of the vertical mixing in the two cases.
Third, the results presented in this thesis show the distribution of the energy density (E) over different wavelengths at different time steps. These spectra clearly indicate that the larger wavelengths become more abundant over
time. Unfortunately, these results do not allow for the estimation of the amount of energy that is transferred between
different length scales. Therefore, it is unknown what part the development of larger length scales originated from
smaller length scales takes up in the energy transmission and whether this is larger or smaller than the dissipation of
larger to smaller length scales. This knowledge would explain the influence of the dominating baroclinic instability
(λ = 100, 000 m) on the development of the smaller structures. It is expected that for the case without convection
at the end of the simulation no ’new’ baroclinic instabilities arise and the one that dominates, feeds on the potential
energy (PE) stored in the environment. E divided over smaller wavelengths results from the dissipation of the larger
ones. For the simulation with convection it first, could be possible that the wavelengths as a result of convection
take up PE from the environment. A second possibility is that these wavelengths dissipate to smaller length scales
and eventually result in viscosity. To test this hypothesis further research needs to be done.
Last, also plots that indicate E as function of wavenumber are included in this thesis. These plots show typical
spectral slopes (−3 and − 53 ) for specific wavenumbers as well (Nastrom and Gage 1985). The spectral slope of − 53
is presented properly for both simulations. However, in the environment with convection the slope holds for a smaller
range of wavenumbers as E for the wavelength of convection shows a plateau (see Section 4.2). The spectral slope
of −3 on the other hand, is visible less clearly in both simulations. This is because too little instabilities with a
wavenumber of order 10−4 fit into the domain and therefore, the left hand side of the spectra has a big uncertainty.
As a result the expected spectral slope of −3 is not found. When the simulations are set-up for a larger domain
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more instabilities in this range of wavenumbers fit in the domain and possibly the spectral slope of −3 can be found.
It should be noted that the left hand side of the spectrum is always accompanied with a big uncertainty and also,
performing simulations in a larger domain results in more computation time.

5.4

Recommendations

In this section different recommendations for further research are discussed. Different methods can be used to analyze
the simulated cases further. First, it could be of great value to plot the development of q to analyze the possible
formation of symmetric instabilities. When q = 0, baroclinic instabilities are too weak to overcome the degradation
of q by buoyancy forcing. When baroclinic instabilities are strong they can overcome the degradation of q. q Increases
to a value larger than zero and convection is shut off (Vallis 2017). It is expected that q is smaller than zero when
symmetric instabilities are present in the domain. Additionally, for the Eady case holds that the mean value of q is
zero. As not all results appeared to coincide with the Eady case it could be useful to compare more aspects of the
simulated case with the Eady case. In the work done by Callies and Ferrari (2018) Ertel’s potential vorticity (Holton
and Hakim 2012) is used to analyze whether convection is present (q < 0) or baroclinic instabilities are strong enough
to shut it down (q > 0). This method can be applied to this study as well.
Second, to explain the simulations better the development of potential energy (PE), mean kinetic energy (MKE)
and eddy kinetic energy (EKE) over time could be analyzed, in addition to the methods used in this thesis. The
development of these different forms of energy gives a better insight in the development stages of the baroclinic
instability over time. They can help to understand what exactly happens with the energy during the simulation,
which in turn contributes to the knowledge of what exactly happens within domain. The following is expected: The
instability develops as it takes up potential energy from the environment, which results in a decrease of PE. This
energy is used to feed the buoyancy production that is caused by the baroclinic instability (depicted in Figure 4.3c)
which results in the production of EKE (Callies 2016). The MKE is expected to show little change over time as the
mean flow is not perturbed much according to the results presented in this thesis.
To conclude this discussion, future research should focus on increasing the scale separation. One could debate the
reality of the simulations done in this study as a result of the choice of variable f = 10−2 which represents the
earth with a 100 times larger rotation rate. The implications of this have been discussed already in Section 5.2. In
this study the most idealistic set-up for the simulation of convection in a baroclinic environment is used to get a
first insight in the physical processes that are important for the influence of convection on a baroclinic environment.
It should be analyzed to what extent the scale separation should be increased to properly simulate convection in a
baroclinic environment. Scale variance is an important aspect to study as well. It is possible that when the scale
separation is increased at a certain point the flow properties become invariant of the flow. It could be possible that
this allows for connecting simplified simulations with reality. The aim of future research should be to connect the
results of this study with reality and to gain deeper insight in how convection alters baroclinic instabilities.

|

35

6 | Conclusion
The aim of this research was to study the influence of convection on baroclinic instabilities with the use of direct
numerical simulation in the MicroHH model. Due to the large scale differences between convection and baroclinic
instabilities, it is difficult to combine them in one simulation. This study used a theoretical scaling analysis to tackle
this problem which resulted in the following set of non-dimensional parameters:


Ld Lc
Ri,
, , P r, Re .
(6.1)
Lc H
This set appeared to be the optimal set of non-dimensionl parameters as it allowed for the scaling of the nondimensional numbers LC and LD , which are the convective length scale and the deformation length scale. The latter
being a typical length scale for baroclinic instabilities. Therefore, the second parameter in Equation 6.1 is exactly
the ratio that needs to be decreases and this can be done with an increase of the Coriolis parameter (f ) which only
influences LD . f = 10−2 Was implemented in the following two simulations:
1. An initially randomly perturbed baroclinic environment based on the Eady case,
2. An initially randomly perturbed baroclinic environment with a continuous surface buoyancy flux forcing.
Perturbations were superimposed on the initial field of the potential temperature (θ). For the second case a buoyancy
flux of θ0 w0 = 0.01 m2 s−3 was imposed on the top and bottom boundaries to act as convective forcing.
It can be concluded that the set-up of the first case is successful to simulate instabilities. However, the results do
not completely agree with the properties of the Eady case. The domain initially, starts to vertically mix. This could
be explained with a convective force due to symmetric instabilities, which is unexpected because the case set-up did
not allow other instabilities than baroclinic instabilities to develop. Possibly, the stratification was not strong enough
to shut down convection. As a result N decreased during the simulation which affects LD when the system gets
vertically mixed. Furthermore, the cut-off length scale does not coincide for the Eady case and this simulation. This
can not be explained by a possible change of LD because at the time the cut-off length is visible in the results the
domain is not vertically mixed yet. However, the wavelength that shows a maximum growth rate is similar for the
Eady case and this simulation. Furthermore, it can be concluded that the set-up of the second case can be used to
successfully simulate convection in a baroclinic environment.
The results of Case 1 and Case 2 were compared to analyze the influence of convection on baroclinic instabilities.
In the first case the domain first gets vertically mixed whereafter, the instabilities start to develop. As a result of
the vertical mixing N decreases and therefore, LD decreases (LD = NfH ). Rotation becomes important at an earlier
stage of the simulation and as a result the initial cyclones are smaller when convection is present in the domain. It
can be concluded that convection speeds up the process of vertical mixing which results in an earlier development
of the baroclinic instabilities. The first case shows that the baroclinic instabilities restratify the domain. At the end
of the simulation the stratification is stronger than the initial stratification. It can be concluded that the convection
in the second case competes with the baroclinic instability as the stratification at the end of the simulation is
weaker compared to the initial stratification. The vertical mixing that is caused by the convection breaks-down the
stratification. Furthermore, it can be concluded that both cases have reached a statistical equilibrium at the end of
the simulation however, this equilibrium is different for both cases. In this final stage not only the stratification is
different. Additionally, the distribution of the energy density over different wavelengths shows differences as smaller
wavelengths are more important in the simulation with convection. As a result, the typical spectral slope of − 53 for
mesoscale flow that is present for the simulation of a baroclinic environment is perturbed by convection.
This study showed that convection in a baroclinic environment can be successfully simulated in a idealized
and simple set-up. The methods that have been analyzed in this study can be used as a starting point in studies
that analyze the influence of convection on baroclinic instabilities in a more realistic environment. Furthermore, the
knowledge obtained from the results are a start in a better understanding of the process of how convection influences
the development of weather systems. To fully understand this more research needs to be done which hopefully,
eventually can improve weather models.
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