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ABSTRACT OF THE THESIS

Coherent Structures Sampling and a Stochastic Eddy-Diffusivity/Mass-Flux
Parameterization for the Transition from Stratocumulus to Cumulus

by

Jiachen Lu

Master of Science in Engineering Sciences (Mechanical Engineering)

University of California San Diego, 2019

Professor Jan Kleissl, Chair

The transition from stratocumulus (Sc) cloud to cumulus (Cu) cloud occurs when

air parcels advect from subtropical ocean to tropical ocean. Due to complex physics

involved during the transition, it is hard to represent it in large/meso-scale models and the

transition itself is crucial to the energy budget for the subtropic environment. The Atlantic

Stratocumulus Transition Experiment (ASTEX) was conducted specifically to resolve this

problem. In this research, ASTEX case was simulated with Dutch Atmosphere Large Eddy

Simulation (DALES) model with two decaying scalars designed to track the origination

of air parcels. During 40 hours of simulation for ASTEX, the decoupling stage accounted

xii



for 30 hours, showing a clear three-layer-structure: i) a well-mixed surface layer driven

by surface heating; ii) a Cu layer with heating and moisture feeding from the surface and

cooling and drying from the Sc layer but without sufficient turbulent kinetic energy (TKE)

to mixed them together; iii) a well-mixed Sc layer driven by radiative cooling. During the

transition, Sc layer becomes thinner and the downward non-local mixing becomes weaker,

which further promotes the decoupling.

To help build a clear representation of the Sc-Cu transition in the Numerical Weather

Prediction model (NWP), a quadrant analysis based on a decaying scalar and vertical

velocity perturbation with vertical velocity probability density function (wPDF) filter was

used separating the turbulent shell and coherent structures. A clear dynamic cycle among

turbulent shells and interactions between the turbulent shells and coherent structures was

observed. To show the gradual decrease of the vertical mixing within Sc layer during

transition, a comparable downdraft initiated from cloud base was added to the existing

state-of-art stochastic Eddy-diffusivity Mass-flux (EDMF) planetary boundary layer (PBL)

parameterization.

xiii



Chapter 1

Introduction

1.1 Motivation

Stratocumulus (Sc) cloud is the most common cloud type on the Earth. It covers

about 20% of the Earth surface in the annual mean and represents a large source of

uncertainty in global climate model simulations [Wood, 2012]. Because the liquid water

content largely determines its optical properties, the cloud dynamics and its radiative

properties are closely linked and important for Earth’s energy budget through their reflection

of solar radiation and reduction of longwave radiative heat losses.

Parameterization of the separate cumulus (Cu) and stratocumulus boundary layer

is widely studied [Siebesma et al., 2007, Neggers, 2009, Handa, 2018], with several at-

tempts to unify the Cu parameterization and Sc parameterization. [Bechtold et al., 1995,

Chung et al., 2012, Leeuwen, 2014], yield a good result. The eddy-diffusivity (ED) ap-

proach proves to be relatively successful for stable convective stratocumulus-topped

boundary layer (STBL), so the turbulent transport in STBL is often parameterized by

the ED parameterization. Since ED schemes have difficulties in representing shallow

convection and may produce incorrect mixing in the cloud layer, a combined advec-
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tion–diffusion decomposition scheme called Eddy-diffusivity/Mass-flux (EDMF) scheme

[SOARES et al., 2004, Siebesma et al., 2007] is often used. Mass-flux (MF) schemes are

well-suited for the Cu-topped BL, where mass flux represents a bulk updraft; the heat and

water transport in cumulus cloud layers is most often parameterized with MF parameteri-

zation. In the Barbados Oceanographic and Meteorological Experiment (BOMEX) case,

MF contribution in the heat and water transport budget represents 60 to 90% of the total

vertical moisture and heat transport in the cumulus cloud layer.

To study the unified parameterization for transition from Cu to Sc, Atlantic Stra-

tocumulus Transition Experiment (ASTEX [Albrecht et al., 1995]) was conducted with

Lagrangian [Leeuwen, 2014] or Eulerian [Chung et al., 2012] view. During the ASTEX,

aircraft observations of a transition from a solid stratocumulus topped boundary layer to a

boundary layer dominated by shallow cumulus clouds penetrating a thin veil of broken stra-

tocumulus were collected. [van der Dussen et al., 2013]. Figure 1.1 shows 5 experimental

flights during the first Lagrangian ASTEX with start/end site labeled. The first analysis

was performed [Bretherton and Wyant, 1997, Stevens, 2000] with low resolution, focusing

on finding a critical value for the decoupling to happen by using buoyancy flux integral rela-

tionship [Wood and Bretherton, 2004]. [Sandu et al., 2010, Van Der Dussen et al., 2016]

designed several composite cases with designated large scale forcings (sea surface tempera-

ture (SST) and large scale subsidence) to test the major factors that control the thinning

of Sc and the transition from Sc to Cu. [Chung et al., 2012] performed several steady

transition cases with a similar setup as in ASTEX but with fixed large scale forcings and

SST. This simplifies the investigation of cloud response without the inherent time-lag

effects in a transient transition case but maintains a less direct relationship to the actual

evolution of the boundary layer. [Leeuwen, 2014] Performed the real ASTEX simulation

with Dutch Atmosphere Large Eddy Simulation (DALES [Heus et al., 2010]) and proposed

a new dual EDMF parameterization scheme for the subcloud layer defined by the vertical

2



velocity skewness and the cloud layer separately.

1.2 Coherent structures and transition

In the study of turbulence, coherent structures (CS) are regions of space and

time significantly larger than the smallest flow or turbulence scales within which the flow

field has a characteristic coherent pattern [Pope, 2000, ROODE and DUYNKERKE, 2004].

However, for the specific objective of the study, CS have a different definition. For

atmospheric science, the organized, large scale air motion as oppose to the small scale

turbulence shells (TS) is often called convective structures or plumes, which is a key element

of the PBL and responsible for the turbulent vertical transport of heat, momentum and

trace species, via a non-local transport and often can be classified as updrafts, downdrafts,

subsiding and ascending shell. In numerical weather prediction models (NWP), these

structures are not explicitly resolved and must be parametrized. Several attempts have

been made from aircraft measurements [Young, 1988] and other instruments such as radar,

[Chandra et al., 2010]. In addition to observations, LES that resolves explicitly air motions

with scales larger than ∼ 5m to ∼ 50m, depending on the resolution, provides more detailed

cloud and convective process with 3D field values of variables of interest and have been

widely used to generate relatively real data to seek for parameterization in NWP models.

It is still not trivial to isolate the CS [Siebesma and Cuijpers, 1995] from LES results with

the highly chaotic nature of turbulence. [Berg and Stull, 2004] reviewed three different

sampling criteria used to sample CS.

1. Indicator variables to define the thermal. With the presence of liquid water (ql),

several other thermodynamic variables such as liquid water potential temperature

(θl) and total water mixing ratio (qt) that conserve for adiabatic lifting and condensa-

tion/evaporation of water, virtual potential temperature (θv) that represents the buoy-
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ancy, and perturbation vertical velocity with respect to the slab average (w′ =w−w),

with overline indicate the slab average. The current trend of using the variables

focus on introducing passive tracer; [Couvreux et al., 2010] used a combination of a

passive tracer emitted at the surface and thermodynamic variables to characterize

organized structures in large-eddy simulations. [Park et al., 2016, Davini et al., 2017]

introduced an additional scalar to trace air from the free troposphere, together with

a scalar resembles the stratified boundary layer, performed an octant analysis for 8

different octants.

2. Some threshold value of the indicator variable. e.g. [Greenhut and Khalsa, 1982]

3. Some length scale. Since CS should be coherent within a certain length scale, with

turbulence spectra the scale for specific air motion can be sampled.

This work is the first half of research aimed to improve the physical modeling of

transition from Sc to Cu in the (NWP) model. To account for the gradual weakening

of the downward non-local turbulent transport within the cloud layer during transition

two major modifications on the state-of-art stochastic parameterization [Sušelj et al., 2013]

were made: i) a downdraft initialized from the Sc base is introduced with the same vertical

velocity budget and later entrainment but without the condensation; ii) with a new way

of conditional sampling technique of CS adapted from [Davini et al., 2017] by introducing

two passive and decaying scalars, a dynamic cycle between the turbulent shells (TS) and

CS, CS is found to only have interactions with its paired TS, which indicates the actual

later entrainment is weaker than previously studied. To resolve this problem, the lateral

entrainment was designed to only from the turbulent shells instead of the environment.

The organization of the present study is as follows: LES setup and results from two

simulation with different resolution in Chapter 2; conclusion and discussion are given in

chapter 5; basic theory and the new approach are proposed in Chapter 3. Finally, with
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the plume properties acquired, implications of potential modifications of the state-of-art

stochastic EDMF scheme is described in Appendix 4.

Figure 1.1: Flight details during ASTEX. The ASTEX simulation is initialized from
the second flight (initialization). the third flight (hour 8), fourth flight (hour 19), fifth
(hour 36) [van der Dussen et al., 2013], image from Google Earth.
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Chapter 2

Design of numerical experiments and

results

2.1 EUCLIPSE model intercomparison revisit – Why

DALES

In the long history of studying the ASTEX case, University of California Los

Angeles Large Eddy Simulation (UCLALES) [Chung et al., 2012] model and DALES model

[van der Dussen, 2014] are the main two popular models to run. To compare which one

is more favorable, European Union Cloud Intercomparison, Process Study & Evaluation

Project (EUCLIPSE) intercomparison [van der Dussen et al., 2013] is a good place to look.

The model intercomparison for ASTEX case with results from EUCLIPSE website 1 in

Figure 2.1 shows the total water mixing ratio (qt) and liquid water potential temperature

(θl) with each hour piled together from DALES, EULAG, UCLALES, MOLEM, SAM,

DHARMA model. Because the linearly growing SST and the large scale subsidence, the

PBL height will grow deeper from ∼ 600m to ∼ 2000m, but instabilities can be found
1http://www.euclipse.nl/wp3/LES_Data/ASTEX/
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propagating from the top boundary to the inversion height in the UCLALES, MOLEM and

SAM model (red squared), especially for total water mixing ratio qt. This instabilities could

have devastating effects when running a longer simulation that allows these instabilities

to propagate low enough and PBL height to grow deep enough (the instability will merge

with the inversion, and the inversion height is often determined by the gradient of variables,

contaminated inversion gives bad estimate of the inversion height, which is a critical

diagnostic variable). In tests run with UCLALES, these concerns become real and cannot

be resolved; a good guess for this instability would be the inappropriate radiation scheme

or profile. In contrast, DALES shares a lot of features with UCLALES without this kind of

issue, which makes it a favorable model to switch to run ASTEX among models presented

in the EUCLIPSE intercomparison campaign.

2.2 LES Model Setup

Most of the model setup follows EUCLIPSE campaign2. Because a different version

of DALES and a different resolution are used, further validation of the result is necessary

and will be shown in the next section.

• Grid setup— One case with resolution 427×128×128 (nonequi) with nonequidistant

vertical grid (finer at the inversion range (600m∼2400m), above 2400 serve as the

gravity damping layer. Field results are saved at every 600s to get the result for time

evolution. Another case has a resolution of 200×512×512 (equi) with initial setup

derived from the nonequidistant case to have more horizontal resolution with limited

memory and computation resource. Field results are saved at every 3600s to get the

field details. Both of them covers 4480m×4480m×3048m space, The resolution of

(equi) is 15.24m×8.75m×8.75m.
2http://www.euclipse.nl/wp3/ASTEX_Lagrangian/LES_astex_setup.shtml

7
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Figure 2.1: Slab-averag total water mixing ratio and liquid water potential temperature,
instabilities can be found at top boundary in the UCLALES, SAM and MOLEM model
(red squared), note that the inversion height is growing up and the instabilities is
propagating down (black arrow)

• Radiation scheme — RRTMG [Hu and Stamnes, 1993, Iacono et al., 2008] or Fu-

Liou scheme [Fu and Liou, 1993].

• Surface scheme — Forced surface temperature, moisture/temperature fluxes are

calculated.

• Microphysics scheme — Bulk microphysics implemented by introducing two addi-

tional scalars. [Kogan, 2013]

• Advection scheme — Advection with 5th order upwind scheme and 2nd order in

the vertical for all the diagnostic variables except the momentum with 2nd order
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central differencing scheme. [Jiang and Shu, 1996]

• Time integration — 3rd order Runge Kutta time integration with adaptive time

step according to the Courant number and the cell Peclet number.

• Decaying scalars — The same setup as in [Davini et al., 2017], except with an

adaptive relaxation time scale and profile for SFT . Detailed discussion in the next

chapter.

• Large scale forcing — ASTEX case observed air parcel is part of the tradewinds.

The tradewinds themselves are part of a planetary atmospheric circulation cell, which

is called the Hadley cycle is shown in Figure 2.2. The large scale forcing is the major

cause of cloud decoupling and the transition from STBL to trade wind cumulus.

[Chung et al., 2012] ran several simulations with fixed large scale forcings, but in

this research, to get a more realistic result, a linearly growing SST and large scale

subsidence rate are used. Since the flight is equatorwards, the large scale forcings

can be set as follows:

1. Sea surface temperature SST is growing from 291 to 297K linearly, SST

variation is presented by liquid water potential temperature at the surface.

2. Large scale subsidence rate Prescribed large-scale subsidence profile.

w(z) =


−Dz for z ≤ zD,

−DzD otherwise
(2.1)

Where D is the large-scale divergence of horizontal winds and grows linearly,

zD here is 1600m.

• Subgrid-scale turbulence [Deardorff, 1980]
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Figure 2.2: Hadley cells with the global circulation, the air parcel advection direction
is labeled as red arrow, figure from Wikipedia.

2.3 Physics during Transition

In this section, results from LES simulation along with comparisons with other

models presented at EUCLIPSE intercomparison are shown. Note that because of the

different case setup for ASTEX and different version of DALES, the original result is

labeled as DALES_DUSSEN, while the result in this research is labeled as DALES_MOD.

Since observations are made approximately at the initialization and 8th/19th/36th hour,

[van der Dussen et al., 2013], we choose them mainly for discussion and validation. With

the major cloud type found during ASTEX, the transition is divided to three stages, which
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are stratocumulus stage (0-8 hour), stratocumulus-cumulus stage (8-36 hour) and

cumulus stage (36-40 hour). The 3D cloud field can be seen in Figure 2.3

Figure 2.3: 3D cloud field in 3 stages, the liquid water content is used to show the
cloud.

2.3.1 Vertical profiles

This section shows the vertical profiles of related variables in this research with

results from other models and observation. Note that the last 27 sponge layers are excluded

for the result output; only 400 vertical grids are shown here.

Figure 2.5 shows the slab-average vertical profiles of the conserved variables in

various models. As the air parcel advects to the equator and inversion height grows higher,

the surface moisture content and temperature grows larger indicating the transition of

subtropical ocean to tropical ocean. TKE is generated by surface heating at the initialization

stage, temperature and moisture content are both well-mixed below the inversion height

indicating a well-coupled boundary layer. Above it, the profile follows the lapse rate of each

variables. At the 19th hour, as stated in Section 1.2, insufficient turbulent kinetic energy

results in 3 layers. The surface layer and Sc layer are still well-mixed but have already

decoupled and separated by a Cu layer. Figure 2.4 shows the physical process during the

decoupling stage.
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Figure 2.4: Physical process during the decoupling stage. The three-layer-structure
can be seen in the θl vertical profile.

Figure 2.6 shows the vertical velocity variance and normalized vertical velocity

skewness. Variance of vertical velocity is an important indicator for stratification within

PBL. For 19th hour, the two-parabolic shapes indicate strong vertical mixing from both

side(surface heating for surface layer, radiative cooling for Sc layer.

2.3.2 Time evolution

In Figure 2.7, the stratocumulus cloud layer is defined as cloud fraction σc > 0.4.

As the air parcels advect to the equator, this layer becomes thinner and grows deeper.

The layer below Sc and above the cloud base is defined as cumulus layer, surface layer is

defined as area below the cloud base. Finally, the Sc layer vanishes for the last 4 hours,

leaving a Cu layer and results in abrupt decrease of the cloud fraction. The cloud fraction

at observation time points are shown. While the height of maximum cloud fraction is

growing, the height of the second maximum of cloud fraction persists during simulation
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Figure 2.5: Slab-average of moist conserved variables (total water mixing ratio (top),
liquid water mixing ratio (bottom)) with different models, observed value at estimated
time show with black cross.

and is defined as subcloud height.

Figure 2.8 shows the time evolution of concerned variables in this simulation and

others presented in the EUCLIPSE intercomparison. The upper left shows a monotonically

growing cloud top and relatively stable cloud base. The liquid water path, which is the

vertical integration of liquid water content grows for the first few hours before the sunrise

and decreases with aggravated speed for the rest of the day. After the first sunset, the

temperature of all the air parcels decreases and prompts more condensation and more

liquid water. Together with other large scale forcings caused by equatorwards advected

cumulus, the LWP is maintained during the second night. After the second sunrise, the

condensation was inhibited and the LWP decreased again. The cloud fraction is maintained
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Figure 2.6: Vertical velocity variance (w′w′, top), a decoupled boundary layer can
be observed with two separated parabolic curves. And normalized vertical velocity
skewness calculated with skewness= w′3/(w′2)3/2 (bottom)

for the first 30 hours but decreased abruptly after because of the breaking of the very thin

Sc. Bowen ratio, which is defined as ratio of surface sensible heat flux (surface kinematic

temperature flux) and surface latent heat flux (surface kinematic moisture flux) indicates

the changing of the sea surface from subtropical ocean to tropical ocean and it is the main

cause of the transition.

2.3.3 Instantaneous Cross section

Figure 2.9, 2.10, 2.11 show instantaneous cross sections of liquid water content and

other three variables used to do the quadrant/octant analysis for three stages. The liquid

water content can represent the cloudy air parcel. At Sc stage the Sc cloud is still thick,
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Figure 2.7: Evolution of cloud top/base and stratocumulus top/base defined as σc > 0.4
and subcloud height defined as the height with second maximum cloud fraction (left),
cloud fraction (middle), cloud fraction profile and corresponding subcloud height (right).

but a crack can be clearly seen in the ql plot. A corresponding large portion of SFT can be

observed, which is an indicator of the entrainment events. The vertical velocity indicates

the origin of the vertical mixing; it is clear that the vertical velocity source originates from

both sides while the middle layer has relatively horizontal velocity, causing the decoupling

of the boundary layer. During the decoupling stage vertical velocity Figure 2.10 shows a

clear three-layer-structure where the upper Sc layer and lower surface layer is with relatively

large perturbation compared to the middle Cu layer. The Sc layer is largely thinned due

to insufficient moisture feeding and increased entrainment due to increased environment

temperature. At the final Cu stage, the Sc layer is fully dissolved, leaving only a trade

wind cumulus layer, and vertical turbulence becomes much smaller than before.
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Figure 2.8: Time evolution of the cloud top/base (top left), liquid water path (top
right, calculated as LWP (z) =

∫ zi
0 ρairqldz ), cloud fraction TKE (bottom left), Bowen

ratio (bottom right).

Figure 2.9: Cross section properties at the beginning hour 4 for liquid water mixing
ratio (top left), vertical velocity with velocity direction indicated by black arrows (top
right), SF T (bottom left) and SBL (bottom right) (Stratocumulus stage).
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Figure 2.10: Cross section properties at the beginning of hour 19. (Decoupling
stage)

.

Figure 2.11: Cross section properties at the beginning of hour 38. (Cumulus stage)
.
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Chapter 3

Conditional sampling of coherent

structures

CS are large-scale structures in the turbulent flow that have similar thermodynamic

characteristics within certain spatial or temporal range. They are responsible for the

non-local turbulent transport opposed to the local turbulent transport TS did. Modern

PBL parameterization schemes usually consider the CS and TS separately [Neggers, 2009,

Sušelj et al., 2013, Berg and Stull, 2004], and use plume properties diagnosed from LES to

fit parameters in their model. To capture CS, often liquid water potential temperature

(θl) and total water mixing ratio (qt) [KUANG and BRETHERTON, 2006] are used, but

since they are highly correlated, sampling the coherent structures using these tracers

can be misleading [Park et al., 2016]. Also, using liquid water also has limitation for

area below the lifting condensation level and cannot deal with the cumulus stage as in

Figure 2.11. [Siebesma et al., 2007, Leeuwen, 2014] used percentile of probability density

function (%PDF) of vertical velocity to sample updraft, which as a consequence result

in a fixed updraft fraction and may vary a lot among different case and requires further

discussion case by case. Traditional sampling criteria often only separate the updraft
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and environment with the downdraft considered by the eddy diffusivity part, while the

effects of downdrafts and entrainments are comparable to the effects of updrafts in STBL

[Handa, 2018]. As concluded in Chapter 2, clear representation of the downdraft maybe is

a key part to reconstruct the Sc-Cu transition in the NWP model.

3.1 Two decaying scalars

In traditional sampling, there are three types of scalars that are involved in the

atmosphere numerical simulation. The relation of active/passive scalar to the velocity field

in turbulence flow can be shown as:

∂a

∂t
+v∇a= κa∆a+Fa a ∈ (qt, θl, . . .), (3.1)

∂v

∂t
+v∇v =−∇p+ν∆v+F(a,∇a, . . .), (3.2)

∂c

∂t
+v∇c= κp∆c+Fc c ∈ (SBL,SFT , . . .) (3.3)

where ∂
∂t denotes the tendency of scalars. The second term in each equation represents

the advection/convection. Subscript a represents the active scalars such as water va-

por/liquid/ice mixing ratio or liquid water potential/virtual temperature, v represent the

velocity scalars in three directions. Subscript c represents passive scalars such as some

chemical species and the two additional scalars introduced in this research. κ and ν are

the diffusivity for scalars and viscosity for momentum, F is the source/sink term for these

three types of scalars. Active scalars have two-way interaction with the velocity field since

they advect with air and affect the velocity field by modifications on the sink/source term.

For passive scalars, they only have one-way interactions with velocity fields by

advection and have no modifications on it. From sensitivity tests in [Davini et al., 2017],

we know the surface flux doesn’t affects the result significantly, so we set no surface flux
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and no large scale forcing for the scalars. This leaves us with a rather simple physical

process with only diffusion and advection. Still, the large scale forcing can affect scalars

by indirect effects on the velocity field. Since periodic boundary conditions are used in

the horizontal directions (what is entering on the left boundary is given the propeties of

what left at the other side and vice versa), passive scalars are conserved for all the physical

processes happening in the simulation, which makes them ideal tracers for air motion, and

capable of recording the history of the velocity field.

Follows [Davini et al., 2017], SBL is designed with a monotonically growing profile

SBL = z/1000, which resembles a stably stratified atmospheric layer. SFT is zero below

the initial inversion height and unity above it, which is used to detect the slower process

associated with free-tropospheric entrainment. Figure 3.1 shows the vertical grid for the

non-equidistant simulation and initial profiles of two decaying scalars during ASTEX.
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Figure 3.1: Initial profile for SBL (left), SF T (middle) and vertical grid setup for the
nonequi run (right). Solid red line represents the initial inversion height, dash red line
represents the final inversion height, vertical grid is made finer to catch the inversion
height more precisely.

Table 3.1 shows the three variables used to do the octant decomposition of the air

parcel in the PBL. Air parcels are divided by two decaying scalars introduced above and

the vertical velocity perturbation, which indicates the current direction of motion of air

parcels with respect to the horizontal mean. S′BL indicates the origination of air parcels.
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S′BL < 0 indicates that air parcels with lower value of SBL have been transported upward

and renders its value to current grid. In the same sense, S′BL > 0 indicates air coming

from above. With these two indicators, when air parcel moves downwards (w′ < 0) and

originated from upper level, this is defined as the downdraft. When the air parcels move

upwards (w′ > 0) and originated from lower level, this is defined as the updraft. The other

two quadrants, with the same sign of these two indicators, define turbulent shells, which

change their transport direction representing short-time fluctuations. The turbulent shells

with positive vertical velocity perturbation, define the ascending shell; with negative defines

the subsiding shell. Unlike SBL, using S′FT can be misleading. Duo to the lower level of

the PBL, the air parcel with small positive SFT compared to smaller slab-average values

would be spuriously considered as entrainment. As a result, a threshold should be found

to be used to maximize the difference of the downdraft and entrainment, which are the

two major coherent structures and responsible for most part of turbulence transport at

the cloud layer. Then the processed value S∗FT = SFT − thr can be used in the octant

analysis. A cost function based on that is developed in [Davini et al., 2017] to determine

the threshold instead of the slab-average value.

CF(thr) =
∫ ztop

0
w′θ′l, downdz −

∫ ztop

0
w′θ′l, entrdz (3.4)

Where the first term of this equation is the integral of vertical heat flux of the downdraft

octant, and the second is for the entrainment octant. The threshold can be attained by

iteratively updating the thr to maximize the cost function. Any air parcel with S∗FT further

divided the air parcels to air motion result from the entrainment related motions and

motions within PBL.

Since there is no source/sink term assigned to passive scalars during simulation,

like dyes in water, scalars will be well-mixed and become useless after several hours of

simulation. As a result, a decaying mechanism is introduced to relax them to their original
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Table 3.1: Octant definition based on the sign of perturbation of vertical velocity and
SBL with SF t minus the threshold that maximize the difference of vertical integral of
the turbulent heat flux, only entrainment shown after using S∗F T .

Octant
1 2 3 4 5 6 7 8

S∗F T + + − − + + − −
S′BL + − + − + − + −
w′ + + + + − − − −

Name - - Ascending shell Updraft Entrainment - Downdraft Subsiding shell

value to avoid the formation of a well-mixed region in the boundary layer and prevents

downward accumulation while capturing top-down motions and maintaining a quasi-steady

mean state [Park et al., 2016]. The equation governing the relaxation read as follows.

∂SBL
∂t

=−SBL− z/1000
τBL

, (3.5)

∂SFT
∂t

=−SFT −k(z)
τFT

,with k(z) =


1, if z ≥ zi

0, otherwise
(3.6)

Where τFT and τBL are the relaxation time scales, τFT is determined by PBL eddy turnover

time τ . The largest eddies typically extend from the top to the bottom of these layers. τ

can be estimated as τ = zi/w
∗, where w∗ is the Deardorff convective velocity scale.

It is trivial to see if the relaxation time scale is set too large. The relaxation module

results in a well-mixed scalar field. If set too small, the profile will be set to its original value

at each time. As a result, an appropriate relaxation time scale is critical to this approach,

which means detailed sensitivity tests should be performed to determine this value, for

The Second Dynamics and Chemistry of Marine Stratocumulus field study (DYCOMS-II)

case [Davini et al., 2017] did a thorough test to determine this value and found that τFT

larger than 4 τ will result in a well mixed scalar in PBL, and τBL larger than 0.5 τ is a
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good choice. In this study, because of the limitation of research time, the time scale used

in DYCOMS-II are used. Unlike DYCOMS-II, during ASTEX the PBL height is growing

almost monotonically from ∼ 660m to ∼ 2050m, which results in a monotonically growing

inversion height and consequently growing eddy turnover time scale. In this sense, adaptive

relaxation time scales and profile with fixed multiplier are adopted. As a result, τBL, τFT

and k(z) are updated accordingly at each time step.

To implement the relaxation mechanism to the scalars, we make use of the first

order discretization.

SBL(t+ ∆t,z) = ∆t
τBL

( z

1000 −SBL(t,z)) +SBL(t,z) (3.7)

SFT (t+ ∆t,z) = ∆t
τFT

(k(z)−SFT (t,z)) +SFT (t,z) (3.8)

Where ∆t is the time step length. The relaxation together with the advection and diffusion

are all evolution that the scalar undergo.

3.2 Sampling for coherent structures

For ’lagging’ effect detailed in Appendix B, the octant analysis designed in this

research cannot be applied to the decoupling stage. Alternatively, we only use SBL to do a

the quadrant analysis to capture plume properties.

Figure 3.2 shows the cross-section quadrants captured at the beginning of hour 19,

5 updrafts and 1 downdraft are labeled with numbers. The lowest level with liquid water

content corresponds to zLC in Figure 4.1. Updraft 1© and 2© both reaches the inversion

height with little interactions with each other. On the contrary, updraft 3© and 4© stop

ascending and detrain above few levels of zLC . Because of the periodic boundary conditions,
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the leftmost 5© updraft is actually the same updraft as the rightmost updraft and also

losea a large portion of its area when reaching the cloud layer. Only downdraft 6© is shown,

and it continues to descend until reaching zLC , which is consistent with the diagram shows

in Figure 4.1.

Figure 3.2: Cross-section quadrants at the beginning of hour 19 before wPDF filtering,
the red arrows indicate where the updraft originate, blue arrow indicates where the
downdraft originate, the lowest level with liquid content is shown with solid black line.

Figure 3.4 shows the quadrants at different heights. At the height near the surface

(0.1*zi), updrafts are surrounded by descending shells indicating that some updraft with very

weak vertical velocity has already stopped ascending and detrain. These downdrafts do not

originate from free troposphere but only complement of updraft’s detrainment that showing

a high correlation with the descending shell. At the height near the cloud base (0.8*zi) the

downdraft driven by radiative cooling consists of large continue area, while the updraft

at this part has the ascending shell surrounded, which indicates transformations from the

ascending shell to complementary updraft. Figure 3.6 shows the dynamic transformation

among quadrants.
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Figure 3.3: Cross-section quadrants at the beginning of hour 19 after wPDF filtering.

Figure 3.7 shows fluctuation of vertical velocity, water content and temperature

within quadrants with upper and lower limits of the standard deviation (STD). The large

STD indicates properties within original updraft/downdraft quadrant are diverged, which

urge us to further filter out the passive plumes (PP) tha falls into the small scale turbulent

shell category, and the active large scale plumes (AP). As indicated in Figure 3.6, the

difference between the (AP) and (PP) roots in the velocity magnitude. Due to its small

scale characteristics, (PP) is in a dynamic circle ongoing mutual transformation with

the ascending/descending shells. As a result, they can’t be accelerated/decelerated to a

comparable vertical velocity and be considered as AP. In Figure 3.7 the vertical velocity

has already shown a clear separation between the large scale coherent part and small scale

turbulent part. For profiles of qt and θl, the downdraft (updraft) and ascending (descending)

shell show strong correlation, indicating part of the updraft/downdraft is in the dynamic

cycle. To further separate the small and large scale motions within updraft and downdraft,

vertical velocity probability density function (wPDF) filter is used to filter out the small
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Figure 3.4: Slab quadrants at different height before using wPDF filter, colormap is
the same as in Figure 3.2. (Decoupling stage)

scale complementary updraft/downdraft. As a result, the whole PBL is separated to six

parts and the procedure is defined as "sextant" analysis, but for clarity the complementary

updrafts/downdrafts are categorized as ascending/descending shell. In this research, the

wPDF is chosen to be the upper/lower 10% to separate the AP and PP.

Figure 3.8 shows the final sampling approach proposed. With the primary quadrant

analysis we observed a clear pattern between the ’paired’ quadrants in Figure 3.7, with a

clear similarity between the updraft(downdraft) and subsiding (ascending) shell and large

STD within quadrants in mind, we proposed a dynamic cycle among 4 different TS. Unlike

CS, TS have rather small length scales, which make them prone to changing their vertical

direction by the background turbulence. In this sense, wPDF filtering is further applied

to updrafts and downdrafts to further separate the AP and PP. With the two approaches
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Figure 3.5: Slab quadrants at different height after using wPDF filter, colormap is the
same as in Figure 3.2. (Decoupling stage)

combined together, the downdraft PP found in the original quadrants at surface layer goes

to the subsiding shell while downdraft AP in the Sc layer was kept.
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Figure 3.6: Diagram of dynamic interaction between turbulent shells and coherent
structures (left) and the diagram showing the wPDF filtering approach (right).
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Figure 3.7: Profile of quadrant properties with error bar showing the standard deviation
before (top), and after wPDF filtering (bottom).
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Figure 3.8: Sextant analysis using S′BL, w′ and wPDF criteria.
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Chapter 4

Parameterization implications - dual

stochastic parameterization

4.1 Variables and basic theory

Governed by a set of complex interrelated phenomenon like surface and top-down

(caused by longwave cooling) convection, wind shear, drizzle, and the entrainment of free

atmospheric air into the boundary layer, cumulus and stratocumulus are the most prevalent

cloud types in the planetary boundary layer. The moisture and heat transport are the two

major concerns in the study of atmosphere. Because of the limited computational power

and the multi-scale nature of the planetary boundary layer, much of the transport has to

be parameterized. Only a small portion of eddies can be resolved in NWP. In this section,

the modeled transport equations need to be parameterized are described.

4.1.1 Scale in LES model and NWP model

Varing physical phenomenon coexist in the atmosphere on many magnitudes, in-

cluding tropical atmospheric circulations (∝ 1000km), mesoscale convective systems (∝
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100km), boundary layer convection and large eddies anomaly (∝ 1000km) and small scale

eddies beyond Kolmogorov dissipation scale (less than 1mm). Obviously, with state-of-art

computation resources, one single model cannot resolve all physical process.

4.1.2 Basic theory

Atmospheric science often uses variables that are conserved for pressure change and

moisture process (condensation/evaporation). The budget equation can be expressed as

follows:
∂φ

∂t
+uj

∂φ

∂xj
= Fφ (4.1)

The first term in the right hand side is the tendency of the conserved variables, uj is

velocity in j direction, Fφ is the sink/source term posted by another physical process, such

as surface moisture/heat flux or the rain water condensation, φ is the conserved variables

such as total water mixing ratio qt = ql + qv + qi, which correspond to the liquid water

mixing ratio indicated saturated air parcel, qv is vapor water mixing ratio, qi is the ice

water mixing ratio which is not considered in this research. The liquid water potential

temperature simplifies calculations on heat transport because it is conserved for vertical

movement with hydrostatic pressure change and moisture process, which can be calculated

as:

θl ≈ θ−
Lv
cpd

ql (4.2)

Where θ is potential temperature calculated as θ = T
(
p0
p

)κ
,κ is defined as the ratio of the

specific gas constant of dry air Rd and the heat capacity cpd and assumed 2/7, Lv the

latent heat of vaporization, cpd the specific heat of dry air, and ql the liquid water mixing

ratio. In the calculation of buoyancy, density should be considered with temperature. In

this sense, the virtual temperature is introduced as a temperature scale which can be used
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for buoyancy, which is calculated as,

θv =
(

1 + 1− ε
ε
qt−

ql
ε

)(
θl+

Lv
cp
ql

)
(4.3)

ε is specific gas constant of water vapor ε=Rd/Rv ≈ 0.622. Because the density of water

vapor is lighter than air, the total water mixing ratio acts as a source term for the buoyancy,

whereas the liquid water act as a sink term because it is much heavier. For the second term,

the liquid water also acts as a source term due to latent heat release from condensation.

The lapse rate for the θv is an important indicator for stability in the atmosphere. With

positive rate, the air parcels above are less dense and the turbulence is suppressed. When

the environment lapse rate is large enough, any rising air parcel will be colder than the

environment, and will sink back down and atmosphere is characterized as absolutely stable

because no matter if the parcel is saturated or not, it cannot become buoyant. With

negative θl lapse rate, air parcels are denser than lower parcels and the environment become

unstable. In this research, the prognostic variable for heat is the liquid water potential

temperature, for water is the total water mixing ratio, and the virtual potential temperature

θv are used for parameterization.

4.2 Decomposition of turbulent transport

If there exists a clear separation of scales between the sub-grid eddies and grid-scale

motions, the budget equation 4.1 for conserved variables φ ∈ (θl, qt) in the Boussinesq

approximation can be read as:
∂φ

∂t
=−∂w

′φ′

∂z
+Fφ (4.4)

The overline indicates the environmental mean. The first term on the right hand side is the

lapse rate for the kinematic flux of variables, which is called turbulent transport. Eddies
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with large q′t and low θ′l. Eddies with positive vertical velocity perturbation perform upward

water and downward heat transport, and vice versa. Fφ term, if no adiabatic process and

zero mean wind is presented, becomes zero and total tendency can be simply represented

by the turbulent transport term. In the same sense, with the covariance multiplied by

the vertical velocity perturbation, the turbulent transport term for other variables can be

shown. Most of the difficulty is the calculation of the turbulent flux w′φ′, which arises from

the decomposition of the budget equation into mean quantities and turbulent fluctuations.

The EDMF parameterization in this research mainly follows [Sušelj et al., 2012,

Sušelj et al., 2013], but the parameters, are diagnosed from a conditional sampling ap-

proach adapted from [Davini et al., 2017]. In addition, a comparative parameterization

for downdraft is introduced. As a result, the framework of the stochastic dual EDMF

parameterization is developed as follows. The updrafts are initialized with fixed fraction at

the surface given the properties of surface determined by the Monin–Obukhov similarity

[Stull, 1988]. Then integrate vertical velocity within the updraft following a simplified

velocity budget until condensation occurs. When the condensation occurs, the updraft is

split to a predefined number of updrafts, and their properties are determined stochastically

from bivariate probability density function (PDF) diagnosed from LES. Because of lateral

entrainment, the updrafts will decelerate until the vertical velocity approaches zero, result-

ing in detrainment and decrease of the updraft area. While the downdraft is initialized at

the cloud base with properties draw from bivariate PDF of θl and qt, integrating its vertical

velocity with the same budget but the buoyancy as a sink term, the lateral entrainment

is similar to the updraft but with different parameters. As a consequence, it will stop

descending before it hits zLC level.

A closed PBL parameterization scheme gives flux profiles within the PBL and the

overlying air, providing tendencies of temperature, moisture, and horizontal momentum

for the entire atmospheric column. The major difference in PBL parameterizations lies in
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the modeling of turbulent flux terms. In this section, existing PBL parameterization is

explained and discussed.

Pure ED parameterization formulated as in [Holtslag and Moeng, 1991] can be

shown as follows,

w′φ′ =−K∂φ

∂z
(4.5)

The eddy diffusivity K is often parameterized as a function of TKE (Turbulent kinetic

energy, calculated as 1
2 (u′2 +v′2 +w′2 )), and a turbulence mixing length scale Lm and a

stability correction function differs for heat and momentum. Section 4.4 will give a detailed

discussion about the parameterization of K.

As mentioned in section 5, a major part of turbulent transport is fulfilled by strong

organized coherent structures. For the updraft/downdraft/environment separation, the

decomposition can be expressed as follows,

w′φ′ ≈ au(wu−w)︸ ︷︷ ︸
Mu

(φu−φ)+ad(wd−w)︸ ︷︷ ︸
Md

(φd−φ)+(1−au−ad)(wenv−w)(φenv−φ) (4.6)

Where au and ad are area fractions for the downdraft and updraft, w the vertical velocity,

Mu and Md are mass flux of the thermal, the residue term in the right hand side is often

parameterized as the small scale passive environmental local mixing through eddy diffusion

approach.

w′φ′env = (1−au−ad)(wenv−w)(φenv−φ)≈−Kφ
∂φ

∂z
(4.7)

Together with equation 4.6, the final form for the state-of-art EDMF parameterization

assuming multiple updrafts:

w′φ′ =−Kφ(z) ∂φ
∂z

+
n∑
i=1

Mu,i(φu,i−φ) +
n∑
i=1

Md,i(φd,i−φ) (4.8)

Above formula effectively separate the "non-local" or counter gradient MF part and the
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local mixing part by eddy diffusion approach and is the start of the EDMF parameter-

ization proposed in this research. Though explicitly expressed in equation 4.6, current

EDMF schemes typically only consider updrafts and model the downdraft into the eddy

diffusion part. It holds for some situations such as clear convective and shallow cumulus

boundary layers [Handa, 2018], where downdrafts are produced by the mass conservation

as a consequence of surface heat-driven thermal updrafts.

4.3 Mass-flux parameterization

4.3.1 Original scheme revisit

The budget equation for prognostic variables within the downdraft/updraft:

∂φp
∂z

=−ε(φp−φ) +Fφ where, φ= (θl, qt) (4.9)

The left hand side is the lapse rate of the variables within coherent structures. Subscript p

for there and in the following represents the plumes (updrafts and downdrafts). ε is lateral

entrainment rate determined by a stochastic approach, which is described in the following

section. Fφ contains source/sink terms due to the interaction with the environment, except

the lateral entrainment. It is assumed that except the lateral entrainment, no other physical

interactions with the environment and all the entrained air have the same properties as the

environment where the entrainment happens, so Fφ here is assumed as zero.

Updraft initialization

Following the arrangement in [Sušelj et al., 2012], the dry updrafts are initialized

at the surface:

wu|s= αww∗ (4.10)
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θlu|s= θl|s+αθl
w′θ′l|s
w∗

(4.11)

qtu|s= qt|s+αqt
w′q′t|s
w∗

(4.12)

where αθl = αqt = 1.4, αw = 0.8, w∗ is Deardorff convective velocity scale [Deardorff, 1970].

calculated as w∗ =
[
g
Tv
zi w′θ′v

∣∣∣
s

] 1
3 , where g = 9.8m/s2 is gravity acceleration, Tv is absolute

temperature, the w′θ′v
∣∣∣
s
term denotes the surface kinematic vertical turbulent flux of

buoyancy. zi is boundary layer height, which can be determined by minimum flux/gradient

in some scalar or monitoring a threshold value of some scalar, such as liquid water virtual

temperature θv, liquid water mixing ratio ql and liquid water potential temperature θl. In

this study, the gradient of θv is used to determine zi. w′θ′l/w′q′t is surface sensible/latent

heat flux, which is directly or indirectly set as boundary condition.

Lateral entrainment

The lateral entrainment for updraft is designed to be a stochastic process following

[Sušelj et al., 2013]:

ε(∆z) = 1
∆z εd

∆z
L0

e
−∆z
L0 (4.13)

∆z is the vertical displacement of downdraft/updraft, ε = 0.1 denotes each entrainment

event entrains 10% of the mass flux of the updraft/downdraft. The probability part ∆z
L0
e
−∆z
L0

resembles a Poisson distribution (P (k events in interval) = eλ (λ)k
k! ), where the k= 1 and the

event rate λ= ∆z
L0

, which denotes on average with specified distance interval L0 the length

the updrafts/downdrafts need to ascend/descend ∆z to fulfill a condensation/evaporation

process. L0 is calculated as L0 = zi−zLC
10 , where zLC is level of condensation of air parcel

within the updraft/downdraft.
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Vertical integration

Vertical velocity budget can be divided to the following parts [de Roode et al., 2012]:

∂wp
∂t︸ ︷︷ ︸

Tend

= g

θ0
(θv,c− θv)︸ ︷︷ ︸

Buo

− 1
2
∂w2

p

∂z︸ ︷︷ ︸
Adv

−
εww

2
p

1−σp︸ ︷︷ ︸
entr

− 1
σp

∂apw′′w′′u

∂z︸ ︷︷ ︸
Subplume

−
[
∂p

∂z

]
c︸ ︷︷ ︸

Pres

+2Ωcosφlσpup︸ ︷︷ ︸
Cor

(4.14)

In equation 4.14, the subscript p denotes the downdrafts/updrafts within PBL. On the

right hand side, the buoyancy term (buo) is the main source term, while entrainment (entr)

terms are main sink terms for the vertical velocity. The vertical velocity within coherent

structure changes in time but often steady state situation is assumed, so the left hand side

vanishes and this budget equation can be further simplified with fixed updraft fraction:

1
2
∂w2

p

∂z
= a

g

θ0
(θv,p− θv)− (b+ cε)w2

p (4.15)

where a = 2/3, b = 0.002m−1, and c = 1.5 in [Sušelj et al., 2012]. The effects of pressure

perturbation and subplume can be taken into account by introducing the a, b, c term to

the buoyancy term and lateral entrainment term.

Condensation

N = 0.5 + 0.36arctan(1.55Q) (4.16)

ql = σs


e(1.2Q−1) Q< 0

e−1 + 0.66Q+ 0.086Q2 Q≥ 0
(4.17)

[Cuijpers and P.BECHTOLD, 1995] Where N is a portion of the moist updraft or the

partial cloudiness, Q is the ratio of saturation deficit s and its standard deviation σs:

Q = s/σs. For Q ≥ 0 (stratocumulus cloud), the Gaussian distribution is well satisfied,
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while Q < 0 (trade-wind cumulus) is characterized by a positively skewed distribution

function. Equation 4.17 linearly interpolated between the Gaussian distribution and a

distribution with known positive skewness to fit the Sc and Cu regime. Using Equation

4.16, cloudiness scheme is coupled with turbulence scheme(cloudiness-turbulence scheme).

The key part to simulate the Sc-Cu transition is correct representation of the Sc Gaussian

distribution and Cu positive skewness distribution. s measures the saturation excess

s= qt− qs, using truncated Taylor expansion for qs(T ) around Tl by:

qs(T ) = qs(Tl) + ∂qs
∂T
|(T=Tl)(T −Tl) (4.18)

Substitute Tl/T = θl/θ and Tl = Lql/cp, where Lv is latent heat of vaporization of water,

with θl = θl(1−Lql/cpT ) the equation 4.18 becomes:

qs(T ) = qs(Tl) + ∂qs
∂T
|(T=Tl)(θ

′
lT/θ−Lvql/cp) (4.19)

And the saturation deficit follows:

s= aq′t− bθ′l+ c (4.20)

Where a= 1
1+γ , b= a(T/θ)∂qs∂T |(T=Tl), c= a(qt−qs(Tl)), γ = (L/cp)/∂qs∂T |(T=Tl), σs is variance

of s and calculated as:

σs = (s′2)1/2 = 1
2
[
(aq′t− bθ′l)2

] 1
2 = 1

2
[
a2q′tq

′
t+ b2θ′lθ

′
l−2abθ′lq′t

] 1
2 (4.21)

Substitute the variance(φ′φ′ = 2τ
C w
′φ′ ∂φ∂z ) and covariance estimated in [Sušelj et al., 2013]:

σs = aτ
1/2
s

2Cε

(
bw′θ′l

∂qt
∂z

+ bw′q′t
∂θl
∂z
−w′q′t

∂qt
∂z
− b2w′θ′l

∂θl
∂z

) 1
2

(4.22)
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Where a and b are the same as in equation 4.20, Cε = 0.16 and time scale τs = 0.1zi/w∗.

The final closure requires the boundary conditions for both the dry updrafts and

moist updrafts at the level of condensation are determined by bivariate PDF, the Gaussian

distribution for qt and θl can be expressed as:

G= 1
2πσθlpσqtp(1−ρ2)1/2 × exp

− 1
2(1−ρ2)

 θ′2lp
σ2
θlp

−2ρ
θ′lq
′
tp

σθlpσqtp
+
q′2tp
σ2
qtp


 (4.23)

Where σθlc ≡ θ′2lc , σqtc ≡ q′2tc, ρ ≡ cov(qtc, θlc) = θ′
lcq

′
tc

σθlcσqtc
. Using the variance/covariance

estimated in [Sušelj et al., 2013]:

φ′pφ
′
p = 3

2
τ2
p

C
w2
pε

2(φp−φ)2 (4.24)

w′pw
′
p = 1

2w
2
p, (4.25)

q′tpw
′
p = 0, (4.26)

θ′lpw
′
p = 0.6(θ′lpθ′lp× q′tpq′tp)

1/2 (4.27)

θ′lpq
′
t = 0.7(θ′lpθ′lp× q′tpq′tp)

1/2sign
[
(θlp− θl)(qtp− qt)

]
(4.28)

Where C = 1 and τp = 300s, hereafter, the mass flux parameterization for updraft is closed.

4.3.2 Two modifications

Downdrafts initialized from Sc base

With the evolution of the three-layer-structure during transition, we know clear

representation of the gradually decreasing downward non-local mixing is crucial to Sc-Cu

transition. With sampled downdraft at the cloud top, we propose to add a downdraft

part comparable to the surface initialized updraft with similar vertical velocity and lateral
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entrainment. The initial boundary condition including downdraft fraction is determined by

bivariate PDF sampled at the Sc base. Because the downdraft is dry and warm, as it goes

down the temperature grows warmer that inhibits condensation, set no condensation for

the downdraft.

Lateral entrainment by paired TS

With the sextant analysis in Chapter 3. We know the AP are surrounded by their

paired TS, which are separated by the wPDF filtering. So, unlike the original scheme of

using the environment as lateral entrainment property, we proposed to use paired TS as

for the air entrains into the AP.

4.4 Eddy-diffusivity parameterization

No modifications are made in the ED parametrization, the original part will be

shown there for completeness.

The eddy diffusivity parameterization part follows [Sušelj et al., 2013] where K is

parameterized with the square root of TKE and a mixing length:

Kφ = l
√
e (4.29)

where l= l23 +(l1− l23)e−z/0.1zi , with l−1
23 = l−1

2 + l−1
3 . Where l1 = κz with κ the Von Karman

constant, l2 = 400
√
e, l3 = 0.7

√
e
N with N =

√
(g/θv)(∂θv/∂z) the buoyancy frequency.

The budget equation for TKE:

∂e

∂t︸︷︷︸
storage

= g

θv
w′θ′v︸ ︷︷ ︸

buoyancy

−(w′u′∂U
∂z

+w′v′
∂V

∂z
)︸ ︷︷ ︸

shear

− ∂w′e

∂z︸ ︷︷ ︸
transport

− W
∂e′

∂z︸ ︷︷ ︸
advection

− ε︸︷︷︸
dissipation

(4.30)
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where the buoyancy, transport, advection and dissipation terms are parameterized following

[Sušelj et al., 2012]. The surface boundary condition is imposed with formula e|s = 7.5u2
∗+

0.4w2
∗, where u∗ is surface friction velocity u∗ =

[
(u′w′)2 + (v′w′)2

]1/4
and w∗ is Deardorff

convective velocity scale calculates as in equation 4.12.

The ’stochastic’ characteristics of this parameterization root in the following parts:

• Lateral entrainment is set as a stochastic process with the probability of entrainment

decided by Poisson distribution with event rate as ratio of the vertical displacement

and the distance that plumes need to travel before experiencing one condensation

process.

• The boundary condition after the condensation is connected with a empirical fit of

the bivariate PDF of θl and qt.

• The cloudiness (liquid water content) and ql is determined using a empirical relation

with a stochastic turbulence scheme.

However, the framework of EDMF itself maintains to be a deterministic model because:

• EDMF adapts the coherent structures and represents the turbulence transport mainly

by tracing the air motion within it, which maintains the deterministic view of

turbulence.

• Only the usage of bivariate PDF introduces the stochastic component, while the PDF

itself can be further optimized to have more ’deterministic’ sense.

In this chapter, with the state-of-art stochastic EDMF parameterization as a base

model. We proposed two major modifications based on findings from the three-layer-

structure in LES results and sextant analysis. A new scheme is shown in Figure 4.1, but

testing it is beyond our research goal and maybe fulfilled in the future.
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Moist updraftsLCL
Dry updrafts

Initial updraft

Initial downdraft

Lateral entrainment

Detrain

Lateral entrainment

Subcloud layer

Cloud layer/Cu

Cloud layer/Sc

Figure 4.1: Diagram showing the stochastic mass flux scheme. Black arrows indicate
updraft/downdraft, gray arrow is dry updrafts, length of arrow shows the magnitude of
vertical velocity, zLC is where the saturation begin to happen.
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Chapter 5

Discussion and conclusion

5.1 Conclusion

A clear three-layer-structure can be observed during the decoupling stage by looking

at the vertical profiles of the conserved variables: i) a well-mixed surface layer driven by

surface heating; ii) a cumulus layer with the sources of heating and moisture feeding from

the surface and cooling & drying from stratocumulus layer but without sufficient TKE

to mixe them together; iii) a well-mixed stratocumulus layer driven by radiative cooling.

During the decoupling stage, Sc layer is constantly thinned due to the insufficient moisture

feeding from the surface layer, which results in a constantly decreasing downward turbulent

mixing and further decoupling. Finally, the Sc layer is fully dissolved, leaving only the

Cu layer. The LES study of ASTEX shows that the clear representation of the downward

non-local mixing within the Sc layer might be a crucial part in the representation of the

Sc-Cu transition in the large scale models.

Quadrant analysis shows that there exists a dynamic cycle within turbulent shells:

i) complementary updraft/downdraft transferred from ascending/descending shell that

continues to ascend/descend; ii) the ascending/descending shell itself can be transferred
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from updraft/downdraft stops ascending/descending. Based on the constantly changing

vertical direction of the turbulent shells, a sextant analysis with wPDF filtering is used to

further separate the complementary and driven parts.

With the sampled plume properties and the detailed sextant analysis. Two major

modifications were made on the state-of-art stochastic EDMF parameterization: i) a

comparable downdraft initialized from stratocumulus cloud base is added to account for the

gradually decreasing downward mixing driven by radiative cooling during Sc-Cu transition;

ii) properties within the paired turbulent shell for updraft/downdraft are used to fulfill the

later entrainment, rather than the environment in the original form.

5.2 Future research

• The time scale, which controls the relaxation of the SFT , needs more detailed

sensitivity tests. Because unlike [Davini et al., 2017], the inversion height in the

ASTEX case is growing and consequently leaves an additional time scale that should

be considered. Together with the eddy turnover time scale, a more complex time

scale commands further study. With several tests not include here, the proper value

for τFT would be much smaller than the original 4τ and should be even smaller as the

PBL depth grows. It may approach near 0.5τ , but then it loses its physical meaning.

An alternative approach is to perform several steady state transition simulations as

[Chung et al., 2012] with a fixed depth of PBL to eliminate the effects of the changing

PBL height. However, in present research, using fixed ratio τFT = 4τ resulted in

two stratified boundary layers after 4 hours, which is non-physical and cannot be

used further after that time point for octant analysis. An alternative approach with

existing LES results is mentioned in Appendix B.

• Some additional passive scalars like [Brient et al., 2019] may help to validate the
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sextant analysis in this research. Also, the relaxation time scales in this research can

be calculated with other length scale such as the diameter of the active plumes to fit

the definition of "eddy turnover time" more precisely.

• To implement the dual stochastic parameterization proposed in this research with

NWP mode, several test in the single column model (SCM) are necessary; a steady

ASTEX like [Chung et al., 2012] is a good start.
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Appendix A

Quadrants at stratocumulus stage

and cumulus stage

In this appendix, quadrants captured for the stratocumulus and cumulus stage at

the same slice as Figure 3.5 are shown.
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Figure A.1: Cross section quadrants at the beginning of hour 4. (Stratocumulus
stage)

.

Figure A.2: Cross section quadrants at the beginning of hour 38. (Cumulus stage)
.
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Appendix B

Discussion about octants

As shown in Figure 2.10, the SFT shows a clear two layer structure. Therefore

performing the same octant analysis in [Davini et al., 2017] is impossible. It is trivial

to see that there will be too much downward PBL plumes considered as entrainment.

Consequently, other plumes will be incorrectly considered as air motion from the free

troposphere. The reason is rooted in the inappropriate manipulation of SFT in the ASTEX

case. The inversion height is monotonically growing and the growing rate introduces an

additional time scale that needs to be addressed or there will be ’lagging’ effects after

updating the relaxation profile. For example, imagine you have a cup of water with coffee

powder on the top of it. If you do nothing the coffee content will entrain the water and

give you a clear indicator for entrainment related event. However, for the ASTEX case,

it is like you are adding water from the bottom (PBL height growing). Although large

portions of the coffee power will go up with the water (update the relaxation profile), some

of it will stick to the inner wall of the cup (time lag due to incorrect relaxation time scale),

creating a local maximum concentration and promoting local mixing with water above and

below. If the water is added fast enough, all the water above the initial inversion height

will show a degree of mixing with the coffee (free troposphere), and invalidate the tracer.
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Figure B.1: Slab-average profile for SF T at the beginning of hour 8, 19 and 36,
corresponding inversion height is shown with dashed lines.

The key to draw an alternative way of performing the octant analysis based on

existing LES is to identify the concentration of SFT due to the local mixing and tropospheric

motion. Figure B.1 shows the slab-average profile of SFT at the observation time point. A

"minimum entrainment height" can be defined as a height that the gradient of SFT is zero

where "local" mixing meets the mixing due to entrainment-related events. With that we

can do a ’local’ octant analysis only above the "minimum entrainment height".
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Appendix C

Modified DALES model

Code structure and modifications for DALES 4.2 are shown in Figure C.1. Red

colored codes are modified, gray colored codes are not used during simulation, and green

colored codes are new codes that were introduced. The new routines read the initial profile

of the decaying scalars in plain text form with sc.inp. The decaying scalars, together

with other scalars including the velocity and thermodynamic values are initialized with

modstarup.f90. After that, all the large scale forcing and surface fluxes are read from

modtimedep.f90. The modtimedepsc.f90 is called in the initialization stage, reads the surface

flux and large scale forcing for the additional scalars. modrelax.f90 is called after diagnosis

modules and before the field dump module to update the new τFT , τBL and relax the

decaying scalar to a designated value.

50



Code structure of DALES(140)

Advection(10)

advec_2nd.f90

advec_52.f90

advec_5th.f90

advec_62.f90

advec_6th.f90

advec_hybrid.f90

advec_hybrid_f.f90

advec_kappa.f90

advec_upw.f90

Radiation
(modraddata.f90/
modradiation.f90)

modradrrtmg.f90(47)

parrrtm.f90/
Short_wave_heating(6)

parrrsw.f90/
Long_wave_cooling(8)

modradfull.f90
modradstat.f90
rad_rndmb.f90

rrtmg_lw_cldprop.f90

rrtmg_lw_init.f90

rrtmg_lw_rad.f90

rrtmg_lw_rtrnmr.f90

rrtmg_lw_setcoef.f90

rrtmg_lw_taumol.f90

rrtmg_sw_cldprop.f90

rrtmg_sw_init.f90

rrtmg_sw_rad.f90

rrtmg_sw_reftra.f90

rrtmg_sw_setcoef.f90

rrtmg_sw_taumol.f90

rrtmg_sw_vrtqdr.f90

rrtmg_sw_spcvrt.f90

Read data with different 
band(33)

Long_wave_cooling(22)

Short_wave_heating(11)

rrlw_kg01.f90

rrlw_kg02.f90

rrlw_kg03.f90

rrsw_kg16.f90

rrsw_kg17.f90

rrsw_kg28.f90

rrsw_kg29.f90

rrlw_kg04.f90

rrlw_kg05.f90

rrlw_kg06.f90

rrlw_kg07.f90

rrlw_kg08.f90

rrlw_kg09.f90

rrlw_kg10.f90

rrlw_kg11.f90

rrlw_kg12.f90

rrlw_kg13.f90

rrlw_kg14.f90

rrlw_kg15.f90

rrlw_kg16.f90

rrlw_cld.f90

rrlw_con.f90

rrlw_ncpar.f90

rrlw_vsn.f90

rrlw_wvn.f90

rrlw_ref.f90

rrsw_cld.f90

rrsw_con.f90

rrsw_ncpar.f90

rrsw_vsn.f90

rrsw_wvn.f90

rrsw_ref.f90

rrsw_aer.f90

Input

Radiation

namoptions

plain_text

NCDF

rapid radiative transfer model

simple surface radiation for 
land surface model

backrad.inp.nc

backrad.inp

ckd.inp

cldwtr.inp

rrtmg_lw.nc

rrtmg_sw.nc

scalar.inp

lscale.inp

prof.inp

lsfluxsv.inp

case_setup.nc

modtimedep.f90

modsimpleice.f90

modmicrophysics.f90

modmicrodata.f90

ice modsimpleice2.f90

modsimpleicestat.f90

Result
modstat_nc.f90

Prognositc

Diagnositc

modfielddump.f90

u/v/w

qt

ql

thl

Decaying scalars #1

Decaying scalars #2

moduser.f90

Subgrid
modsubgrid.f90

modsubgriddata.f90

modchecksim.f90

Additional module

modchem.f90

modnudge.f90

modtilt.f90

modcloudfield.f90

times statistics

modtimestat.f90

profile
modgenstat.f90

Mean/variances/covariances

modAGScross.f90

moviemodnetcdfmovie.f90

fftnew.f90

modpois.f90

modcape.f90

Crosssecion

modbudget.f90

modtimedepsv.f90

advection.f90

tstep.f90

modtestbed.f90

surface model
modlsmstat.f90

modlsmcrosssection.f90

modcrosssection.f90

modcanopy.f90

mirco_user.f90

bulk microphysics

modbulkmicro.f90

modbulkmicrodata.f90

modbulkmicrostat.f90

filter.f90

modprojection.f90

modquadrant.f90

modsurfdata.f90

sampling

modsampdata.f90

modsampling.f90

modsamptend.f90

program.f90
core modules

modglobal.f90

modstartup.f90

modforces.f90

modboundary.f90

modthermodynamics.f90

modheterostats.f90

modmpi.f90
parallelization

modfft2d.f90

modstattend.f90

modparticles.f90

lsflux.inp modtimedep.f90

Red colored codes are 
modified to 
introducing decaying 
scalars, grey colored 
codes are not used 
during simulation, 
green colored codes 
are new codes 
introduced.

sc.inp

lsfluxsc.inp modtimedepsc.f90

modrelax.f90

modfields.f90

Figure C.1: Code structure and modifications for DALES 4.2.
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