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Turbulence:

- no good definition;

- for atmospheric modelers: something subgrid;

- for pilots and passengers: variations of the flow affecting flight of an aircraft;

- in fluid dynamics: fluid motion characterized by chaotic changes in pressure and flow 
velocity;

- in this talk: atmospheric turbulence is the air motion of scales of hundreds of meters and 
below important for transport processes and mixing.

We will focus on substantial velocity and temperature fluctuations present in the 
atmospheric boundary layer and higher, in the free atmosphere, especially within and 
around clouds.



Atmosphere:

- gas layer around a planet, here around the Earth;

Weather:

- state of the atmosphere in a given moment above a certain location in the Earth;

Climate:

- characteristic properties of the climatic system (atmosphere, ocean, Earth’s surface) 
resulting from external forcings and internal responses (feedbacks) within the climate 
system, in simplified approach statistics of weathers at given forcings.

Weather and climate models: mathematical and computational models of weather and 
climate based on fundamental laws of physics with necessary simplifications and 
parametrizations of unresolved processes.



  
https://epic.gsfc.nasa.gov/epic-galleries/2016/lunar_transit/ful
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ΔQC

 

Input knob: 
albedo

ΔQS

Output knob: 
greenhouse effect

Earth’s temperature depends on energy balance: absorption of Solar energy ΔQS 
and emission of energy to space ΔQC



  

Radiative balance
-long term average

earthobservatory.nasa.gov





Representation of the global mean energy budget of the Earth (left panel), and its equivalent 
without considerations of cloud effects (lright panel). Numbers indicate best estimates for the 
magnitudes of the globally averaged energy balance components in W m–2 together with their 
uncertainty ranges in parentheses, representing climate conditions at the beginning of the 21st 
century. The cloud-free energy budget is not the one that Earth would achieve in equilibrium 
when no clouds could form. It rather represents the global mean fluxes as determined solely by 
removing the clouds .



Climate/weather modeling: construction of a virtual planet based on laws of physics. 

hydrodynamcs 
thermodynamics
radiative transfer
constitutive equations
atmosphere-ocean-biosphere exchange
surface processes and interactions

+ chemistry

model equations

* numeric code
* feeding with data 
* computing facility

virtual planet ready for experimentingEdwards Paul N.. History of climate modeling. 
WIREs Clim Change 
2011, 2: 128-139. doi: 10.1002/wcc.95



climate and weather models 

WEATHER MODELS

DNS

small-scale flow models 





Which problems are crucial for weather and climate modeling?
- scale range
- a variety of processes, from fluid dynamics, thermodynamics, radiative transfer, 
microphysics, ainsotropy… 
Let’s have a look into details and find some key processes related to turbulence



  



Primitive equations: 

..let’s focus on vertical profiles

Sp – stability parameter,
 J – diabatic 
heating/cooling
e.g. latent heat, 
divergence of radiative 
flux (absorption/emission)



  

1) Temporal development of 
temperature (stability) profile 
due to radiative fluxes 
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temperature (stability) profile 
due to radiative fluxes 

2) „Convective adjustment” - 
added convective heat flux from 
the surface results in mean 
temperature gradient 6.5K/km 
in the troposphere.
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1) Temporal development of 
temperature (stability) profile due to 
radiative fluxes 

2) „Convective adjustment” - added 
convective heat flux from the 
surface results in mean 
temperature gradient 6.5K/km in 
the troposphere.

3) Effects of clouds on longwave 
and shortwave radiation added.

4) Adjustment for the effects of 
observed vertical profiles of main 
GHG’s.



  



  

How to account for 
convection?



  https://www.ecmwf.int/en/research/climate-reanalysis



  



  



  



  



  



Cloud process parameterizations:
„Multiscale modeling”, superparametrizations, explicit cloud-
resolving, GIGA-LES, ILES, 

Bodenschatz, E., S.P. Malinowski, R.A. Shaw, F. Stratmann, 2010: Can We Understand Clouds without Turbulence? Science, 327,  970 – 971.

Randall D.A, Khairoutdinov M, Arakawa A, Grabowski W.W., 2003: Breaking the cloud parameterization deadlock . Bull. Amer. Meteorol. Soc., 84, 1547-1564.

I wiele wiele innych.....



https://help.altair.com/hwcfdsolvers/acusolve/topics/acusolve/training_manual/smagorinksy_lilly_subgrid_scale_model_r.htm

On a level of gridboxes:

For anisotropic grid:

Δ = (Δx Δy Δz)1/3

………… many variations

https://help.altair.com/hwcfdsolvers/acusolve/topics/acusolve/training_manual/smagorinksy_lilly_subgrid_scale_model_r.htm


  



SUMMARY:

Despite some robust behaviors, there is substantial disagreement across the RCEMIP 
ensemble in representations of cloudiness, self-aggregation, and climate sensitivity. Some 
readers may find this discouraging or surprising (perhaps hoping that models with explicit 
convection might have agreed better), while some readers may have anticipated that the 
many degrees of freedom in how models may achieve RCE would result in divergent 
behavior. 

Indeed, because RCE is relatively unconstrained, with convection left free to evolve as 
long as energy balance is still met, it is a tough test for models. We argue that this is a 
benefit of RCE, rather than a weakness. The divergent behavior in RCEMIP reveals the 
true sensitivities to representations of convection, microphysics, turbulence, and dynamical 
cores, sensitivities that might be masked in other comparisons by constraints imposed by 
large-scale circulations. 
Furthermore, the RCEMIP results show that the wide range of equilibrated states is 
not due to differences in the basic configuration such as SST, CRM grid spacing, 
insolation, or initialization, as there is a large spread despite constraining these factors 
to be the same. Instead, the different responses must be due to differences in model 
physics and/or numerics.



Diurnal organization of convection, strong heat fluxes:
Two realistic anelastic simulations of cumulus convection over Poland, ~1km grid, two 
different advection schemes.

Piotrowski, Z.P., Smolarkiewicz, P.K, Malinowski, S.P., Wyszogrodzki A.A., 2009, On numerical realizability of thermal 
convection, Journal of Computational Physics, vol. 228, 6268-6290, 10.1016/j.jcp.2009.05.023



Konwekcja 
komórkowa o 
charakterystycznej 
skali  O(10 km)

Similar or 
not ?



 Rayleigh number :

rigid/free boundary 

Rac=1100.657  >~ critical

>>  critical

g  – gravity acceleration
h – fluid depth
ν – kinematic viscosity
ν 

θ
 – thermal diffusivity

Δθ /θ – relative change of stability



W

 

/θ = O(10-3)

In the atmosphere Ra ≈ O(1016) 

Effective eddy diffusivity

How to explain convective patterns   ?

Notice  that Km  in vertical and horizontal may differ, e.g. 
due to grid anisotropy.

 



Idealized simulation, no wind, constant viscosities

The only difference – horizontal viscosity, 
νh= 2.5  m2s−1

   vs.  νh= 70 m2s−1 ; vertical  νv= 2.5 m2s−1    

ISOTROPIC ANISOTROPIC



Requirements to simulate convective fields

● Numerical viscosity control - not all dissipative numerics have the right properties 
needed for ILES simulations 

● Awareness of the design of the numerical model - avoiding dissipative first-order 
schemes and filters 

● Verification of subscale schemes for their suitability to a particular problem 
● Skepticism for attractive convection structures and cloud fields in large 

nonhydrostatic simulations Cellular convection in meso and large-scale models can 
only be a messy effect of anisotropic viscosity 



https://help.altair.com/hwcfdsolvers/acusolve/topics/acusolve/training_manual/smagorinksy_lilly_subgrid_scale_model_r.htm

On a level of gridboxes:

For anisotropic grid:

Δ = (Δx Δy Δz)1/3

………… many variations

https://help.altair.com/hwcfdsolvers/acusolve/topics/acusolve/training_manual/smagorinksy_lilly_subgrid_scale_model_r.htm


SOME PRACTICE – MY EXPERIENCE WITH ATMOSPHERIC tURBULENCE



Coming to smaller scales you find, that the situation is not less 
complicated… Clouds, cloud particles. Phase changes occur in 
microscales, yet they affect larger scales. Radiation effects of clouds 
and aerosols are also important.

Bodenschatz, Malinowski, Shaw, Stratmann.,
„Can we understand clouds without turbulence?” Science, 2010.



We will consider mostly turbulence measured by means of airborne instrumentation,  
mostly in the course of three research campaigns:

POST (2008) ACORES(2017)                           EUREC4A(2020)



Physics of stratocumulus top
POST



POST flight strategy:

Gerber, H.,et al., 2013: Entrainment 
rates and microphysics in POST 
stratocumulus, J. Geophys. Res. 
Atmos., 118, 12,094–12,109.



Example profiles of temperature, wind and humidity across the 
Stratocumulus Topped Boundary Layer.

grey shading: cloud, blue shading: EIL=TISL+CTMSL

“TYPICAL” (TO10)         “NON-TYPICAL” (TO13)

Malinowski, S. P. et al., 2013: Physics of Stratocumulus Top (POST): Turbulent mixing across 
capping inversion. Atmos. Chem. Phys., 13, 15 233–269.



TISL

CTMSL



Algorithmic
layer division
allows for 
objective
characterization of 
the layers.

Example: 
typical layer 
thickness

TISL:
15 – 35 m

CTMSL:
25 – 75 m
 



Gradient (bulk)
Richardson number:

is critical in 
TISL and CTMSL.

These layers are 
marginally
turbulent.



Corrsin and Ozmidov scales:
LC=√ε

S3
LO=√ε

N 3

~30 cm in TISL  and  ~3 m in CTMSL 
Eddies larger then these scales flattened and elongated in horizontal !



Domain-averaged LWP relative to the 
initial value 
and  cloud cover fraction as functions 
of computational grid anisotropy.

In LES of Sc clouds anisotropic grids 
do better than isotropic!

Pedersen, J. G. et al., 2016: Resolution and domain-size sensitivity in 
implicit large-eddy simulation of thestratocumulus-topped boundary 
layer, J. Adv. Model. Earth Syst., 8, 885–903. 



Anisotropic grid:



Isotropic grid:



Lessons from POST:

- there is a lot of anisotropic turbulence due to shear and static stability close to 
the top of STBL;

- anisotropic turbulence effects in anisotropic transport, which explains problems 
with modeling and interpretation of entrainment into Sc;

- anisotropy can be characterized, even using standard approaches (velocity 
variances, spectra);

- anisotropy can be scale-dependent.



ACORES: sampling strategy

Siebert et al. 
2021

Moderate TAS (  �20 m/s)Closely collocated (  �30 cm)
high-resolution instruments

Siebert, H., et al, 2021: 
Observations of Aerosol, 
Cloud, Turbulence, and 
Radiation Properties at the 
Top of the Marine 
Boundary Layer over the 
Eastern North Atlantic 
Ocean: The ACORES 
Campaign, Bull. Amer. 
Meteoro.l Soc., 102, E123-
E147. 





Schematic of main processes in the coupled (left) and decoupled (right) STBLs: primary circulation 
(yellow arrows), turbulence eddy cascade (circular arrows confined in an angle with extent 
proportional to inertial range scaling exponent p), TKE buoyancy production (B letter of size 
proportional to strength), sensible and latent heat fluxes (purple and blue arrows, respectively, of 
length proportional to strength) at the surface and in the cloud-top region.



Nowak, J. L.et al., 2021: Coupled and decoupled stratocumulus-topped boundary 
layers: turbulence properties, Atmos. Chem. Phys., 21, 10965–10991.









Lessons from ACORES:

- there is a lot of anisotropy in turbulence not only close to the cloud top, but 
across the whole BL depth and across scales;

- integral scales of turbulence are ~100m, i.e. turbulence is not responsible for 
transport across BL layers, convective circulations do the job.

- there are differences in turbulence across and within the layers.



  

 a) Wind velocity 
measured along the flight 
track, 

b) dissipation rates 
estimated from one-
dimensional spectra and 
structure functions under 
assumption of local 
isotropy, 

c) velocity scale U 
( U2 = 2/3E )

d) integral length scale L

Nonstationarity:



  

Idealized spectrum of homogeneous and stationary turbulence

Wacławczyk, M., et al., 2022: Detecting 
Nonequilibrium States in Atmospheric 
Turbulence, J. Atmos. Sci., 79, 2757-2772.



  
Non-equilibrium one-dimensional spectra.

Developing turbulence Decaying turbulenve
         

Wacławczyk, M., et al., 2022: Detecting 
Nonequilibrium States in Atmospheric 
Turbulence, J. Atmos. Sci., 79, 2757-2772.



  



  



  



  

Cε as a function of Reλ . 
Solid black lines - equilibrium scalings, Cε0 = 0.45 and Cε1 =1.81Cε0 , dashed red line - 
non-equilibrium scaling calculated statistics: symbols. 
a) coupled STBL, LEG5, b) decoupled STBL, LEG2.



  

L/λ as a function of Reλ . Solid black line - equilibrium scaling, dashed red line - non-
equilibrium scaling, calculated statistics: symbols.
a) coupled STBL, LEG5, b) decoupled STBL, LEG2.



More lessons from ACORES:

- it is possible to classify turbulent stationarity/nonstationarity  with the use of 
non-dimensional indicators Cε and L/λ on segments long enough to estimate ε, 
yet short enough to not average on regions of different turbulence properties;

- coupled STBL is characterized by lower values of Cε (stronger turbulence 
production) than decoupled STBL,

- regions of non-equilibrium turbulence prevailed in decoupled STBL, which 
indicates rapidly changing conditions.



  

EUREC-4A/ATOMIC

Stevens, B., et al., 2021: EUREC4A, 
Earth Syst. Sci. Data, 13, 4067–4119.



  

A special version of the 
UFT mounted on the 
turbulence probe of 
BAS Twin Otter



  



  

BAS TO – a selected segment of flight 336



  

UFT2 
temperature



  

Application of Recurrence Quantification Analysis  to objectively account for 
nonhomogeneity of turbulence and prepare segments of data for turbulence analysis

Król, S., Blyth, A., Böing, S., Denby, L., Lachlan‐Cope, T., & Malinowski, S. P. (2024). Can recurrence quantification analysis be useful in the 
interpretation of airborne turbulence measurements? Geophysical Research Letters, 51, e2023GL105753. 
https://doi.org/10.1029/2023GL105753



  



  

Nowak, J.L., 
Wacławczyk, M., 
Vassilicos, J.C., Król, 
S. & Malinowski, S.P. 
(2025)

 Scale-by-scale 
budget of 
turbulence 
kinetic energy 
in the 
convective 
atmospheric 
boundary layer: 
Analysis of 
structure 
functions. 

Quarterly Journal of 
the Royal 
Meteorological 
Society, 1–18. 
Available from: 
https://doi.org/10.100
2/qj.4879

https://doi.org/10.1002/qj.4879
https://doi.org/10.1002/qj.4879


  

The Kolmogorov 4/5 law  form for the ensemble average  3rd  order structure function 
S3 , which takes into account transverse velocity components, reads:

Dissipation in stationary situation equal energy transfer rate between scales.
Solving under certain assumptions energy budget from the equations of motion allows 
for analyzing the scale-by scale energy budget and verify it experimentally from airbotne 
measurements at various heights in the atmospheric boundary layer from close to 
surface to cloud base:

where T is (vertical) transport and W is buoyancy production.



  

Illustrative approximate scale-by-scale energy 
budget at the cloud-base and top-subcloud levels:

energy is transported to the system from lower 
heights (T<0), part of this energy is transferred 
downscale and dissipated, and another part is used 
to work against the large-scale stable stratification.

Idealized scale-by-scale energy budget for  1 m in the 
classical Richardson–Kolmogorov scenario: energy 
injected at large scales due to buoyancy forcing is 
transferred to smaller scales  and dissipated therein.

Such a picture is observed close to the surface and in 
the middle of the ABL.

Signature of convection organization !



  

How to analyze turbulence from in-flight data?

- divide your time series into segments corresponding to similar states of the flow;

- determine integral length scales based on velocity autocorrelations in the regions 
where you observe similar properties of turbulence;

- for Reynolds averaging select windows of FEW integral length scales, but not too 
large since turbulence is nonhomogeneous in space;

- quantify velocity variances, TKE, dissipation rate, all relevant scales and other 
turbulence characteristics like anisotropy, intermittency and stationarity/nonstationarity, 
organization and transport;

TURBULENCE???  TURBULENCES !!!



The first visible-light image from the MTG-FCI satellite from EUMETSAT (left) and a 12-
hour simulation using ECMWF's Integrated Forecasting System (IFS) at 2.8km 
resolution (right), valid for March 18, 2023 at 12:00 UTC. Source: EUMETSAT/ECMWF
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