> Fractal based technique for identifying
multiple layers in sodar echograms
depicting foggy conditions

Sreemoyee Roy and Abhik Mukherjee

Presented by
ABHIK MUKHERJEE.
Department of Computer Science and Technology

Indian Institute of Engineering Science and Technology (IIEST) Shibpur



Organization of the talk

o 0000000 D

Basics of planetary boundary layer and mixing height
Basics of sodar echogram formation

Mixing height estimation

Explanation for multiple layers due to fog formation
Results of mixing height estimation

Fractal and fractal dimension (FD)

FD computation methodology

Results of FD for multiple layered structure
Observations on results and its relevance



Planetary Boundary Layer Formation

a Coriolis force

a Gravity

O Speed of rotation of earth

a Temperature at ground and gradient
2 Kinematic heat flux at ground level
2 Local wind speed



Importance of Mixing Height

O Mixed layer height is an important
meteorological parameter

a It affects near-surface atmospheric pollutant
concentrations

a It determines the volume of air into which
pollutants and their precursors are emitted.

a The air quality estimation models use this
parameter

aWind energy generation requires estimation of
mixing height
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Fog Formation

In a normal temperature profile, warm air rises
and condenses. This has the potential of cloud
formation.

During day, sea breeze blows away from sea and
return path is from land back to sea.

During night, land breeze blows from Iland
towards sea — fog formation can happen

During capping inversion phenomenon which
occur at high altitude, a layer of cold air zone sits
above the layer of warm air.

A boundary is created where the cloud
formation is capped by the inversion profile.

v" A strong cap initiates foggy condition.



Sodar echogram
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SOnic Detection And Ranging also known as SODAR is very efficient
way to explore the time evolution of lower atmosphere. Acoustic pulses
of short duration are transmitted upwards using an acoustic antenna.
These pulses gets refracted and backscattered due to temperature
inhomogeneity and gets recorded in SODAR. (pictures taken from
website of Halley British Antarctic Survey)



Backscatter due to temperature inversion

(based on drawing by Mike O Connor)
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Typical patterns in Sodar echogram

J Rising inversion structures form during morning
hours

2 Convective plume structures form during daytime,
with the strength and shape depending on
Insolation

2 Falling inversion structures form during evening
after Sun goes down

a Flat inversion structures are typically formed on
calm nights



Typical Sodar echogram morning-noon

(taken from Sodar installed in ISI Kolkata)
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Mixing Height Estimation

The mixing height in the lower
atmosphere can be estimated by
employing suitable computer based signal
processing techniques. Following are
some of the approaches :

° Image processing approach
e Pattern Recognition techniques.
e Kalman Filter approach.

* Fractal — self-similarity approach.

Station: Maitri, Antarctica

Date: Jan. 8-9, 1996
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Mixing Height Estimation Approach

(taken from Fluctuation and Noise Letters | |(4); December 2012)
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Capping Layer - Sodar Image

(captured at Maitree Station, Antarctica)
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Imation
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Capping and Inversion Layer — Frequency

(Fluctuation and Noise Letters | |(4); December 2012. )
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Limitations of estimation scheme

® The proposed scheme is only for two layered structure

and can be extended to multilayered structure.

e The system has been assumed to follow a random constant
model but during fog formation and deformation stages, a

ramp model might be better suited.

* KF equations assumes system to be linear and noise model
to be a Gaussian model. Some natural fluctuations gets
suppressed. This can be tackled using a fractal based
approach.



Concept of Dimension

e Hausdorff Dimension: Generalizes the notion of
dimension in a real vector space.

. 1 N
dn(8)=—lim._, Oglo‘;(?

e Fractal Dimension:

Statistical quantity that gives an indication of
how completely a fractal appears to fill the
space, as one zooms to finer and finer scales.

e.g. Box Counting Dimension



Box counting dimension of a set S

o [et N(r) be the minimum number of n dimensional cubes of side length r

needed to cover S. if Ng(r) ~ 1/r?asr -> 0, then the box counting dimension

of Sis d.
lim ., (Ng(r) /7 (1/ rd)) =k

o Taking log on both sides:
lim__., (log Ng(r) +d log r) = log k

o

d =lim ., ((log k - log N¢(r) )/ log r)
d= lim__., (log Ng(r) )/ log (1/1))

So, plotting log(N(r)) vs log(1/r), the points should lie on a straight line
with slope d. This is the log-log approach to find the box counting

dimension.



Box — Counting

Aldlscorithm @ Box Counting

Input: Normailizred Concetration Density in recd
Output: Number of box counted in reob

1: for : = 0 to 255, increment ¢ = 1 + bor_size do
2: for ;7 = 0 to 255, increment 7 —= 5 + boxr_size do
3: meax__od of the current box max 2o 1=
CD_FUNC(Z, 3. bor_size, ned);
A: meax__cd of the right of current box max_=zr :=
CD FUNC(z,j + boxr_ size, boxr size,ncd);
5: max__cd of the top of current box max_zu 1=
CD _FUNC(i + boxr_size, j, bor_size, ned);
6 rnob (= ol + (int) Iﬂtﬂmr—g"?_w.m:r—gu
. ) _ WD  OLE e
—|—|:EII'.|.T.f:| Ijnﬂm_ifm :LEI_ET :
7: end for —

f: end for
2: function CD_FUNC(x, y, bor.z, cd_arr)

100: for row — x to x + box_ = do

11: for col = y to y + box.z do

12: mar__cd = maximum intensity for
cd_arr[row][cel];

13: end for

14: end for

15: end function




Proposed methodology

e Designing an algorithm for extracting the mixing
height through fractal dimension and hence finding
the fractal properties of the region near the mixing
height.

* Finding out discriminatory features in the pattern
of the available sodar echogram so as to predict the
onset of turbulent weather condition.

e Analyzing the FD for each height range to see
whether there is a perceptible change in FD in the
mixing height zone over the rest of the space.



Algorithms for FD computations

Get the discrete raw data values from sodar echograms as (height x
time) array.

For each height level, keep a note of the intensity readings for a
moving window of 256 intervals of 24 secs (i.e. 2 hours) duration.
We take successive differences of intensity between the current and
previous time interval and store in a 2D array where the rows to be

interpreted as height.

Count the number of boxes required to cover the intensity values in a
height zone. And this is to be done taking successively smaller box

sizes (in multiples of 2).
Calculate Fd= (log(no_of_boxes))/(log(Scaling Factor)) heightwise

Plot on the log—log scale the number of boxes vs inverse of the size of
boxes. Ideally this should give a straight line whose slope leads to the
limiting value of FD.

Anaiyze the result to find the fractal properties in the inversion-

capping Zone.



Box count plotted against scale factor

Log—log plot
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Fractal Dimension change with height

fractal dimension Vs height for fog1 sodar by taking gradient of intensities

height (1unit = Smeters)

fractal dimension Vs height for fogd sodar by taking gradient of intensities
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Intensity Changes at some typical hei

Plot of intensity vs time at given height
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Entropy changes with height

Plot of entropy vs height
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Observation

Fractal dimension in the region of mixing height range
of below 300m stays around |.2-1.3 with two distinct
peaks at around 60m and at around 200m and in rest
of the height regions FD remains very low.

When compared to the height extraction through
noise filtering method, there is good correlation.

Log-log plot is linear with slope showing correctness
of the algorithm tallying with FD. The linearity of log-
log plots indicates the turbulent zone do exhibit
fractal nature.

Entropy plot vs height is quite similar in nature to FD
plot, implying distinct feature in mixing zone.



Time Complexity of Approach

For an echogram of H height bins taken over T
time samples, it can be shown that

a Filtering method gives time complexity O(c HT"2)

— for T columns, H elements are compared to get two
heights, then time and measurement update is
done T times to get the filtered estimate over c
iterations needed for convergence

2 Fractal based method works in O(HTlogT)

-- for each of H height bins, box counting is applied
on 2-D data of size T, where max() is computed in
linear time for successively halved sizes.



Advantages of Fractal Approach

 There is a significant improvement in time
complexity over the filtering method

e The mixing height range detection by the two
methods is comparable

e Fractal method retains the natural fluctuations that
may be interpreted as noise and thereby get filtered
in the noise filtering approach

e Fractal method generates additional information for
meteorological analysis



Discussion

 There is a perceptible contrast of FD in the
mixing height zone with respect to other
height zones

* Advantage of working with Antarctic sodar
data is low ambient noise level.

e The study can be useful for taking
environment related decisions from the
fractal attribute of monitored data



Connecting with air quality models

* Mixing height is an all important parameter for air
quality modelling

o Multiple layered sodar echogram structures that form
during foggy condition present challenges for air quality
modelling

e We have observed through modelling that Spatial
distribution of Aerosol concentration data has self

Similar PrOPertieS Exploring the Self Similar Properties for Monitoring of Air
Quality Information; ICAPR-2015.

e This points to the relevance of this study as an
area with great future research prospects



Conclusion

To extract multiple layers within PBL, noise filtering
approaches with linear systems and white Gaussian
noise have some limitations.

Self similarity features of PBL from raw sodar data has
been examined and it is observed that FD ranges within
approx 1.2 — 1.3 around the mixing height zone.

The inversion and capping layers can be distinguished by
changes in FD with height.

This can be useful for Urban data containing many
variations in terms of noise and disturbances.

Meteorological parameters like turbulence and
convection strength can be explored in this approach.



Our Relevant publications -past

Abhik Mukherjee, P Pal and ] Das; Identification of elementary sodar patterns using perceptrons;
Proceedings of ICAPRDT; pp. 83-86; Kolkata; 1999.

P. Pal, Abhik Mukherjee, S. Acharya, J. Das; Continuous Detection of Atmospheric Patterns from
SODAR signals, Signal Processing,Vol. 74, pp. 1 54-168, 1999.

Abhik Mukherjee, P Adhikari, PK. Nandi, P. Pal, J. Das; Estimation of atmospheric boundary layer
using Kalman filter technique; Signal Processing; November 2002,Vol. 82(1 1), pp. 1763-1771.

Abhik Mukherjee and P Pal; Real time design of acoustic radar signal processing system; ICECE-
2002; pp. 176-179; Dhaka; 2002.

Abhik Mukherjee, P Pal and | Das; Classification of sodar data using fractal features; ICVGIPS-
2002; pp. 203-207;Ahmedabad; 2002.

Abhik Mukherjee, Sanjit Chatterjee and P Pal; Chaos analysis of acoustic radar data for
meteorological classification; proceedings of CODIS; pp. 717-720; Kolkata; 2004.

Abhik Mukherjee, PK Nandi, P Pal and | Das; Multi-sensor data fusion for estimation of mixing
height of the atmospheric boundary layer; abstract in CODEGC; p. 26;2004.

Abhik Mukherjee and P. Pal; Adaptive Design for estimation of mixing heights from sodar-based
measurements; Fluctuation and Noise Letters,Vol. 6, No. |, pp. LI103-L115,2006.

P Pal, Abhik Mukherjee and B Chanda; Removal of noise from sodar data using ABL

characteristics guided morphological filter; Journal of Image Processing and Communications;Vol
12 No. | pp.5-15;2007.



Our Relevant publications: recent

Sreemoyee Roy and Abhik Mukherjee; Exploring the dynamics of capped inversion
from sodar data; Fluctuation and Noise Letters | 1(4); December 2012.

Sreemoyee Roy and Abhik Mukherjee; Design of Air Quality Information Systems:
Gaps and Prospects; Seminar on “Research and Application of Environment-friendly
Solutions for Metallurgical Industries”, BESU, Shibpur;Jan 2012.

Sreemoyee Roy and Abhik Mukherjee; Information system analysis for monitoring of
air quality in peri-urban Howrah; pp. 231-234; EAIT-2012.

Sreemoyee Roy and Abhik Mukherjee; A simple model for assessing air quality risks;
ICER-2013; Aurangabad.

Rajrup Ghosh , Deepanjan Ghosh , Sreemoyee Roy and Abhik Mukherjee; Effect of
data availability at different resolutions on air quality monitoringg CALCON-2014.

Sreemoyee Roy and Abhik Mukherjee; Exploring fractal features in the mixing height

zone of planetary boundary layer from observed sodar data, Remote Sensing
Letters 5, pp. 823-832, October 2014.

Rajrup Ghosh , Deepanjan Ghosh , Sreemoyee Roy and Abhik Mukherjee; Exploring
the Self Similar Properties for Monitoring of Air Quality Information; ICAPR-2015.






References

» Sodar and PBL references

[17J-R. Garratt; The atmospheric boundary layer; Cambridge University Press; 1994.

[2] Keith W Ayotte etal; An evaluation of neutral and convective planetary boundary layer parameterizations relative
to large eddy simulations; Boundary-Layer Meteorology 79; 131-175; 1996.

[3] Sandro Finardi, Maria Grazia Morselli, Pierre Jeannet, "Wind ow Models over Complex Terrain for Dispersion
Calculations", Danish Meteorological Institute, May 1997.

[4] SP Singal; Current status of air quality related boundary layer meteorology studies using sodar; Acoustic Remote
Sensing; Tata Mcgraw Hill; pp. 453-476; 1990.

[5] R. L. Coulter and M.A. Kallistratova; Two decades of progress in SODAR techniques: a review of || ISARS
proceedings; Meteorol Atmos Phys 85, pp. 319 (2004)

[6] Technical Expert Report; Recommended Practices for the Use of Sodar in Wind Energy Resource Assessment;
IEA RD & D Wind Topical Experts Meeting; July 201 |

[7] loannis Antoniou (ed.) et al; On the Theory of SODAR Measurement Techniques; final reporting on WPI, EU
WISE project NNE5-2001-297;2003.

[8] M. A. Kallistratova and R. L. Coulter; Application of SODARs in the study and monitoring of the environment;
Meteorol Atmos Phys 85,2137 (2004)

[91 A.K. De, D. P. Mukherjee, P. Pal and J. Das; SODAPRETER:A novel approach towards automatic SODAR data
interpretation; International Journal of Remote Sensing;Volume 19, Issue 15, pp 2987-3002, 1998.

[10] N C Deb, K S Ray,and H N Dutta; SODAR Pattern Classication by Graph Matching; IEEE Geoscience and
Remote Sensing Letters,VOL. 8, NO. 3,201 |; pp. 483-487.

[I'1T A Mukherjee, P Adhikari, PK. Nandi, P. Pal, ]. Das; Estimation of atmospheric boundary layer using Kalman Iter
technique; Signal Processing;Vol. 82(1 1), pp. 1763-1771, Nov 2002.

[12] A Mukherjee and P. Pal; Adaptive Design for estimation of mixing heights from sodar-based measurements;
Fluctuation and Noise Letters,Vol. 6, No. |, pp. L103-L115,2006.



References .,

# Sodar and PBL references (contd...)

[13] K Gajananda, H. N. Dutta and V. E. Lagun, "An episode of coastal advection fog over East Antarctica", Current
Science,VOL. 93, NQ. 5, pp 654-659, Sept 2007.

[14] Elsa Dieudonn; Analysis of 2003 Halley sodar data; Masters research internship; E.N.S. Cachan & Universit Paris
VI;201 1.

» Filter references

[1] Arthur Gelb et al, Applied Optimal Estimation, 1974.
[2] James V. Candy; Classical, Modern, and Particle Filtering Methods;Wiley and IEEE Press; 2009.
[3] GregWelch and Gary Bishop,"An Introduction to the Kalman Filter", UNC-Chapel Hill, TR 95-041, July 24, 2006.

[4] ] Dunik, M Simandl and O Straka; Methods for Estimating State and Measurement Noise Covariance Matrices:
Aspects and Comparison; IFAC SYSID 2009, pp.372-377.

[5] PD Hanlon and PS Maybeck; Characterization of Kalman filter residuals in the presence of mismodelling; IEEE
Transactions on AES;Vol-36, Issue-1; pp. | 14-131;2000.



References o)

» Fractal references

[1] Michael Barnsley; Fractals Everywhere; School of Mathematics, Georgia Institute of Technology Atlanta, Georgia
and Iterated Systems, Inc. Atlanta, Georgia; 1998.

[2] Kenneth Falconer, "Fractal Geometry-Mathematical Foundations and Applications, Second Edition", John Wiley and
Sons Ltd.,2003.

[3] Santiago R. Simanca and Scott Sutherland," Mathematical Problem Solving with Computers", The University at
Stony Brook;Summer 2002 , www.math.sunysb.edu/scott/Book33 /.

[4] Jian Li, Qian Du, Caixin Sun,An improved box-counting method for image fractal dimension estimation, ELSEVIER:
Pattern Recognition 42 (2009)2460-2469, 2009.

[5] Volodymyr V. Kindratenko, Piet |. M.Van Espen, Boris A.Treiger and Red E.Van Grieken; Fractal Dimensional
Classication of Aerosol Particles by Computer-Controlled Scanning Electron Microscopy; Environ. Sci. Technol.
1994, 28,2197-2202

[6] Moskal A, Makowski L, Sosnowski TR, Grado L.; Deposition of fractal like aerosol aggregates in a model of human
nasal cavity; Inhalation Toxicology, 2006 Sep;18(10):725-31.

[7] Benoit B. Mandelbrot; Multifractals and 1/f noise:Wild Self Anity in Physics.
[8] Oracle ThinkQuest; http:/library.thinkquest.org/3493/frames/fractal.html.

[9] Kazuo Gotoh and Yasuhiko Fujii; "A Fractal Dimensional Analysis on the Cloud Shape Parameters of Cumulus
over Land" ;1998.

[10] M. Leok B.T.; Estimating The Attractor Dimension Of The Equatorial Weather System; 1994.

[1'1] Jon Waite, A Review of Iterated Function System Theory For Image Compression, Image Processing Research
Group, British Telecom Research Laboratories, Martlesham Health.

[12] Hannes Hartenstein, Matthias Ruhl, and Dietmar Saupe, Region-Based Fractal Image Compression, IEEE
TRANSACTIONS ON IMAGE PROCESSING,VOL. 9, NO. 7, JULY 2000.

[13] Charu Gupta, Dr. Manish Kumar,An Approach to Encryption using Superior Mandelbrot and Superior Julia Sets,
[JCST Vol. 3, Issue 1, Jan. March 2012.



