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Abstract

Understanding optical propagation through atmospheric turbulence is a highly
important step for the efficient implementation of a free space laser communication
system and for achieving diffraction limited imaging over long paths. The project
reported has studied the refractive index structure parameter, C,2, as function of local
bulk meteorological conditions. We present the data collected and the methodology used
during the campaigns of the past 3 years. In our analysis we address the greatest
limitation that affects studies of turbulence data, the non-stationary and non-linear
characteristics which severely limit the usefulness of traditional time series analysis. We
have devised a new mathematical technique, referred to as the Hilbert Phase Analysis

(HPA) and we report on its implementation and testing in this work.



Resumen

Entender la propagacion optica a traves de los efectos de turbulencia atmosférica
es un paso importante para la implementacion efectiva de sistemas de comunicacion por
laser y de toma de iméagenes a través de la atmdsfera a largas distancias. Este trabajo
presenta el estudio del parametro de estructura del indice de refraccion de la atmdsfera,,
C.?, en funcion de las condiciones climéticas locales. Aqui presentamos la data obtenida
y la metodologia implementada en los distintos experimentos por los pasados 3 afios. En
nuestro analisis trabajamos con la limitacion mas grande para el analisis de nuestra data
de turbulencia, la data no posee caracteristicas de ser estacionaria ni linear, lo cual limita
severamente el analisis por métodos tradicionales. Hemos desarrollado una nueva técnica
matematica nombrada “Hilbert Phase Analisys” (HPA) y reportamos su implementacion

y pruebas en este trabajo.
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Chapter 1: Introduction

1.1 Light traveling through the atmosphere

Light from a point source propagates as spherical waves. After long distances of
propagation a small section of these spherical waves can be assumed to be planar waves.
That is the case of star light incident on the Earth. Once the starlight propagates through the
Earth's atmosphere, it will suffer from atmosphere induced effects. These can be considered
as two separate items: attenuation effects and index of refraction effects.

We illustrate the distortions in response to the changes of refractive index in the

atmosphere in figure 1.1.

Pl Distorted
ane Wavefronts
Spherical wavefronts

Waves l

N
‘ abio

Star or point |

source Long Distance X
Atmosphere

Figure 1.1 Representation of light from a point source traveling through the atmosphere.




The atmosphere is a non-homogeneous system in which properties will be sensitive to
changes in pressure, temperature, humidity and wind speed/direction. Properties also will
vary as a function of the altitude with respect to the Earth surface due the layered nature of
the atmosphere. This layered nature and the sensitivity of the non-homogeneous system to
different variables creates the turbulent fluctuations in the refractive index of the atmosphere,
producing phase fluctuations in the traveling wavefront.

Atmospheric turbulence is a major problem for imaging and energy transport. During
the past decades most studies in this area have been directed along the vertical propagation
paths, for astronomical observations and imaging. However, in recent years, research in
horizontal path propagation has been increased due the efforts for the improvement of free
space optical communication systems and low altitude astronomical observations.

Turbulence on the optical field, leads to scintillation, absorption and scattering, where
scintillation is the effect of interest in this work. The absorption and scattering effects by the
atmosphere are wavelength dependent and give rise primarily to attenuation of the optical
wave.

The structure parameter of refractive index or as it is better known, C,?, is the
physical parameter used to describe the magnitude of the atmospheric turbulence in the
atmosphere which is related to the scintillation effect and is defined to be wavelength
independent.

In the lowest layer of the atmosphere this atmospheric turbulence parameter has been
related to different bulk weather parameters like the solar insolation circle and fluctuations in
wind speed/direction, temperature and pressure. But however, no complete theory or model

exists which precisely explains its behavior.



In order for this work to be able to make a contribution towards solving the problems
described before, specific objectives had to be addressed as listed below,
e take measurements of C,” in the weak turbulence regime where the C,?is claimed to
be proportional to the Rytov variance [4]
e examine the first order effects of the local weather in the C,,> parameter
o find a valid method of analysis to analyze in a qualitative and quantitative way the
possible contributions of the local weather parameters over the C,”.
With these objectives fulfilled, we were able to demonstrate the necessity to have
available a mathematical tool which allow the study and the quantification of the effects of

different local weather parameters over the C,? parameter.

This dissertation is laid out in the following format:
Chapter 1. Introduction
Chapter 2. Background Theory
Chapter 3. Calibration
Chapter 4. Experiments
Chapter 5. Data Analysis

Chapter 6. Conclusions



Chapter 2: Background Theory

2.1 The refractive index structure function (C,?)

The refractive index structure function, C,2, is a parameter which describes the
magnitude of the turbulence effects in the atmosphere for the optical range. Most of the
studies refer to this turbulence as an effect of turbulent air motion and fluctuations where
the source of energy for this motion are the gradients or changes in heating and cooling of
the atmosphere and Earth surface caused mostly for sunlight and diurnal cycle. One
characteristic of turbulent air motion is that is unpredictable, which made this more as a
general study of optical wave propagation through a random media. As a random media
we refer to a system were it basic properties are random functions of space and time.

The physical meaning of the refractive index structure function C,is a
measurement of the strength of the fluctuations in the refractive index in the atmosphere.
This parameter can be classified in two different regimes: weak turbulence and strong
turbulence. Typically values for the weak turbulence regime are 10’ m??or less and for
strong turbulence regime up to 10°* m™?2or more. The m#2 units are derived from

dimensional analysis.

2.1.1 Scintillation basis

Scintillation can be described as the destructive and constructive interference of
optical waves caused by the fluctuations in the index of refraction along the optical path

causing changes in intensity in the optical beam [6]. The scintillation index is perhaps the



most immediate and easy variable to measure in function of space and time and that

allow a direct relation with the C,? parameter. The scintillation index is defined by

, <I1?>
ol =

- 2_1 (1)
<>

where | is the intensity and the brackets < ...> denotes an ensemble average. Applying
the optical wave model of an infinite plane wave it can be characterized by the Rytov
variance which represent what we normally know as the scintillation index or the

normalized irradiance variance. By the Rytov approximation[1] then

Coyes = 0 =1.23C2K/EL%, [unitless] )
It claims a direct relation between the C,? and the scintillation index, where k = 277[ is

the optical wave number, A (m) is the wavelength and L (m) is the propagation path
length. This relation is true for the weak turbulence regime which is also defined as

o/ <1. This relationship shows that the scintillation is product of the small fluctuations

on the refractive index of the atmosphere in function of time.

2.1.2 Atmospheric Refractive Index Fluctuations

In optical wave propagation through the atmosphere the index of refraction is a
significant parameter of study. This parameter is sensitive small-scale fluctuations in
different weather parameters like temperature and pressure. At a determined point in
space in some specific time it can be expressed as

n(R,t) =n, +n,(R,t) (3)



where ng = 1 and n;(R, t) represent the random deviation of the atmospheric refraction
index. This term represent the changes due the random behavior of the atmosphere. For
optical and IR wavelengths the refractive index can be written as

n(R)=1+77.6*10"°(L+ 7_52*10—3/1-2)% @

or assuming A = .5 um due the small dependence A for optical frequencies

~1+79%10° P(R)
n(r) =1+ 79*10 T(R) )

according to [4]. Here A is the wavelength in um, P is pressure in millibars and T
temperature in Kelvin.

The behavior of the C,? along a propagation path can be related to the fluctuations
in the atmospheric refractive index from the temperature structure function, C%, obtained
from the difference of the mean-square of point measurements of temperature along the

path. Then from equation 5 the C,? can be directly inferred by
6 P
C2 =(79*10 GT—Z)ZCT2 (6)

This statistical description is similar to the description related to random field of
turbulent velocities, where are inertial subrange exist bounded by the outer scale L, and
the inner scale lo. The inner and outer scales are defined in the classical theory of
turbulence developed in the early 1940s by Kolmogorov which concern random
fluctuations in the magnitude and direction of the velocity field of a fluid [3].

The concepts of outer scale and inner scale comes from Kolmogorov cascade theory,
which assume that this turbulent eddies go from a macroscale to a microscale in size,

which create a continuum decreasing eddies as seen in figure 2.1. This idea comes in



visualize the atmosphere in two distinct states of motion, laminar and turbulent. Laminar
assume a constant and uniform behavior and turbulent that the atmosphere lose its
uniform characteristic due the dynamic mixing and acquire random subflows called
turbulent eddies. A transition from laminar characteristic to turbulent characteristic in the
atmosphere were occurs when the Reynolds number get to a critical point. Reynolds
number are define as,

Re :VTI [unitless] (7)

where V is speed of the flow (m/s), | is the dimension (m) and v is the kinematic viscosity

(m?/s).

Energy
Injection

|
- %i ;;%W H ~ oespaton

Figure 2.1: Representation of Kolmogorov cascade theory. The area between the outer
scale and inner scale form the inertial subrange. L, represent the outer scale and I,
represent the inner scale
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It claims that when the field of velocity fluctuations within the inertia subrange
show properties of statistical homogeneity and isotropy, the corresponding inertial

subrange of the refractive index fluctuation will inherit those properties too.



Chapter 3: Calibration

3.1 Instrument Overview

For the purpose of this work, a specialized instrument for the measurement of C,,> was
used. The Optical Scientific, Inc LOA-004 scintillometer systems consists of a transmitter

and a receiver system and is shown in figure 3.1.

Figure 3.1: LOA-004 Scintillometer

The transmitter consists of a single diode which emits its central wavelength in the
infrared band (A = 0.94um), although its bandwidth extends significantly into the red end of
visible, and its beam is converted to a diverging beam using a 6 inch mirror located in the
system.

On the other side, the receiver consists of two single pixel detectors, as seen in figure
3.1 with a broader bandwidth from 0.65 to 1.0 microns. These instruments also work as an
anemometer measuring the transverse component of the wind through the propagation path.
As an output the instruments provide a time vector with the C,? values, the wind speed values
and the voltage values received by each receptor channel. Also provided is a status value

which indicates when the detectors operate outside of their calibrated region, which generally

10



occurs due to too high or too low incident intensity caused by misalignment, loss of power at
the transmitter or saturation of the signal in the receptor channels.

The C,? measurements determined by the LOA-004 system is a path integrated which
come from the computation of the log-amplitude scintillation (C«(r)) of the two receiving
signals. Due the equation for the log-amplitude covariance function of Kolmogorov
turbulence by Clifford et al. [17], equation 1, it is possible to relate the (Cx(r)) computed by

the instrument with the C,,2 parameter.

C,(r) = 2.94jduaT2 Wu-@- u)Z]Tdyy_él sin” exp{o7[u(l - u)]g F(y)H, { 4myu Tr M
0 0 (1— U)

where r is the separation between the two point detectors in Fresnel zones +/ AL , with L

being the path distance between the transmitter and the receiver; y is the normalized spatial
z . . . : .
wavenumber; u = n is the normalized path position; Jo is the zero order Bessel function of

the first kind and

7 11

o2(u) = 0.124k L8 C? (u) (2)
50 8
F(y)=702y [d&gs[l-3,9)] @)
0.7y
To simplify this relations in order to understand the algorithm implemented for the

instrument a weighting function W(u), equation 4 can be defined

7 1

_ sLelu_ e f Azyu |2
W (u) = 0.365k ¢ L6 u(1—u)] I[dyg(u,y)\lo [(1—u)} r (4)

11



such that

C,(r)= deCf(U)W (u) (5)

assuming point source and point receivers. The information related to the C,% for point
sources and receivers is carried in the term g(u, y) from the expression above. This
instrument also made an important point for the calculations of the C,” that the turbulent

power spectrum is Kolmogorov meaning that the spatial power spectrum of temperature

-5
fluctuations @2 (k) and the humidity fluctuations ®?, (k) are proportional tok 3 .

3.2 Instrument Cross Calibration

3.2.1 Landbound region

Two identical LOA-004 Scintillometers were used for these experiments, provided by
the US Naval Research Lab in Washington DC. For initial cross calibration, the instruments
were set up side by side on the UPRM Experiment, during the spring of 2006 at an
approximate propagation distance of 90 meters. Data was collected data for almost 7 weeks.
Because of the divergence of the transmitted beam from each individual system, to avoid
cross contamination the systems were aligned with the transmitter and receiver of each on
opposite sides of the beam path, as seen in figure 3.2.

The data collected was filtered using the status value provided by the instruments.
Once all the data was filtered we identified a day where both instruments had taken good
values over a full 24 hours. The data of the instruments was correlated to verify the precision

of the measurements of one instrument respect to the other. The data from the instrument that

12
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Figure 3.2: Calibration alignment.

Figure 3.3: February 28, 2006 C,? data.
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we name Scintillometer 1 and Scintillometer 2, both over a time period of 24 hours and with
a sample rate of 0.1 Hz. In order to better visualize data trends, the data were smoothed using
a simple rolling average function. This is also known as boxcar smoothing. The width of the
rolling average window can be varied at will, of course. We see in figure 3.4 (top) shows the
C.? raw data with its cross correlation as a function of time lag below in figure 3.4 (bottom).
Perhaps figure 3.5 (top) show the same C,’ data but with a 30 values rolling average or what
is equivalent to 5 minutes in our time vector. It is very clear how smoothing the data improve
the correlation between the signals of both instruments when we compare the cross

correlation coefficient. To investigate the effect of smoothing on the cross correlation

Figure 3.4: February 28 2006. C,? data from the Scintillometer 2 and Scintillometer 1 are
plotted on the top graphs respectively, this is the raw data. The bottom graph correspond to
the cross correlation between the two signals.

14



Figure 3.5: February 28 2006. C,? data from the Scintillometer 2 and Scintillometer 1 are
plotted on the top graphs respectively; this is with a 30 value rolling average. The bottom
graph correspond to the cross correlation between the two signals.

between the two signals, we plot the cross correlation as a function of a 30 value boxcar
width, figure 3.8. The blue line corresponds to the data previous described and we can
observe that the maximum correlation factor is obtained when the smoothing width was 30
values. The maximum unsmoothed cross correlation coefficient at 0 lag for the calibration

measurements was of .49 and with 30 point boxcar the coefficient was of .85.

3.2.2 Littoral region

For the HOPA VIPh experiments, since the geometry and the environment were
radically different to the more controlled rooftop calibrations, we decided to check again the
calibration of the instruments. The instruments were located in the same antysimetric
position between transmitter and receivers as with the top of the Physics Building; this time

the beams propagated about 1.5 meters above the surface of the water for almost 600 meters.

15



Data was collected over 24 hours from which we were able to collect almost 19 hours of

contiguous good data with which to analyze the correlation between the signals.

Figure 3.6: September 3 & 4 2006. C,? data from the Scintillometer 2 and Scintillometer 1
are plotted on the top graphs respectively, this is the raw data. The bottom graph correspond
to the cross correlation between the two signals.

Figure 3.7: September 3 & 4 2006. C, data from the Scintillometer 2 and Scintillometer 1
are plotted on the top graphs respectively, this is with a 30 value rolling average. The bottom
graph correspond to the cross correlation between the two signals.

16



Figure 3.6 & 3.7 shows the data for calibration over the water collected between
September 3 and September 4, 2006 at La Parguera, Lajas, and Puerto Rico. Figure 3.6 show
the data without any smoothing and figure 3.7 shows the same data with a 30 point rolling
average (5 minutes) and its correlation respectively. Once again it is clear how smoothing the
data helps to improve the correlation between the signals for the slower oscillations that
interest us in the study. Figure 3.8 shows the comparison of the autocorrelation as a function
of boxcar width for both calibrations runs. In both cases we can observe how smoothing the
data improve the correlation between the signals, but with rolling averages greater than 30

values (5 minutes) this correlation exhibits a strong asymptotic behavior.

Figure 3.8. Cross correlation coefficients. (Red line: Calibration over Water (September 4
2006), Blue Line: Calibration over Physics Building (February 28 2006)).

17



The raw cross correlation coefficient for the 19 hours data set collected over water is
.025 while with a 30 value boxcar smoothing it is of .60. For the 24 hours data set collected
over the Physics Building the cross correlation coefficient at 0 lag for the raw data is of .5

while with a 30 point boxcar smoothing it is .855.

3.3 Calibration Conclusion

The data confirms that the instruments perform very similarly, so that we can
confidently perform simultaneous experiments at distinct locations and with different
experimental geometries.

Also figure 3.8 shows which number of values for a rolling average it will be better
for smoothing our data and keep the precision between the instruments. For both calibrations
experiments under completely different conditions is showed how a smoothing 5 minutes in

the time vector is the optimal to keep that precision.

18



Chapter 4: Experiments

For the development of this work multiple experiments at different locations were
carried out. All of them followed the same objective of collect as much data as possible with
variable weather parameters and geographical conditions. During each campaign we
confronted different complications which limited that amount of data collected. The weather
conditions was one of the principal affecting factors along all the experiments due strong
rains, thunder storms or strong winds which misalign the systems. Under some
thunderstorms, or strong rains it was necessary to stop the experiment for protection of the
electronic equipment like the computers which control and save the data take by the
instruments. During the next sections the difference between each experiment campaign will
be discussed.

The alignment process for this equipment at each experiment location consist in
being able to collocate the transmitter beam with the receiver aperture between a minimum
distance of 100 meters and no more than 2000 meters, as recommended by the manufacture.
However we show that less than 100 meters can be obtained by neutral density filters (see
section 4.1). Once they are in position the finder telescopes located at the top of each
instruments can be used to better the first alignment. After the equipment is on and the SQC
data collection software has been set-up following the instructions provided, the software can
be run in a setup or alignment mode. The set up shows the voltage value corresponding to
each receiver channel. A good alignment process consists in changing the direction of the
transmitter and the receiver using the micrometer screws on the tripods and ensuring the

detector voltage values are as close as possible one to the other, preferably no more than .1

19



volt the difference between them and over the 2.5 volt threshold value for each channel.
Each channel should not be under .3volts or higher than 3 volts to be considered as a good
data. The power of the LED on the transmitter can be adjusted as necessary, depending in the

distance of the setup.

4.1 Physics Building, UPRM, Experiment

The UPRM Experiment was undertaken during the 2006 spring for seven weeks. The
main purpose of this experiment was to cross check the relative calibration of the systems
but it also provided a large amount of landbound weak scintillation data. Figure 4.1 shows
more specifically the setup of the experiment on the top of the Physics Building. The
separations between the transmitters to the receivers were approximately 90 meters. Because
of the short distance it was necessary to use neutral density filters at the receivers to attenuate

the intensity of the incoming beam light and not saturate the receiver channels. The filters

T1 P O>

T2
>y
R1 S
S
Legend:
T1: Transmitter 1 S: Stairs
R1: Receiver 1 P: Planetarium
T2: Transmitter 2 O: Observatory
R2: Receiver 2

Figure 4.1: Sketch of the Experiment at the top of the Physics Building (UPRM Exp).
Distance or propagation between the systems 90 meters approximately (draw not at scale).
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were constructed using metallized electrostatic discharge film used to package sensitive
electronic components. This film consists of an inner layer of polyethylene, an outer layer of
polyester and a sandwich layer of aluminum, which allows for about a 40% transmission in
the visible and approximately 20% in the near infrared.

A Davis Pro Weather Station was placed on the roof of the building, but due to
technical problems with the control box of the weather station it was not possible to recover
that data. Conveniently close to the building, around 100 meters separation, is located a
weather station administrated by the Climate Center at the University of Puerto Rico in
Mayagtiez. This weather station collects data every 10 minutes and can be accessed through

the webpage http://atmos.uprm.edu/.

4.2 Chesapeake Bay Detachment, Experiment

The Chesapeake Bay Detachment (CBD) is a research facility of the Naval Research
Laboratory located right on the Chesapeake Bay, MD. This site was originally selected for
the experiment due the closeness to the bay and it relative isolation, allowing for minimal
human intervention in the experiment.

For the CBD Experiment scintillometer #1 was employed only. The transmitter was
positioned approximately 20 feet from the edge of a cliff where a receiver was placed in
front of a building. The distance of between the transmitter and the receiver was 110 meters
approximately mostly over a grassy area. The weather station, a Davis Vantage Pro plus was

located close to the receiver over the grassy area.
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Figure 4.2: Aerial view of the Chesapeake Beach Detachment of the Naval Research Lab in
Chesapeake Beach MD, US.

This experiment ran over a period of two years, 2003 and 2004, to collect data over
the four different seasons of the years. As described before the Scintillometer took data every
10 seconds and the weather station collected data every 5 minutes. During that campaign
numerous difficulties were found since the Scintillometer needed to be constantly monitored
as it would misalign easily; strong winds were the principal reason for the misaligning of the

system [14].
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Figure 4.3: View of the area where the CBD experiment was performed.

4.3 Magueyes Island, HOPA VIPh Experiment

HOPA VIPh Experiment (HOrizontal PAth propagation over the water from the Villa
Parguera hotel) was a 3 week campaign during the end of the summer of 2006. For this
experiment both Scintillometers and two Davis Vantage Pro plus weather stations were
employed. The experiment was conducted between the Hotel Villa Parguera in Lajas Puerto
Rico and Isla Magueyes, a research facility of the Marine Science Department of the
University of Puerto Rico, Mayaguiez Campus.

Scintillometer #1 was located between the roofs of the hotel building and the roof of
the main building on Isla Magueyes as appreciate in figure 4.5. Transmitter #1 was at an
altitude of 6 meters approximately versus the receiver #1 at 15 meters altitude approximately
over the top of the building in Magueyes Island. Scintillometer #2 was collecting data at low
altitude, 5 feet approximately over the water level at each side, transmitter and receiver as

observed in figure 4.6. This one was located between the dock at the mentioned hotel and
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Figure 4.4: Aerial view of the experimental site and representations of the propagations paths
between Villa Parguera hotel and Magueyes Island.

one of the docks at the back sides of Magueyes Island, to complete the 580 meter
propagation path just over the water as a difference of with the other system which has
approximately 80 meters of land under the propagation path.

This campaign was designed with this geometry to compare data collected at
different altitudes and over different propagation paths: over water and over a mix terrain.
Also two weather stations were used, one in each receiver. The weather station with the
receiver #2 was collecting data each 1 minute and the one in Magueyes Island, close to the
receiver #1 was collecting data each 30 minute. Data from the weather station located at
Magueyes Island provided by Yaitza Luna, and is available to the public at

http://physics.uprm.edu/~vyaitza.
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Transmitter #1 Receiver #1

(a) (b)
Figure 4.5: (a) View of the transmitter at the top of the hotel, (b) view of the receiver at from
the top of the building in Magueyes Island.

Transmitter #2 Receiver #2

(a) (b)
Figure 4.6: (a) Transmitter located at the dock in Magueys lIsland, (b) view of the receiver
located at the dock in Villa Parguera hotel.
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(a) (b)
Figure 4.7: (a) Weather Station located with the Receiver #2 at the hotel, (b) weather station
located at the Receiver #1. This weather station is administrated by Yaitza Luna.
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Chapter 5: Experiments Results

5.1 Data Analysis Methods

MATLAB has been used as the principal data reduction and data analysis platform.
Different methods of analysis have been implemented, including correlograms and the
calculation of the cross-covariance between different variables of interest. Some of these
methods are most effective when used with stationary data; as a consequence a way of
achieving this stationarity condition had to be defined and implemented. Stationary data are
the data in which the ensemble mean of a subset of the series is equal to the mean of the
overall series. We begin by describing a recently developed algorithm which allows us to

satisfy the requirement of stationarity.
5.1.1 Empirical Mode Decomposition (EMD)

The Empirical Mode Decomposition (EMD) is a new technique pioneered by N. E.

Huang et al. [16] for representing non-stationary signals. The EMD method is an adaptive
decomposition of the data, which results in the extraction of so called Intrinsic Mode
Functions (IMFs). The IMFs have well prescribed instantaneous frequencies, defined as the
first derivative of the phase of an analytical signal. The algorithm for this technique
summarized by G. Rilling [15] as:

1. find all extrema in the signal x(t)

2. interpolate between the minima and between the maximas, ending up with

some envelope emin(t) & emax(t)
3. compute the mean m(t) = (€min(t) + emax(t))/2

4. extract the detail d(t) = x(t) — m(t)
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5. iterate on the residual m(t).

—» Original Signal,

x(t)

Step 2

—Btep 3, m(t) mean
of the envelope

Step 4, d(t) detall
———» resulted from the
T subtraction of the

mean from the
signal

1 2 3 4 5 6 7 8 9
N A AN AT |
number of
—» jterations the
i ’ mean become to

Zero

10 11 12

1 2 3 4 5 6 7 8 9 10 11 12

Figure 5.1: This figure show the basic algorithm for the EMD method described in the text.
The graph at the top shows the original signal. In the second graph we represent ate how the
envelopes are created interpolating between the all the maxima and all the minima. In the
third one representing the step 3 describe in the text where the mean is calculated. The graph
number 4 shows the residue of the subtraction of the mean. The processes it will be repeated
between the steps 2 and 4 until the mean calculated become to zero as seen in the graph at the
bottom.

This procedure between step 1 to 4 is repeated until the detail signal d(t) is considered
have a zero mean. Once this criteria satisfied this signal d(t) is know as one IMF. Then the

residual is computed and step 5 applies. Figure 5.1 shows the IMFs of a time series signal.
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Figure 5.2: C,? data corresponding to March 9, 2006, smoothed with a 30 value rolling
average (top graph). In the second graph is showed the sum of all the IMFs calculated
without add the trend. The third plot show the trend which was subtracted from the data in
the second plot. The bottom plot is the sum of all the IMFs including the trend to regenerate
the original data. The reconstruction error was of the order of 10 %.
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Figure 5.3: IMFs calculated for the C,’ data collected on March 9, 2006 at UPRM Exp. The
C.’ data was smoothed with a 30 value rolling average before extring the IMFs. The bottom-
most graph is the residual after removing all the IMFs and represents the overall trend.
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The IMFs generated from a signal obey the additive law, within the bounds of numerical
error. For the example shown in Figure 5.2, summing the IMFs and the trend line generates a
signal that has a relative error in the order of 10™* % with respect to the input time series.
Therefore we can add the different IMFs leaving out the last one, called the trend. Leaving
the trend out we are eliminating the influence of the lowest oscillation from our data and this
will give a stationary resultant as its mean will be zero, allowing the application of different
statistical methods for the analysis.

We should also note that the individual IMFs seem to have characteristic timescales,

which may be related to external physical effects.

5.1.2 The Analytical Signal

Gabor [18] defined the complex analytical signal, namely
()= X(t)+iY(t) Q)
where

Y (1) = HIX(®)] )

_ 1o X(®)
_ﬂpl(s_t)ds, teQ (3

where H[e] represent the Hilbert Transform. As a result y(t) is an analytical signal. The

Hilbert Transform is a Cauchy Principal Integral which we denote by P, An alternative way
of writing this is
¥ () = a(t) exp™" 4

where
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at) =y X* (1) +Y*(t) (5)

_ MOJ
D(t) = arctan{ ™ (t)J (6)

This de Moivre form of the analytical signal is similar to the Fourier amplitude and phase
expression. Note that the Hilbert amplitude and phase are time dependent, opposed to the
Fourier analysis. It is this specific advantage over Fourier analysis that motivates us to

consider the less well known Hilbert transform over Fourier techniques in what follows.

5.1.3 Hilbert Phase Analysis

Applying the Hilbert Transform directly to a time varying signal can result in some
uninterpretable results due the number of paradoxes attributed to the existence of “riding
waves” in the data. This problem can be avoided by applying the Empirical Mode
Decomposition (EMD) method, see [11]. The algorithm for this HPA method consists
basically of three steps:

1. obtaining the IMFs and trend lines of the original signal.

2. add the different IMFs and apply the Hilbert Transform

3. calculate the phase angle of the Hilbert Transformed IMFs.

The Intrinsic Mode Function (IMFs) obtained from the application of the EMD method have
well defined instantaneous frequencies given by

ded(t)

wO="4

(")
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5.2 Experiments Results

5.2.1 CBD Experiment
The C,? data for this experiment collected over the 2 year campaign at the CBD was

smoothed with a 30 point rolling average. For this analysis we chose data sets under certain
weather characteristics, which allow us a better analysis and study of the C,,> behavior with
the weather parameter of our interest, the humidity. The data was selected by (Appendix B):

e temperature variation no more than 15%

e pressure change no more than 15 mbars

e exclusion of snowing and raining days

e wind speed/direction constant.

Figure 5.4: C,? data from the CBD experiment on November 9 2003. In this graph we show
the sections of the data that we call morning and night for purpose of our analysis.

Due to the state-of-the-art premise that the C,” behavior will be dominated by the

temperature trend, which we assume for most clear days to be strongly influenced by the
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solar radiation, just data sets during presunrise (morning) and postsunset (night) times were
selected to study the fluctuations over the C, data. This allows us the latititude to study the
humidity and other secondary effects. For that purpose the data was separate by morning and

night sections as seen in figure 5.4.

Min | Max A Min Max A A
Date RH | RH | RH | Temp | Temp | Temp | - C.>—>Temp | C,*—1/RH
(%) | (%) | (%) | (R | CF) | (CF) "
Nov 03 15
2003 74 89 ) 64.09 | 662 |21(+) | () X
morning
Nov 09 15
2003 42 57 ) 38.86 | 40.28 | 1.4 () | () X X
morning
Nov 10 15
2003 63 74 ) 30.7 33 23(¢) | (3 X X
morning
Feb 2 19
2004 81 100 ) 28.1 306 |[25(+) | () X
morning
Mar 27
2004 71 82 | 11(-) | 439 51.9 8(-) +) X
night
Mar 28 12
2004 75 87 ) 48.5 55.7 | 7.2() | () X X
morning
Apr3 18
2004 72 90 ) 42.3 482 | 59() | (v X X
morning
Apr3 14
2004 35 49 375 431 | 56() | (+) X
night )

Table 5.1: Statistical values for the analyzed cases from CBD experiment. The minus (-) and
plus (+) symbols represents if the gradient of the trend of the data was decreasing or
increasing respectively.

After the selection of the data collected, 8 cases between November 2003 and April
2004 were extracted from the total set. Table 5.1 show for each of the cases selected the

maximum and minimum values for temperature and relative humidity. In the table, the

minus (-) and the plus (+) symbols represent the gradient of the trend of the data.
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Comparing this for each day we can observe that just in 4 of the 8 cases the
temperature-relative humidity inverse relationship assumption of standard, simplistic
meteorology is contravened. This inverse relationship is claimed assuming that the moisture
in the atmosphere is constant over the whole time period of the measurements. Since the
temperature was mostly constant, with minimal fluctuation compared to the relative humidity
changes, we can interpret that the amount of moisture in the atmosphere varied over the time
interval of measurements.

However an inverse relationship between the relative humidity and the C,%, as
reported by Oh et al. in 2004[14], has been confirmed in all 8 cases studied here (last
column), as we can see by examining the correlograms between the two measured functions,
Figure 5.5, which show negative gradient, see appendix A for more data sets(pages 53-56).
Supplementing this evidence are the cross-covariance graphs between both time series

vectors for each case.

11/03/2003:pm (T_ =13.4° F)

j : : — 11/03/2002 night
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41 o oal .
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Figure 5.5: November 3 2003, night. Correlogram (left), Cross-Covariance (right).
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Data set number | Date mm/dd/yyyy] | Zero timelag cross covariance
1 117032003 mght 06307
2 11,09 /2003 morning -0.6144
3 11,/10/2003 morning -0.7632
4 02 /02 /2004 morning -0.6251
5 03 /27 /2004 morning -0,2930
G 03 /28 /2004 morning -0.5764
T 04 /03 /2004 morning -0.5604
8 04,03 /2004 night -0.4374

Table 5.2: Values of the cross covariance coefficients at zero lag to their respective data sets.
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Figure 5.6: Plot comparing the minimum coefficient with the value of the coefficient at the 0
lag.

Each of this figure show similar behavior, a negative gradient in each of the
correlograms presented and a negative cross-covariance coefficient at zero lag as presented in

table 5.2. Figure 5.6 show a plot of the cross-covariance coefficients at zero lag and the
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minimum coefficient value. Most of the cases the minimum coefficient is at the zero lag or
close to it, which mean that the influences of the humidity upon the C,?was very close in
time (5 minutes per sample).

The HPA method was also applied to the same 8 cases, as a first test of the
effectiveness of this method. In figure 5.7 we observe the plots of the HPA method applied
to the data, see Appendix A for more examples (pages 63-70). Each figure, which consists of
6 plots, is organized in the following order:

e phase angle of C,? (top left)

e phase angle of temperature and relative humidity (top center)

e average of the phase angle between temperature and relative humidity (top
right)

e difference of the average between the phase angle of the weather variables
from the phase angle of the C,* (bottom left)

o difference of the phase angle of relative humidity from the phase angle of the
C.’ (bottom center)

o difference of the phase angle of temperature from the phase angle of the C,?

(bottom right)
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Figure 5.7: March 28 2004, morning. At the top (right) the HPA of the C,%, (center) the HPA
corresponding to the relative humidity and temperature, (left) the average between the HPA
of the temperature and the HPA of the relative humidity. At the bottom (right) the subtraction
of the average of the HPA from the C,? HPA, (center) the subtraction of the relative humidity
HPA from the C,2 HPA, (left) the subtraction of the temperature HPA from the C,> HPA.

After comparing the difference of the phase angles of temperature and relative

humidity from the phase angle of C,> we can observe which one conserve the same kind of

fluctuations that the plot of the subtraction of the average of the phase angles between

relative humidity and temperature from the phase angle of C,?, concluding that:

November 3, 2003 (night): Temperature dominate the C,? behavior

November 9, 2003 (morning): Not clear which weather parameter dominate C,?
November 10, 2003 (morning): Temperature dominates.

February 2, 2004 (morning): Not clear which weather parameter dominate C,?

March 27, 2004 (night): Temperature dominates
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e March 28, 2004 (morning): humidity dominates
e April 3, 2004 (morning): temperature dominates

e April 3, 2004 (night): humidity dominates.

5.2.2 UPRM Experiment

This experiment was used for the calibration of the two scintillometer instruments, as
well as for further testing of the HPA method. From the campaign we were able to extract 6
days where 100% of the data were good values, as defined by the parameters established by

the equipment. As a first indicator of how the HPA can describe the behaviors of a time
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Figure 5.8: March 9, 2006, UPRM Experiment. (top right) Solar radiation data with its HPA

over plotted. (top left) C,? data with its HPA over plotted. At the bottom the difference of the
solar radiation HPA from the C,> HPA.
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Figure 5.9: March 7, 2006, UPRM Experiment. (top right) Solar radiation data with its HPA
over plotted. (top left) C,? data with its HPA over plotted. At the bottom the subtraction of
the solar radiation HPA from the C,? HPA.

series we use the solar radiation and the C,% data. Figure 5.8, at the left (top) show the
corresponding data for the solar radiation for March 9 2006 and the Hilbert Phase angle
calculated. At the right (top) is plotted the C,* data with it Hilbert Phase angle. It is clear that
the difference between both plots, where the solar radiation was completely smooth,
indicating that for a sunny day the HPA results in a smooth line with a constant gradient,
although there are some significant changes in the gradient corresponding to the sunrise and
sunset times. Also we can observe how the HPA indicates not just the slow oscillations in the
data, also the fastest oscillations like is the case of the C,2 HPA at the top right of the plot.
The HPA of the solar radiation was subtracted from the HPA of the C,? showing as a result a
horizontal line close to zero value with small amplitude oscillations. This verifies strongest

influence of the solar radiation over the C, over land.
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To study the influence of the different weather parameters over the C,?a cross-
correlation was applied to the Hilbert phase angles calculated along a 24-hour time period.
Figure 5.10 corresponding to March 9 2006 show a clear positive cross covariance between
the solar radiation and temperature. This demonstrates the direct relation between these two
variables along a sunny day. Cross covariance between C,? and temperature, relative
humidity and solar radiation where calculated. The cross covariance for the temperature and
solar radiation with C,? respectively show a positive relationship between them, as expected
due the positive cross covariance between the solar radiation and temperature and an inverse
relationship between the C,? and the relative humidity is present in the data. Figure 5.11
show the data collected in February 28 2006, this data show a positive correlation between

the C,? and solar radiation at the same time that show an inverse relationship of the C, with

Figure 5.10: March 9, 2006. (Left) Cross covariance between the HPA(C,?) with HPA(RH)
and between HPA(SR) with HPA(T). (Right) Cross covariance between the HPA(C,%) with
HPA(SR) and between HPA(C,?) with HPA(T).
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Figure 5.11: February 28, 2006. (Left) Cross covariance between the HPA(C,?) with
HPA(RH) and between HPA(SR) with HPA(SR). (Right) Cross covariance between the
HPA(C,%) with HPA(T) and between HPA(SR) with HPA(T).

the relative humidity. During this day we can observe how the relationship between the solar
radiation and temperature is completely lost and the relation between temperature and C,” is

also lost. Indicating that more factors were affects the system. Even with this loss of

relationships the inverse relationship between the C,? and relative humidity still present.

5.2.3 HOPA VIPh Experiment

During this campaign C,’ data was collected over a .5 km propagation path. The
other notable difference was that this data was collected over water. Once the data was
filtered using the statistical values provided by the Scintillometer was plotted, as shown in
figure 5.12. The C,’ data on the solid line correspond to the system located between the
docks. It was observed that each of the large amplitude peaks in the data was produced by the
boats passing close to the propagation path. The data from the other instrument was over

plotted.
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Figure 5.12: August 27, 2006. C,’ data for both Scintillometer over a 24-hours time period.

From this experiment two days of data were selected to apply the Hilbert Phase

Analysis. These days were selected because each one presents more than 95% of good data in

Figure 5.13: Cross Covariance of HPA for the New Scintillometer with the weather
conditions collected by the weather station located at Magueyes Island. Data collected on
August 23, 2006. Statistical values indicate that 99.98% of the C,” data was good data.
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Figure 5.14: Cross Covariance of HPA for the Old Scintillometer with the weather conditions
collected by the weather station located at Magueyes Island. Data collected on August 23,
2006. Statistical values indicate that 95.7% of the C,” data was good data.

their statistical values for each system, also for availability of the good weather data along a
24-hour period. August 23, 2006 presented in figure 5.13 and figure 5.14 for Scintillometer
#2 and for Scintillometer #1, respectively, shows the consistency on our method in
illustrating the different kind of relations that exist between the different weather parameters
and the C,? parameter. The cross correlation zero lag coefficient clearly shows the
relationship between the C,’ data and the Relative Humidity. In figure 5.13we show the
inverse relationship between these two variables, although in figure 5.14 the relationship of
these two variables, the C,2 with the relative humidity appears to be positive. This difference
in this latter cross covariance may have been produced by other weather parameter affecting
one of the systems, by example the wind, which is know it have some influence over the C,?
behavior but is not part of this study.

What is important to notice in both plots is that the cross covariance between the C,?

and the relative humidity and the cross covariance between the C,? and the temperature is
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opposite and consistent in both systems. Relationships showed by the cross covariance of
other variables like the C,? with the solar radiation or between the solar radiation and
temperature can be lost due the instability in the weather conditions during these days in the
experiment area. These weather conditions include very cloudy days and windy days.
During August 27, 2006 it was also possible collect good data on both systems. Data from
the weather station located at the dock of Villa Parguera Hotel was used for the analysis
because the data from the weather station at the islet was not available for this day. In figure
5.15 we can observe the same behaviors observed in the data from August 23, 2006. Most of
the different relationship showed by the cross covariance of the HPA are lost or in a minor

scale than the ones observed in the UPRM Experiment data. But once again the HPA

Figure 5.15: Cross Covariance of HPA for the New Scintillometer with the weather
conditions collected by the weather station located at the Hotel. Data collected on August 27,
2006. Statistical values indicate that 99.99% of the C,’ data was good data. (Left) Cross
covariance between the HPA(C,?) with HPA(RH) and between HPA(C,?) with HPA(SR).
(Right) Cross covariance between the HPA(C,?) with HPA(T) and between HPA(SR) with
HPA(T).
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Figure 5.16: Cross Covariance of HPA for the Old Scintillometer with the weather conditions
collected by the weather station located at Hotel. Data collected on August 27, 2006.
Statistical values indicate that 96.67% of the C, data was good data. (Left) Cross covariance
between the HPA(C,?) with HPA(RH) and between HPA(C,?) with HPA(T). (Right) Cross
covariance between the HPA(C,?) with HPA(SR), between HPA(SR) with HPA(T) and
between HPA(RH) with HPA(T).

method reveals a relationship between the C,, and the relative humidity. In this plot this
relation is a positive one, but the relation between the C,? with the temperature and with the
solar radiation respectively is negative. This confirms the direct influence between solar
radiation and temperature and the same time that confirm the inverse relationship between
the relative humidity and the temperature, demonstration the capabilities of our HPA method.
Figure 5.16 which correspond to the data of the Old Scintillometer for August 27, 2006 too
collaborate what was just describe from figure 5.15.

Once the data of the 3 experiments was reduced we were able to make some
comparison of the crude C,? data. Figure 5.17 show C,’” data set from each experiment
discussed in this chapter, plotted as a function of time for a 24 hours period. Table 5.3 shows
the principal characteristics which distinguish each experiment. It is clear how the turbulence

that was mostly over the water keep always a lower order of magnitude than the other
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CBD UPRM HOPA VIPh
Experiment Experiment Experiment
Distance of ~ 100 meters ~ 90 meters ~ 600 meters

propagation

Surface

Grassy area

Over roof of a
building

Around 86% over water,
14% over land

Altitude respect
the surface

1.5 meters

1.5 meters

~10 meters

Table 5.3: Principal differences between the 3 experiments.

systems, been this a possible indication of the effects of presence of humidity along the

propagation path. It is also notable how the similitudes between the three sets of data were

they show a minimum close to the sunrise and other minimum around the sunset.

Figure 5.17: Plot of C,% data of the three different experiments. The bottom plot represents
the data collected on August 27, 2006 at La Parguera, Puerto Rico. The Middle one show
data collected at the Cheseapeake Bay Detachment, Maryland, US, on November 9 2003.
The top one show Cn2 data collected over the Physics Building roof at Mayaguiez Puerto

Rico on March 9 2006.
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Chapter 6: Conclusions

In this project the optically measured atmospheric turbulence structure parameter,
C.Z, has been studied under different environment conditions. Also new and innovative
techniques for analysis of the time series are been tested and developed.

For our first approach to study the possible influences of the humidity upon the C,?
parameter, we analyzed datasets provided by E. Oh of the Naval Research Laboratory. We
verified the inverse relationship of C,? with relative humidity as reported by Oh et al.[14].
This data was the motivation to look for new analysis techniques which allow us to correctly
analyze time series which do not possess stationary properties.

The introduction of the Empirical Mode Decomposition method (EMD) to this data
was one of the most important steps for the success of this work. The identification of all the
Intrinsic Mode Functions (IMFs) of the data and the ability to subtract the trend, allowed us
to convert our non-stationary time series signal into a time series signal with stationarity
properties. We could then apply standard statistical analysis methods with confidence and
more importantly we were able to study in more detail the faster oscillations in our data. The
development of the Hilbert Phase Analysis (HPA) in this work provides now what promises
to be a powerful tool for the study of multiparameter time series data.

The HPA technique was consistent in the results of the analysis of our data for the
three different experiments. The three experiments were distinct in geographical position,
geometry and weather conditions, yet the method revealed the inverse relationship claimed in

previous work between the C,? and the relative humidity. Also it was very consistent in
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identifying different relationships already known in the other weather parameters,
specifically the relation between the solar radiation with the temperature and the inverse
relation between the temperature and the relative humidity. Maybe the greatest contribution
of the method due to this work is to show that the relative humidity is possibly a more
consistent indicator for fluctuations in the C,? parameter than the direct bulk parameters of
temperature and pressure implemented by Monin-Obukhov similarity based theory which is
used in predictive models of C,? such as PAMELA [14]. This can be corroborated by
comparing the results of table 5.1 for the CBD experiment where the eight cases studies
show an inverse cross covariance between the C,>and the relative humidity, versus just four
cases which the show the proportional relationship between C,?and temperature. During the
UPRM and HOPA VIPh experiments the cross covariance between the HPA of the different
variables show in all the cases a relationship between the C,>and relative humidity. In three
of the cases study for the HOPA VIPh experiment the relationship showed for the C,* with
the relative humidity it was positive, but there was an inverse relation between C,”and
temperature indicating the inverse relation between relative humidity and temperature. The
presence of this relationship between the relative humidity and temperature is a strong
indicator o the confidence of our method because show relations described by the theory and
by other methods.

In conclusion the HPA method shows itself to be a very interesting new technique for
the analysis of the time series signals, keeping their physical properties present during the
analysis. This method shows it capabilities at a qualitative level and still undergoing
improvement to allow for a quantitative level of analysis, which would allow us to determine

the amount of influence of the different weather parameters upon the C, parameter.
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Also as a result of this work a database for all the C,”and weather data collected
along the three different campaigns has been created for public access and can be accesses

through the website http://physics.uprm.edu/~cfont/.
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Humidity contribution to the refractive index structure
function 2.

Clarlos 0. Font, Mark P. 1. L. Chang?, Eun ©h and Charmaine Gilbreath®

!Physics Department, University of Puerto Rico, Mayagiiez, Puerto Rico 00650
*11.5. Naval Research Laboratory, Washington DO, 20575

ABSTRACT

Humidity and &2 data collected from the Chesapeaks Bay ares during the 2002,/2004 period have besn analyzed.
Wi demonstrate that there is an unequivocal correlation between the data during the same time periods, in the
abeance of sclar insclation. This correlstion manifests itsslf s an inverse relationship. We suggest that O3 in
the infrared region is alsc function of umidity, in addition to temperature and pressura,

Keywords: Strength of turbulence, tmmidity, scintillation

1. INTRODUCTTON

It has b=en known for some time? that the scintillaticn behaviour of point sourcss is a measure of the cptical
seaing in the atmosphers. What has been lass well understood is the eontribution of different environmental
variables o oplical sesing. Owver the past decads, a great deal of study has been dedicated to clarifying this
(SN

Comprehensive treatments of the theary of wave propagation in random media are given in Tatarskii'a
seminal works. 2% Moare recent developments are described in Tatarskii et al.* Scme of the simplest modsls
basad on thess complex works are well known and availabls in the literature: Greenwocdd.® Hufnagal-Valley,®
SLC-Dray and SLO-Night.”  These models are used to prediet the strength of weak clear air turbulence's
refractive index strocture function, L'-f. but in all cases they have major failings: sither they are too gensral
and do not taks into sccount local gecgraphy and environment {88 in the former two) or they are too specifio
to & gite (a8 in the latter two, which reference the median valuas above Mt, Haleakals in Mani, Hawaii).

A more recent numerical mods]l known s PAMELA does attempt to sccount for geographical position and
ambient climate factors. However, its inverse power windspesd term fails to explain some of the characteristica
af L: during low wind conditions. It does an adequate job for characterizing horizontal and disgonal beam
propagation within the atmespheric boundary layer ®

Diespite the differencas, the models agres in terms of the overall general behaviour of 2. For exampls, it
ig t0 be expacted that during the daylight hours, the ©2 trend will be dominated by the solar insclation and
in thosa medels that do account for day/night differencas this is pressnted. The physical affect is evidenced
in ©h,? whers in many cases scintillometer messurements are seen to strongly follow the measured solar
insolation function. When the sun sets howevear, it is less clear a8 to the pradominant contributing factors. In
an extension of earlisr work, Oh presented indications of a possible anticorrelstion effect betwesn the ambient
relative humidity and the value of €2,

In this paper, we report an further analysis of the datasets oblsined during that study o show that thers
is an unequivoeal correlstion in the absenee of solar insclation in a littoral spacs.

Further author information: {Send correspondence o MP.JLIC)
MPJLC: E-mail: mchangGuprm.edu, Telephome: 1 787 285 3844

53



2. INSTRUMENTS AND ALGORITHMS

The 2 and asacciatad weather variable data was collscted cver o numbsar of days during 2003 and 2004 st the
Chasapeake Bay Detachment { CHBDY of the Naval Research Laboratory.

The ©F data was chtained with o commercially available seintillometer {model LOA-004) from Optical
Scientific Ine, which serves as both a scintillometer and as sn optical snemometer for winds transversa to the
beasm paths. The local weather parameters ware detarminad by a Davis Provantage Plos { DP+ ) weather station.
The LOA-004 had a sample rate of 10 seconds, while the P4 was sst at 5 minutas,

The LOA-DI4 instrument comprises of a single modulated infrared transmitter whoss cutput is detected by
two gingle pixel detectors. For thess data, the separation bstween transmitter and receiver was 100-m. The path
integrated ©F messurements are determined by the LOA instrument by computation from the log-amplituds
seintillation (), (r}} of the two receiving signals %11 The algorithm for relating ©, (v) to ©F is basad on an
equation for the log-smplitude covariance function in Kolmogorov turbulence by Clifford et ol which we
repeat hera

{1 —uj

1 = 1/2
O, i) = 2.9 f ducs {u)[uil — w7 f dyy 8 i encpl —ad[u(l —w)|FEF YL, { [ dra ] 1-} (1
1] a

The termsa in this equation are: , the ssparation between two point detectors in Fresnel sones AL, with L
being the path distance between scurce and detectars;  is the normalized spatial wavenumber; 4 = = /L is the
normalized path position; Jo is the zero order Basssl function of the first kind and

shin) = 0124TELINEC ) (2

Py = 7o [ aetsp - o)
0.7y

This can be better appreciated if we define a path weighting funetion Wi such that
rl
Corl= JII Mi[u] Win) {3
i
for & point scurce snd point receivers where

N ~ ca A 1/2
Win) = 0.3aak" FL T 1 — w0 f dygiu, ¥)Ja {[ abic ] - i4)
a

{1 —uj

In the shove expressicn, i, ) carries the information related to ©F for point souree and point receivers. Ti
can b= modified to incorporate finite receiver and tranamitter geometries.

Some comiments are necessary at this point. The key assamptions made by the LOA-004 instrament in
computing ©2 are:

# The turbulent power spectrum is Kolmogorov; the spatial power spectruom of temperature Aueiuations
(k) and the humidity Auctuations 43, (k) are proportional to k=53, This may not always be true,
especially if the inner and cuter scales are on the order of the relevant dimensions of the otsarving system.

# As a result of the previons assumption, the index of refraction structure function is assumed to be depen-
dent only on the temparature structure fimction and prassure at optical frequencies.

What we demaonsirate in this paper is that the LOA-004 measured ©2 function from the CBD experiment is
indeed correlated with the humidity. The LOA-004s design is by no means optimal for extracting ©2, since
its main purpose is to act as an anemometer. To that end we have an effort to evaluate contributions to the
measurement error of OF
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r va. lime
Onte: Nawember 32003

Figure 1. Morning and Night definitions for cur purposes. See tect for details.

3. ANALYSIS

The 2 data was smocthed with a 60 point rolling average function. The effect of sclar insclation waa excluded
fram this study. We defined the morning and night portions of a 24 hour period as shown in Figure (1), Mormning
runs from midnight until sunrise {as corroborated by a solar irradisnes measurement j, while night rans from
sunsat o 23:59. As reportad in Oh et al® visual inspection of the valid time series data gives the impression
that there is an approximate inverse relationship between ©2 and humidity. This can be appreciated in a more
quantitative manner by graphing ©2 against humidity.

Wa chosa data s=ts in which the tempsrature varistions are no more than +15% and the pressurs changs is
at moat 15 mbars over the time intervals of interest. The data ssetions were also selacted to have no scattering
affects dus to snow or 1ain, and the wind was northarly (to within spprodimately +£20%, inflowing from the bay
to land).

Given the aforementionsd conditions, from the data svailable only a subsst provided complete time series in
baoth ambient weather variables and ©2. W were able to extract eight morning and evening runs, spanning saven
days betwesn Movember 2003 and March 2004 for the purpose of caleulating the ercescorrelation, ey (84408 =
Efu(t + dtjo(t)], and coes covarianes, Cpye(t + §t) = Elu(t+ &) — @ {v(t) —T), batween humidity and C32
measureables. In thess parameters, B represents expected value snd T, T are the mean values of the two random
processas, considerad stationary.

Az can be seen from Figuras (2 - 9), the ©2 sgainst hnmidity correlograms all evidence a negative gradisant.
The tightness of the correlation is better examined in terms of the croes covariance. The results are normalized
snch that the value at zero time lag was unity for identieally varying data.
3.1. Comments on Figures (2 - 9}
Fig.i2) The correlogram shows an approximataly even dispersion along the length of the best fit trendline. The
croes covarisnce lacks symmetry.
Fig.i3) The correlogram shows the tightest correlation bstwesn the data series of all the plots and the cross
covariance is quite symmetrio, although highly structured.

Fig.{4) The correlogram i= fairly even, with scme larger dispersion possibly occuring around 705 of omidity.
The cross covariance is symmetric.
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Figure 10, Cross covariance at zero lag. The data s=t numbers are defined in Table (1),

Fig.in) The correlogram is evenly dispersed and the cross covariance is symmetric although spread.

Fig.(G) A greater dispersion is ssen betwaen 72% and 74% humidity than along the rest of the trendlins, although
in terms of magnitude it is not very large. The croes correlation is highly ssymmetric with the minimam
affsat from the zers lag position.

Fig.(7) A greater dispersion is sesn below 67% humidity than along the rest of the trendline (again the magnituds
is not larger than the cther plots).

Fig(&) A large clustar of weakly correlated points are seen balow 77% humidity. The erces sovariancs minirmm
is offsat from the zero lag position but is ctherwise reasonably symmetrie.

Fig.i9) The correlogram shows a reasonably good correlation betwesn the data series, although the eross covariance
shows less symmetry than might be expected from the correlogram.

1.2, Covariance at zero lag, Cyn(8 = 0}

The Crry at Zerc lag (ie. when both ©2F and humidity datas ssts are totally cverlapping) sre given in Figure
{10} and Tabla {1). The evidenca for a negative corralation of humidity with ©2 is extremaly strong; where
the minimum cross covarianoes are different to the zerc lag value, there is a time lag offsst of no more than 25
minutas {equal to 5 samples points). Some of the offset error is possibly due to a timing mismatch between the
clocks used for the DP+ and the LiOA-004 instruments; even without accounting for this, the O (8¢ = 0] is
still strongly negative.

Tha erces covarianss method has provided unequivocal measures that the hnmidity and ©2 functions are
nagativaly oorralated.

4. CONCLUSIONS

Using empirical data, we have conclusively demonstrated thst a strong negstive correlation exists between
the humidity snd ©2 readings from experimental runs at the Maval Ressarch Laboratory's Chesspeaks Bay
Detachment, for path lengths of abont 100-m with relatively constant pressure, tempsrature and windspsaed.
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Diata set murnber | Date mm/ a4 fyvvy] | Zero timelag cross oovariancs
1 11,03, 5002 might 0BT
2 11,09, 5008 morning 06144
2 11/10/ 5002 morning -0, T3
4 02,/02 /3004 merning 06251
5 03,/27 /2004 morning -0, 2030
B 012,/28,/ 3004 morning 0.5TEY
7 04,/03/ 2004 morning -0.5604
8 014,03/ 3004 night 04374

Table 1. The cross correlation datasets.

the basis of this we suggast that <2 is an inverse function of humidity in the ahsence of sclar insolation at

coastal sites.

We are eurrently in the process of taking equivalent data at UPR-Mayagiesz and we expact to obtain

measurements in the much less homid environment of Mew Mexico, With the availability of more data, we
will b= ahble to ascertain in a quantitative fashion the umidity contribution to &2, We anticipate that a much
desper understanding of ©2 will be found from analysis of the complete data cbisined under these extrememly
varied ambisnt conditicns
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ABSTRACT

We have recently shown the refractive index structure constant ©2 in the visible and near infraved to be a
atrong function of humidity in the abssncee of solar insclation effects, in stark eontrast to the commonly held
assumplion that the humidity contribution can be ignored in that waveband. Wa expand cour analysis of the
effects of humidity on ©2 as measired acrces a 100-m long horizontal beam path to indlude temperature, Also
we presant a naw technique for extracting informstion on changes in the parsmeter space of ©2 and local weathar
variahblas, which we term Hilbert Phass Analysis {HPA). This methodology, bassd on extracting the phasa of the
analytic signal via Hilbert transforms, reveals a wealth of detsil that conventional analysis techniques cannot
determine. The HPA provides additional confirmation that ©2 is strongly influsnced by loeal humidity in the
visible region. We have also found that HPA providas a clear demonstration that humidity competas with
temperature in affecting the valus of ©2.

Keywords: Hilbsrt Phass Analysis, Humidity, Refractive Indsx Strocture Funetion

1. INTRODUCTION

Dhring 2003 and 2004, measurements were taken of path integratad ©2 and & hoat of local climate parsmesters
using eommercially available instruments, ss discussed in Font® et al. We present follow—up analysis of the
datasats presentad in the aforementionsd work in this paper, wherein we identify systam changes through
Hilbsart Transform based phase snalysis or HPA.

1.1. HILEERT ANALYSIS OF TIME SERIES
Gabor defined the complex analytic signal, namely
Tt = Xt 4 20 (1)
where ¥it) = H[X(t]]

- JII A, ten
T o s —t)

where H|s| represents a Hilbert Transform. As a result, T(t) is unique and an analytic signal. The Hilbert

Transform is a well known intagral transform with a singular kernel (1/{7{# — 21}, # also being a time variabls if

tis tima. As s pesult it is also a Canchy Prineipal integral, which we denote by P, whers the real axis singularity

at ¢ = 2 is taken along a positive semi-circular path., An sltarnative way of writing Equation 1 is

T(t) = ait)exp®® | whenee (2]
alt) = X2 +TE

. ¥t
Tit] = arctan |

b (X[c])

This de Moivre form of the analytic signal is similar to the Fourisr amplituds and phass expression. Mote
though that the Hilbert amplitude snd phass are time dependant variables, as opposad to the Fourier analysis
where they are fixed values per frequency.

Further author information: {Send correspondence to M.PJLC)
MPILC, E-mail: mchangGuprm.edu, Telephone: 1 787 283 3844
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1.2. A PHYSICAL HILBEERT TRANSFORMATION

If ons= applies the Hilbert Transform directly to a time varying signal, thers is a high probability that at lasst
ona of five paradoes® will be encountered, leading to unphysical rasults, dus to the pressnce of so—ealled “riding
waves” which causs asymmetries in the signal.

Thase paradoxes may be avoided by the application of Empirical Mode Decomposition® (EMD) method
developed in a seminal work by Huang et al* From the application of the EMD method, we axtract Intrinsic
Mode Functicns (IMFs ) whoss instantansous frequencies are well definad.

The application of the Hilbert Transform to the IMFs yields physically meaningful interpretations of the
aacillatory phencmena. This may be best appreciated if we consider the Hilbert phase space, as in Figure 1.

e G signal 10 HIMF 7]

1 : il
0.5 : _ A
..E: . | LELU 2t
E = 0
-05 ] E il
-1 4 -4

0 . R E 1

ReHIC) 107" ReHIMFD g

Figure 1. (a) Hilbert Phase Space plot of recorded I'_-': signal, {b] Hilbert Phase Space plot of an ecample IMF of the
% signal.

By naively applying the Hilbert Transform to a non-stationary time series (07 messurements) we ses that

the trajectory of the analytic signal's wector is subject to many alterations in crigin and phase angls. The
instantaneous frequency, defined as

w= ﬂ 130

= 5]

can have both positive and negative values, rendering the Hilbert transform physically uninterpretable. The

Hilbert Transform of the IMFs, of which an example is shown on the right side of Figure 1, ensures that the

analytic signal vector's arigin stays fived and no sudden changes in the direction of w oeour,

1.3. HILEERT PHASE ANALYSIS

The HPA technique is baged on the sonditions mentionad in the previous subssctions. The IMFe dstermined
through EMD from the input signal are the analytic signal eigenfunctions of the EMD sifting cperation and it
i clear that a phase angle ({t]], as well a8 an amplitude {a{t i), can be determined from them. Physical effects
af a non-linear, non—-staticnary time varying system can be studied by summing the 4t of all the IMFa. It
should be notad that the operations

H[> mF| and 3 H e 4]

are commutable, as may be seen in Figure 2. The term H[s| represents the Hilbert Transform.
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va Sum of all HISE IMFTs
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Figure 2. Plots illustrating the commuiability of operations.

2. DATA
2.1. HPA PROTOCOL
The procadure for the HPA data snalysis iz as fallows:

1. Firatly, we decomposs the C2, humidity snd temperature time ssries measured at the Chessapeake Bay
Detachment {CBD} facility of the Naval Research Laboratory via EMD, obtaining their IMFs and trend
lines,

2. Mext we apply the Hilbert Transform to the varions IMF sets, taking care to exclude the trend lines

3. As a final step, we sum the phase angle ©{#) of the Hilbart Transformed IMFs.

2.2. RESULTS

Thea Hilbart phass angles §(¢) are plotted for each of the time series: ©2 | hnmidity and temperature in Figures 2
to 10, We alse include the difference between pairs of phase angle series: &o — 4y, Po— O and To - g o

4. DISCUSSION

Upon inspecting the Hilbsrt phasa of the ©2 IMFs, o, we see that the gradients of the varions fimetions are
not constant, although there is an increasing trend in all the plots. The Hilbert phase funceticons of humidity and
temperature, €, I respectivaly, alao show an inereasa (except for one case, where the temperature function
produced cnly the trend) with time, although their gradients vary marksdly between data seta.

The straightforward average functicn of the hmmidity and temperature phase angles are all approximataly
linear {and increasing) over time in all eases. This ccours despite the variations in the individual $y snd $p;
the conclusion that we may draw from this obsarvation is that the humidity and temperature are approximataly
inversaly related during the time intervals of thess data sets.

T better understand the dependence of 4« upon humidity and temperaturs, we turn to the plota of the
difference functions against time. The overall linearity of the 4 and {($y + 47 )/2 functiocns might lead one
to exxpect that [T — (dw + O7)/ 2] would be constant as o function of time. The actual graphs give the lie to
that expectation. Instaad what is seen is the influence of different factors competing over time, a fact that is
daduceabls by comparison with the 4o — &5 and $o — & graphs.

As a result of inspecting the various difference functions, we conclude the following,
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« Movember 2, 2003 (night) : temperature dominates the ©2 behaviour.

« Movember 9, 2003 (morning | @ both temperature and humidity vie for dominsnee over the time interval
of this sample.

« Movember 10, 2003 {morning | @ temperature dominates.

February 2, 2004 {morning) : the earlier half is dominsted by temperature and the latter half is dominsted
by homidity.

& March 27, 2004 (night) : temperature dominatas,
o Narch 28, 2004 {morning | @ humidity dominabes.
e April 3, 2004 {morning) : temperature dominates.
o April 3, 2004 {night) : humidity dominstes.

4. CONCLUSIONS

‘We have describad the Hilbert Phase Analysis, a new technique for determining the characteristies of multipls,
non-stationary time series data and their interrelated affects. We have found that the contribution of bumidity
to F is significant and cannot be disregarded, confirming our earlier work. We have also determined that
temperature had an spproximate inverse relstionship to humidity in the messurements taken. Finally, and
meet significantly, we have shown that the HPA methodology is able to discriminats between the competing
influencas of humidity and temperaturs on the behaviour of C2.
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Applyving the Hilbert-—Huang Decomposition to Horizontal
Light Propagation o2 data
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ABSTRACT

The Hilbert Huang Transform is a new technique for the snalysis of non—stationary signals. It comprises two
digtinct parts: Empirical Mode Decomposition (EMD) and the Hibert Tranaform of each of the modea found
from the first step to procuce o Hilksrt Spectrum. The EMD is an adaptive decompesition of the data, which
results in the extraction of Intringic Mode Punctions (IMFs). We discuss the spplication of the EMD to the
calibration of twao optical scintillometers that have been usad to measure ©2 over horizontal paths on a boilding
rooftop, and disenss the sdvantags of using the Marnginal Hilbert Spaetmam over the traditional Fourier Power
Spectrum.

Keywords: Empirical Mode Decomposition, Hilbsrt Transform, Strangth of Tarbulencs, Secintillation

1. INTRODUCTION

The common practics when studying time series data is to invole the tools of Fourier spectral snalysis. Although
extramely versatile and simpls, the technique suffers from some stiff contraints that limit its uwsefulness when
attempting to examine the efects of optical turbulence in the frequency domain. Mamely, the systam must be
linear and the data must be strictly pericdic or stationary. Strict stationarity is a constraint that is impoesible
to eatisfy simply on practical grounds, sinee no dstestor can oover all possible paoints in phass spacs. The
linearity requirement ia also not generally fulfilled, since turbulent processes are by definition non-linear.

Fortunately a new technique that has coma to be known as the Hilbert Husng Transform (HHT') has been
developed,! patented by MASA. This sllows for the frequency space analysis of non-staticnary, non-linear
signals. The HHT is composed of two main algorithms for filtering and analyzing such data series. Firstly it
employs an adaptive tachniqus to decomposs the signal into o number of Intrinsic Mods Funotions (IMFs) that
have wall preseribad instantanscus frequancias, defined as the first derivative of the phase of an analytic signal.
The seeond step is to convert thase IMFs into an ensrgy—time—frequeney relationship, by means of the Hilksrt
Transform.

Asidas from overcoming the problems associated with more traditional Fourier methods, the HHT makes it
possibla to visualize the energy spraad batwaen available frequencise locally in tims, rather like wavelst transform
methods. The advantags the HHT has over wavelst transforms is that it is of much higher rasolution, sines it
doss not a prisri assame & basgis; rather it "lsta the data do the talking™.

2. INSTANTANEOUS FREQUENCY

Key to the HHT is the idea of instantaneous frequency, which we will sometimes 1efer to as simply “the
frequency™. The idsal instantanecus frequency is quite simply the frequency of the signal at a singls time
point. Mo knowledge ia raquired of the signal st other times. Naturally such o statement lesds to difioulties in
definition; Huang ot al® take it to b= the derivative of the phass of the analytic signal, found from the real and
imaginary parts of the signal’s Hilbart Transform, which we follow.

Further author information: {Send correspondence to MPJLC
MP.JLEC: E-mail: mchangGuprm.edu, Telephones: 1 737 285 3844
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The immediate problem in dealing with a phasa so defined is that, for the meost part, the Hilbert Transforms
af the direct signals are not well behaved resulting in negative instantanecus frequencies which do not represent
phivsical effecta. The method by which this is eircumwventad is to ensure that the input to the Hilksert Transform
aobsys the following eonditions:

{a} The nmumber of local extrema of the input and the mamber of its zere crossings mnst be either equal or
differ at most by one.

(b} At any point in time {, the mean value of the upper envelope (detarminad by the local maxima) and the
lower envelops {determined by the local minima) is merc.

The functions that obsy thess are considerad the IMFs.

3. EMPIRICAL MODE DECOMPOSITION

We have implemented an IMF filtaring algorithm, known as Empirieal Mede Dacomposition {EMD), following
Huang et al.**  The IMFa and the residual trend line thus chtained are verified to be complete by simply
summing them to recreate the signal. The maximnm relative srror we have found is of the crder 1079 %5,

Empirical Mode Decompositon

WIL.-J‘ML

(

é

5

reg. imnf 1 2m A find 1 GmfS innf8 imf7 innd i S im . innd3 im£2 imfeignal

\

Figure 1. The IMFs found from a typical inpat signal {taken on 9-3March-2006), with the signal itself shown at the top.
For comvenience, we refer to the lowest arder IMF as one with the fastest cecillation. The bottom-mest graph is the
residual afier removing all the IMF= and represents the overall trend.

The IMFs show that in a very real ssnse the EMD methed is asting as a filter bank, separating the mors
rapid cecillations from the slower oscillations. It sesms that a subset of the individual IMFs may be added
to detarmine the affect of physical variables, ag suggested in Figure 2. In the ahsencs of the major effecta of
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Figure Z. {a) Stepwise summation of the & 5:arch-2008 IMFs and trend line to recreate the original input signal. (b}

The sum of the trendline and the slowest 3 IMFs superimposed cn the input signal. The overshoot into negative values
of CF is unphysical, and serves to demonstrate that the information content of the subset is incomplete, Nevertheless,
the fit does suggest that the IMFs represent an underlying physical process {primarily solar insclation}.
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solar insolation, the HHT technique reveals that the majority contribution to the ©2 signal liss in the highast
arder (slowest cacillation ) IMFs, as can be ssen from the extremely faithful fit to the data compossd of the
trend line and the % highest order IMFs shown in Figure 3. As a guide to the significance of the varicus modes,
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Figure 3. The 20.Feb-20068 ©F and Gt compesed of the trend line and 3 highest arder [MFs for both instruments (A on
the left and B on the right). Sunset was at 18:31 local time

we examined the ensrgy in the IMFs and compared the ensrgy in each mode to the energy distribution of red
noise. As an initial naive estimator, we take IMF1 to be represantative of the noise contained in the data. This
is unlikely to ba completely correct; probably a better noise estimator would ke IMF1 - <IMF1>=, where the
angle bracketa signify the mean value over the same temporal epoch (g2, month or seascn). We do not do this
simply bacause wa do not have sufficient data.

‘We dafine the red noiss (random) time series to be an AR1 proocsss

ritn ) =B (b )+ prita_1) {1}
The terms are:
o = standard deviation of IMF1 {23
E = uniform distribution of random numbsra betwean 1 and -1
tn = the nth timestap
g = the antocorrelation at 1 lag step of IMF1
v = the random time seriss

The IMFs of an ensemble of AR1 time series are generated and then this Monte Carlo is used to simulate
the power distributicn of the noise. The power of each ©2 derived IMF is then compared to the noise power
distributicn to determine the mode’s significancss. Figure 4 shows that of the IMFs, the first thres lie at or
below the median red noise power. IMF4 to IMFO lie above the median noise power, with the higher order IMFs
being most significant. We interpret this simulation to mean that IMFG-IMFD are highly physically significant.

4. HILBERT TRANSFORM OF IMFEFS

Following the decomposition into IMFs of the criginal signal, the derived components ean be Hilbart transformed
to produce a time-frequency map or spectrum. Figure & shows that during the hours when there is no solar
insolaticn the €2 energy is distributed in the lowest frequencies. The highest frequencies samplad ars only
reached affer the Sun is contributing energy into the lower stmoephers. The discontinuous, flamentary aspect
af the plot indicates a large numbsr of phass droponts which shows that the data are non—stationary.
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Figure 4. Monte Carle simulations show the significance of the ©2 {zolid line) derived [MFs bor a single instrument on
the afternoon/evening of 20.Feb-2008, compared to the squivalent red noise power {open circles).
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Figure 5. The Hilbert spectrum of the 9-March-2008 IMFs shown in Figure 1 plotted as a series of contour lines,
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We are also able to find a Marginal Spectrum by integrating the Hilbert spactrum acroes time. The Marginal
Spectrum shown in Figure 6 elearly suffers from less leakage into the high frequencias than the Power Spactrum.
The interpretation of both spectra are quite diflerent: the Fourier Power Spectrum indicates that certain
frequencies exist throughont the entire signal with a given squared amplitode. The Marginal Spsctrum, on the
other hand, dascribes the probahbility that a frequency exists al some local time point in the signal. It is clear

Marginal Hibart Spectrum ve Sourher Power Spactum
0 T T

— Hanginy Soscine |
Poser Ensctrum

(=)
T

1 w* w* 0™
Srequency

Figure 8. The Hilkert Marginal spectrum (sclid line) of the 0-March-2008 IMFs compared to the Fourier Power Spectrum
[datted line) of the same data. The Power Spectrum has been shifted so that its maximum frequency coincides with that
of the Marginal Spectrum. Note also that the units of the crdinate mxis are arbitrary for the Fourier Power Spectrum.

that the two spectra have a difference in the standard devistions: the logarithm of the Marginal Spectrum has a
standard devistion of 1.88 comparad to the logarithm of the Fourier Power Spaetrum, whoss standard deviation
i= 2.24.

Applying a Koelmogorov—Smirnov test to the two spectra returns o P—value of 0 and a eummlative distribution
function distance of 1, indicating that the dsta ssts reprasent different distributions, as we might guass from
their different gradients. We may therefors state that the spectra are unrelated and we argue on the basis of
non-staticnarity that the Fourier Power Spectrum has littls, if any, physical mesning.

G, INSTRUMENTS AND DATA REDUCTION

The F data usad in this study was collected during 2006 st the University of Pustto Rico, Mayagiies Camnpus,
an the rooftop of the Physics Department.

The data were obtained with two commercially available scintillometers {model LOA-004) from Optical
Scientific Ino, co-located such that the transmitier of system 1 was nect to the receiver of system 2.

Each LOA-004 instrument comprises of o single modulated infraved transmitter whose cutput is detected
by two single pixel detectors. For these data, the ssparation betwesn transmitter and receiver was just under
100-m. The sample rate wus sst to 10 seconds, so that each ©F point was found from a 10 second time average.
The path integrated ©2 messurements are determined by the LOA instruments by computation from the lag-
amplitude seintillation (<, (7)) of the two recsiving gignals.®* The algorithm for relating T (r) o 2 is based
on an equation for the log-amplitude covariance funetion in Kolmogorov turbulence by Clifford et al®
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The data was collectad by dedicated PCs, one per instrument. During anal yeis, the data were smoothed by
a 120 point (10 minute) boxear rolling average. This value was chosen for future ease of comparison with local
weather station data, sampled at one reading per 10 minutas. Figure 7 compares the extracted IMFs from a
single day, from midnight to midnight. There are no data droponts in the time signal for instrument A, while
instrument B is 99.81'% valid. A visual sxamination reveals that the measured €2 functions are very similar
and both instruments have 11 IMFs. Differences are to be found in the IMFs themsslves. In Figure 8 we show
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Figure 7. The [MFs extracted from each instrument for the same day (3 March-2008), beginning and ending at midnight
{4 on the left and B on the right].

the Hilkert Marginal Spectra derived from the IMFs together with a Kolmogorov Power Spectrum trend sealed
to start scincident with the Marginal Spactra. Both Marginal Spectra follow each other fairly well, with similar
frequency probabilitias. Applying a Kolmogorov—Smirnoy tast to the two Marginal Spectra data sets gives the
same means and standard devistions. This is indicative of a P-value of 1 and a sumulative distribution funeticn
distance of 0, 80 we may conclude that the instrument cutputs have come from exactly the same distribution
and are statistically identical. A further confirmation can b= found by caleulating the Hilbert phass differenoe
betwaen the two Marginal Spectra. Such a tast displays phase synchronization, or lack therecf. In this case we
find a phass differenss of zerc, 8o that the specira are parfectly in phass.

6. CONCLUSIONS
Wi have presented the results of applying the Hilbert Huang Transform to ©F time series data, When used
to compars the outputs of two of the same model of commercial seintillometer, we have bsen able to demon-
strata that they prowvide identical output in terms of their Hilkert Marginal Spactra. It is clear that the HHT
technique is a very useful tool in the analysis of non—stationary turbulence data and promises much in terms of
understanding the nature of cptical turbulenca.
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Applving the Hilbert Phase Analysis to the study of
Atmospheric Turbulence Data

i, PO Ba 06, Mapagier, PR O0GET-2004

Abstract Hilber: Phase Analysis i3 a new techmique that combined with the Hilbert-Huang Decompositton
method allows analysis of 2 non-statiopary data. We apply this methed for the study of the .7 parameter and
weather data. ©2006 Optical Sociey of America

OCIS Codes: 010.1330 Atmespharic Turbulsnce, 0704340 Moelingar Ciptical Signal Procassizg

1. Imtreducton

In smdyme amospheric trbulence and weather data, the principal proflem is the non-stationarity and non-
linearity of the dama sets. This can be selved by the applicadion of the Hilber-Huangz Decomposition method
[1]. With the application of this technique we extmract the Inminsic Mode Functions (IMFs), whose
instanmansons frequencies are well defined. Upon applving the Hilbers Transform o the exmactad IMFs,

wa can define Hilbert Phase Angles [2] for the thne sertes, with which we can stody the plysical behavior
of the svstams. We refer to this slzorithm as the Hilbert Phase Angle or HEA method.

1. Applying the HPA technique to Atmospheric Turbulence (C,) and Solar Radiation data.

As obszerved in Figure (1), the Hilbert phase angle of solar radiation n 2 24-hour time period shows an
increase in the zmhm_t when sunrise occurs and a decrease at sunset, mAamiainng a constant, low gradient
during the night During daytime thare are changes in phaze gradient as the solar radianon intensity varies.
We mfer that the phase angle is describing the transport of energy in the system. On the nght, we s2e ﬂ.e
difference berwesn the solar radistion pl.u e and the C° phase, for the same day. The swong influence o
solar radiation on the behavior of C,” in the davtime canses the mean phase difference to ba constant n;u]e
there 15 measurable solar radiarion. We posmulae that other local ambienr paramesers cansing the remaming
flucmantions daring the day and nigh:. The rapid escillations are probably due o poor phase uwwrapping

B} = )

Phams drgh (mid

iE 1]
e ak e

Figurs 1 (Laft) Plot of the Hifoert Phase for the solar sadiesion Sor 022008, (Right) Plo: of the Eillar: Phae differsnce barmean 0
and tha soler rediztion for (272106, I sech graph the solar radistion frection 15 mupanmposed at an arbitary scaka.

3. References
(1B P. I L Cha=g Erick A Roum, C. 0. Foet, £, Gilbreath and E. Ok “Applying te Hilbar-Fuang Decompesition to Horizoxtal
Ligkt Propagacios O, dat2,” in Advances m Seellar Inrarfurczsecy, I D Mezmar, M. Schosller a=d W, €. Damchi, ads., Proc. SFIE
wol. 268 (J008). [in press]

[2] €. 0. Fent, M. P.I. L. Cang, Erick A Rouma, E. Ok and C. Gilbewat “Cm the rlztionskip bapween C.F and Hemidiey,”
Advramees in Stallas hﬂn_—_.:nm.mn I D. Monmier, M Sckesllar and W. C. Danchi, sds, Proc SPIE vol. 8268 (2006). [in proas]
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Humidity’s influence on visible region refractive

index structure parameter 2

Mark P. J. L. Chang, Carlos O. Font®*,
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In the near infrared and wvisible bandpass. optical propagation theory
conventicnally assumes that humidity does not contribute to the effects of
atmospheric turbulence on optical beams. While this assumption may be
reascnable for dry locaticns, we demonstrate in this paper that there is an
unequivocal effect due to the presence of humidity upon the strength of
turbulence parameter, <%, from data ccllected in the Chesapeake Bay area
over 100-m length horizontal propagation paths. We deseribe and apply a
novel technique, Hilbert Phase Analysis, to the relative humidity, tempeorature
and ©? data to show the contribution of the relevant elimate variable to C
as a funetion of time. (&) 2006 Optical Sodety of America

OCIS codes: 0101300, 010.7060, 030.7060
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1. Introduction

It has been known for some time! that the scintillation behaviour of point sources is a
measure of the optical seeing in the atmosphere. What has been less well understood
is the contribution of different envircnmental variables to optical seeing.

Ciwver the past decade, a great deal of study has been dedicated to clarifyving this
isane. Clomprehensive treatments of the theory of wave propagation in random media
are given in Tatarskii’s seminal works 2® Some of the simplest models based on thess
complex works are well known and available in the literature: Hufnagel-Valley, * SLC-
Day and SLC-Night.® These models are commonly used to prediet the strength of
weak clear air turbulence’s refractive index structure parameter, C'g.

The underlying assumpticn is that the index of refraction of air depends sclely
upon pressure and temperature at visible and near infrared wavelengths 2% We can
werify this from landbound horizontal path meassurements. These show that during
the daylight hours on a clear sunny day, the weak scintillation régime CE trend is
dominated by solar insolaticn, as is illustrated by the left hand plot of Fig, 1.

The right hand plot of Fig. 1 illustrates the well known fact that the effects of
turbulence do not cease after sunset. Here it is less clear as to the predominant
contributing factors. The assumption of temperature dominance is sensible in the
driest of environments, but we will demonstrate from experimental evidence that

this is an incomplete condition where there is a significant amount of watar vapour

[ =)
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entering or leaving air volume where O3 is measured.

1.4. Past work

A body of work has been reported whose aims have been to compare bulk elimate
estimates of € with optically derived readings.”%" In these works, the wavelengths
of the optical messurements were in the mid-infrared {3 to 5 gm), and all showed
that humidity along the messurement volume plays a significant réle in the temporal
behaviour of 5.

In a theoretical study of the structure parameter using bulk measureables over sea
ice and snow, Andreas!? defined a refractive index scale n, via

— L Rg,
ﬂ'_m'_i-gq'_'_d_z__l-l_ﬂz, (1)

where ¢, and g, represent temperature and humidity, sealed such they are constant
with height and A and B are constants given in A ppendix A. The variable n, therefore
represents a horizontal refractive index layer abowve the terrestrial surface. He rewrote

Eq. (1) in terms of the Bowen ratic Ko, the ratio of sensible heat flux to latent heat

flux, such that
n, oy 5 B o
A, ot ( L ) A Lt (HA(BGJ (2)

where cp represents the specific heat of air at constant pressure, L the latent heat of
sublimation of ice and p is the air density. Since Bo oo f,/g,, this formulation allows
the dependence of the refractive index scale upon temperature and humidity scales

to ba easily interpretad.
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We adapt Eq. (2) to our experimental conditions by setting L to be the latent heat
of vapourisation of water, and we assume P = 1000 hPa, T = 25 *C' and A = 0.03
pr. The result is shown in Fig. 2; from thisit is clear that when |Be| is large, n./At,
is near 1. This means that when sensible heat (heat exchange without change of
thermodynamic phase) dominates the Bowen ratio, the ¢, in the denominator of Eq.
(1) is the principal parameter.

When |Bo| is small however, the latent heat flux dominates so g, makes the major
contribution to n,. Thus there is an interplay between humidity and temperature
effects upon the refractive index in the visible/near infrared, which vary as a function
of the Bowen ratic. The pole at the origin of Fig. 2 is indicative of a breakdown of
this formulaticn at very small Bowen ratics. Nevertheless the curve strongly sugpests
that as long as there is significant injection of moisture into the measurement volume
of €2, hurnidity effects bacome non-negligible.

In this paper we demonstrate that the temporal behaviour of the optically deter-
mined turbulence structure parameter ©2 in the visible and near infrared bandpass
at a coastal site is strongly influenced by local humidity. Although no Bowen ratio
values could be determined from the available measurements, the results do support

the qualitative interpretation of Andreas” work.
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2. Experiment and Correlogram Analysis

The 2 and assceiated weather variable data used in this study were collected over a
number of days during 2003 and 2004 at Chesapeake Beach in Maryland, TTSA.

The 2 data were cbtained with a commercially available seintillometer (model
LOA-004) from Optical Seientific Ine, which serves as both a scintillometer and as an
cptical anemometer for winds transverse to the beam paths. The separation between
sonree and receiver was just under 100-m, placing the system in the weak scintillation
régime. The local weather parameters were determined by a Davis Provantage Plus
(DP+) weather station. The LOA-004 had a sample rate of 10 ssconds, while the
DP4 was st at & minutes.

The LOA-004 instrument comprises of a single modulated infrared transmitter
whose output is detected by two single pixel detectors. The transmitting LED has
a bandwidth of 0.92 to 0.96 pm, while the detector bandwidth is much broader, at
065 to 1.0 gm. The path integrated E_'-“ﬁ messurements are determined by the LA
instrument by computation from the log-amplitude seintillation (O (r)) of the twe
receiving signals.'!:1? The algorithm for relating C, (r) to C2 is based on an equation
for the log—amplitude eovariance fimetion in Kolmogorov turbulence by Clifford ef
al. 13

The {_'-'f data was smocthed with a 60 point (5 minute) rolling average funection.

We define the morning and night portions of a 24 hour period with respect to the
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measured solar irradiance funeticn, such that we exclude the effoct of solar insclation
from the data in this study. Morning runs from midnight until sunrise, while night

al 151 yignal inspection of the

runs from sunset until 23:59. As reported in Oh et
time series data gives the impression that there is an approximate inverse relationship
between 2 and relative humidity. This can be appreciated in a more quantitative
manner by graphing cne parameter against the cther.

We chose data sets in which the temperature variations are no more than 16 F
and the pressure change is at most 15 hPa over the time intervals of interest. The
actual range of variation per data set is shown in table 1. The data sections were also
solected to have no scattering effects due to snow or rain, and the wind was northerly
(to within approcimately £20°, inflowing from the bay to land). Only a small subset
elght morning and evening runs, spanning seven days between November 2003 and
March 2004, provided eomplete time sevies in both ambient weather variables and €2,
Part of this is shown in Fig. 3; the ©2 vs. humidity correlograms evidence a negative
gradient in all eight muns Table 1 shows us that the relative humidity variation is
more strongly reflective of changes in absolute meoisture content than of moisture
holding capacity of the air.

We conclude that humidity plays a significant part in the behaviour of the refractive

index strusture parameter <3 in the datasets studied.
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3. The Stationarity Problem

The unsophisticated use of the correlogram tool in Section 2 is a rapid, first crder
method for inferring the statistical influence of cne measurable upon ancther. Howewver
it is unsatisfactory as it does not reveal any detailed information, such as exactly when
the humidity contribution is important with respect to all other pessible parameters
(o.g temperature) and to what degree its contribution is influential. Cross eovariance
techniques are a possible seccnd crder method!™ for extending the analysis, but there
are two major stumbling blocks. The first is the difficulty in interpreting the meaning
of the covarianes functions physically and the second is the non—staticnary nature of
the data. In the latter case it is well known that strict stationarity is a constraint that
is impossible to satisfy on practical grounds, sinee no detector can cover all possible
paints in phass space. This has motivated us to employ a novel analysis technique to
infar the relationship between ©2 and climate parameters, which we briefly describe
in the following section. We leave a more detailed study of the limitations of the

technique to a separate paper.

2A. The Analytic Signal

Gabor!? defined the complex analytic signal. namely

Tit) Xo(t) +iYit) (3)

Xim)

—oo (E=T)

where Y({t) = H[X{z:u]z_?lp dr
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where H[e] represents a Hilbert Transform. Through this definition, T(t) is unique.
The Hilbert Transtorm is a well known integral transform with a singular kernel
(L/{mit — 7)), 7 also being a time variable if ¢ is time. It is also a Canchy Principal
integral, which we dencte by P. Note that the Hilbert Transform preserves the norm
of the real signal; the difference between ¥ and X is a 7/2 phase shift for a periodie
function. That is, the Hilbert Transform of cost is sinf, and sin ¢ is — cost, and the
transform of a ecnstant is zero.

Eq. (2) means that we can write the analytic signal as

W where a(t) = ﬁm (4)

ft) = arctan Ye)
it) = X0

which iz similar to the well known Fourier expression. We may now determine the

it = alt)exp

instantanecus signal phase, (). Thus we can also calculate the instantaneous fre-

quency wit), defined as

ddt)
dt

(5)

wit) =

Both i) and wit) can be interpreted as physical measureables, provided certain

preconditions are met which we deseribe balow.

2.RB. Hilbert Phase Analysis

There iz a problem with the definition of Eq. (3); the Hilbert Transform’s kernel rep-

regents a non—causal filter, of infinite suppaort. So if one applies the Hilbert Transform
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directly toa time varying signal which has a non-zero local mean in any subsection,
there is a high probability that at least one of a number of paradoxes'™ will be en-
countered. This may be best appreciated if we consider a signal in phase space, as in
the left hand plot of Fig. 4. Here we show the real versus imaginary components of
the Hilbert Transform of a series of analytic ¢'F measurements. The trajectory of the
analytic signal’s vector is subject to many alterations in the vector start point, norm
and phase angle. Any attempt to determine the instantanecus frequency is bound
to be problematic as we are not able to follow the signal veetor's start position over
time; this starting point obvicusly does not remain at the origin of the coordinate
system. Claleulating the instantanecus frequency from the Hilbert Transform as is will
generate both pesitive and negative values, rendering it physically uninter pretable.

The paradceces may be avoided by the application of the Empirical Mode Decompo-
sition (EMD) method developed by Huang ef al ™ which we have implemented®l 2,
EMI» iz a umique and novel method that is able to separate an arbitrary real time
sories into “cigenfimetions” termed Intrinsic Mode Funetions or IMFs, each of which
possesses a stracture with well defined instantaneois frequencies, w(t). The term
ciganfunction is used suggestively here; we do not mean to imply that the IMFs are
aigenfunctions in the strict sense,

Briefly, tha EMD technique consists of (1) the determination of two envelape fune-
tions about the time series, covering all the loeal minima and maxima respectivaly;

(2) the computation of the mean of the two envelope funetions; (3) the removal of the
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mean of the envelopes from the time series in an iterative manner, until the mean is
found to be zero; (4) the storing of the resulting mode as an IMF. The IMF is then
subtracted from the original time series and steps (1) to (4) are repeated, theraby
sifting cut a family of IMFs, stopping cnly when the resulting mode shows no vari-
ation. The final mode represents the cverall trend of the signal and is not itself an
IMF.

The Hilbert Transform of the IMFs, one of which is shown on the right side of Fig.
4, ensures that the analytic signal vector's origin stays fixed and no sudden changes
in the direction of wit) ceeur. These conditions being satisfied, the instantanecus

frequency remains positive and physically meaningful.

4. Hilbert Phase Analysis

The Hilbert Phase Analysis (HPA) technique is based on the ideas menticned in the
previous subsections. It is clear that a phase angle (${t)), as well as an amplitude
(ait)), can be found from the Hilbert Transform of the [MFs derived from the EMD
sifting process.

The procedurs for the HPA data analysis follows a three step protoecl:

1. Dacompose the time series measurements of differing parameters via EMD,

obtaining their IMFz and trend lines.

2. Apply the Hilbert Transform to the wvarious IMF sets. We diseard the trend

lineg a= the reason that the original time series fail to be Hilbert Transformed

10
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in a physically comprehensible manner.

3. Examine the instantaneons phase angles of the Hilbert Transformed IMFs be-

tween different, parameters to infer the dynamics of the physical system.

4.4, Interpretation of HPA

In this section we demonstrate that physical effects of a non-linear, non—stationary,
time varying system can be studied via the sum of all IMF phases, 5 ar Bt

In Fig. & the ¥ ;0 Tit) is graphed with the sclar radiation data superimposed for
example days. There is clearly a gradient change in the phase funetion at sunrise and
sunset. Also notable is the phase jump towards a lower gradient whenever the aolar
radiation funetion exhibits a drop in amplitude; likewise the phase gradient inereases
with sudden increases in the measured solar radiation. This can be understood as: a
reduction in energy in the system leads to a lower instantanecus frequency, therefore
we seo a lower phase gradient. A change in energy results in a change in instantanecus
frequency, so we see a modified gradient.

We conclude that owverall physical features of a non—stationary time series can be

axtracted by inspection of the swm of its Hilbert Phases of the IMFs.

11
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5. HPA of 7, humidity and temperature

5.4. Phase locking between measureables

To better understand the dependence of @~ upon humidity and temperature, we
congider the difference between ohsarvable phases, as illustrated in Fig. 7. We define
the following difference terms,

Ao = ZII’.:—Z‘I’T. By :Z‘I’c—z‘ha’ (6]
(T dy +3 &)
Edﬁﬂ_f

Ao

representing the phase differences betweon C'E and the bulk climate parameter. It is
anticipated that the controlling climate parameter will be indicated by a near zero
difference, A. We reason this because if A is constant between €2 and a climate
wvarishble then the two datassts must be phase locked. If the mean A is zerc, then
any variations about zero should indicate a synchronization between the datasets
Supporting empirical evidence is found upon studying cases wherein the sclar insc-
laticn influence upon the messured ©3 is strong, as in Fig. 6. In these plots one can
soe that the difference between the summed Hilbert Phase of €2 and solar radiation
(% e — % g) flattens out when the solar function is significant.

Mativatad by this, we determined by linear regression the mean gradients of all
the A eurves, which we list in Table 2. If we assume that the conly major contributor
should be the loeal temperature variations, Apop should be zero or near zero in all

cases. This turns out not to have ocourred. In fact, A-p has no near zoro value, so

12
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temperature variation cannot be said to be phase locked with the refractive index
strueture parameter.

If hurnidity has a controlling effect in the visible / near infrared, then it should
exhibit a range of values near zero for Agqy. It only does so for 11/10/03 {am) and
03/28/04 (am). It is noteworthy that 11/09/03 shows a possible phase lock between
the mean of humidity and temperature with &3 This seems to indicate that that
temperature is vying with humidity for influence cwver the C'E parameter during that

morning.

5B, Further study

If we define “dominance® to mean that the phase gradient is the value closest to
zeoro of the differences under serutiny then we find that humidity is dominant for the
11,/10,/03, 02/02/04, 03/27 /04 and 03/28/04 datasets. The 11/03/03 and 04,0304
(a.m. and p.m.) datasets show that A-p < Apy, indicating the dominant effect is
temperature, this being extremely strong for the 04/03/04 (pm) dataset and rather
weaker for the other two. We postulate that the 11/03/03 and 04/03/04 datasets
indicate both temperature and humidity are contributing to the behaviowr of €2,
with the HPA method peesibly showing the proportional contribution to &2 of aach

climate variable. This is clearly an area to be examined further.

13
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6. Conclusions

From experimental data we have shown conclusively that humidity plays a significant
part in the visible/near infrared measure of CF in a ecoastal environment. This is in
qualitative agreement with Andreas’ model and is a natural extension of the results
from the mid infrared.

Furthermore we have explored a new technique, Hilbert Phass Analysis, with which
to study this physical phenomenon. In overall terms, the HPA method is in agreement
with the correlogram results. Phase locking betwaen data is an unexpectad result that
neads further examination. We have found that the HPA technique described here is
wvery promising and is likely to provide much more information about the changes to

a physical system than traditional methaods.

Appendix A: Definitions

The constants A and & of Eq. 1 in the 0.36 to 3 pm wavelongth region are

A = =10 %my (A P/TY (A1)

m
I

46150 % — 107 [ma{ A} — ma(A)].

F and T are the ensemble average air pressure and tempeorature, respectively. The
functions my and my are polynomials in wavenumber given by

6830.307 45473
130 — (1 A2 380 — (1/A2

my(A) = 237134 4 (A2)

ma{A) = 648731+ 0.53058{1/A)° — 0.0071160{1/A)* + 0.0008851(1/ )"

14
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with A's units in micrometres.
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List of Figure Captions

Fig. 1. The effects of sclar insolation on €7 as measured on March %, 2006 in Puerto
Rico. Solar radiation measurements are superimpesed at an arbitrary scale on top
of the ©2 data. (Left) The full 24 hour period. The vertical axis values are of order
10~ =2, (Right) Close up of the evening period. The vertical axis values are of
crder 107 m=2% The €2 data were obtained at an urban site 1.75-km from the sea.
Thesa values are in agreement with measurements of seeing cver the sea by alternative
means.

Fig. 2. Graph of n, /{ Af,) vs Bowen ratio for A = 0.93 gm.

Fig. 3. Example correlograms of CE and Relative Humidity in the abssnce of solar
insolation. The upper and lower bounds indicate the 50% confidence lovel. The ©F
magnitudes are 10-1% m—2% in agreement with measurements of seeing cver the sea
by alternative means.2?

Fig. 4. (l=ft) Hilbert Phase Space plot of the trajectory of the Cﬁ signal vector of Fig
1. The signal vector's start point drifts arbitrarily around the phase space, making
the determination of a physically reasonable instantanecus frequency impossible over
the whaole path. (right) Hilbert Phass Space plot of the trajectory of a single IMF
derived from the ©F signal. The IMF vector's start point is stable and its trajectory
does not change direction, so a positive instantaneous frequency can be determined

at all points.
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Fig. 5. Sum of all Hilbert Phases of the measured Solar Radiation IMFs (5 4350 for
the following days: Feb 2, Mar 27, Mar 28 and Apr 3, 2004, The Solar Radiation is
superimposed at an arbitrary scals,

Fig. 6. Plots of Hilbert Phase differences between 3 and solar radiation for 03/27/04
and 03/23/04. The solar radiation function is superimposed at an arhitrary scale
cn each graph. Note the flattening out of the phase difference funeticn during the
daylight hours.

Fig. 7. Difference plots for the moming of November 10, 2003, The dotted line is a
linear regression, estimating the mean phase gradient. The top left graph shows a
phase lock between ©2 and relative humidity.

Table 1. Mean and range of bulk parameters measurements and the maximum range
of specific humidity (Mg, ).

Tahle 2. Linear regression line gradients of the Phase Differences.

103
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Fig. 1. The effects of solar insclation on CF as measured on March %, 2006 in
Puerto Rico, Solar radiation measurements are superimposed at an arbitrary
scale on top of the -f."f data. (Left) The full 24 hour pericd. The vertical axis
values are of order 107 m—2"%, (Right) Close up of the evening period. The
vertical axis values are of crder 10— m—2%. The 2 data were ohtained at an

urban site 1.75-km from the sea.
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Fig. 2. Graph of n,/(At,) vs Bowen ration for A = 0.93 um.
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Table 1. Mean and range of bulk parameters measurements and the maximum

range of specific humidity Ay, ).

Date FH T T Mpr Ar Ap ﬂ.;u

(%) (°Fy  (hPa) Lg\l‘."]{g]

11/08/03 (pm) 336 652 10153 15 2 04

b
e

11/0%/03 {am) 493 335 1030% 11 31 1.2 0.5
11/10/03 {am) 764 465 10276 11 & 1a 0.6
02/02/04 (am) 914 299 1022% 16 25 66 0.5

03/27/04 (pm) 764 468 10276 11 & 1a L

=1

03/25/04 (am) 71 445 10276 16 07 06 0.9
04/03/04 (am) 761 46.6 9574 15 5% 4.9 0.4

04/08/04 (pm) 43 401 10045 14 56 2.1 1.1
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03/2712004pm (T_ =46.8 F) 03/28/2004:am (T_ =44 5 F)

o [ — gr;;d — 1 13e-013 | ' |V— gréd 5276014 |

207
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Rel. Hum. (%) Rel. Hum. (%)
04/03/2004:am (T_ =466 F) 04/03/2004:pm (T_ =40.1"F)
15 _'\.,' T — T — T — ] o kvl — T — T —
| grad =—2 24e—015 | | grad =—1.61e-014 |

75 80 85 90
Rel. Hum. {%) Rel. Hum. (%)

Fig 3. Example comelograms of ©2 and Relative Humidity in the absence

of solar insolation. The upper and lower bounds indicate the 50% confidence
level. The f’E magnitudes are 107 m—", in apreement with measurements

of seeing over the sea by alternative means 23
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Fig 4. {left) Hilbart Phass Space plot of the trajectory of the 2 signal vector
of fipure 1. The signal vector's start point drifte arbitrarily around the phase
space, making the determination of a physically reascnable instantanscus fre-
quency impossible cver the whole path. (right) Hilbert Phase Space plot of
the trajectory of a single IMF derived from the ©3 signal. The IMF vector’s
start point is stable and its trajectory does not change direction, so a positive

instantanacns frequency can be determined at all points.
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Surn of all Hilbert Phases of the measured Solar Radiation IMFs

(3 dg) for the following days: Feb 2, Mar 27, Mar 28 and Apr 3, 2004, The

Solar Hadiation is superimposad at an arbitrary seale.
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Fig 6. Plats of Hilbert Phase differences between €2 and solar radiation for
03/27/04 and 03/23/04. The solar radiation function is superimposed at an
arbitrary scale on each graph. Note the flattening out of the phase difference

function during the daylight hours.

27

110



Fhase angle (rad)

Phase angle (rad)

I, -,

100
=
E|1
T
| T _ =]
a 1 &
@
]
i
-100 . L L L L =100 L L L .
1 2 3 4 5 1 2 3 4 5
24-hour time 24—hour fime
Zt:b.:— [E¢T+Z¢H 12
100
:| 4
-100

oo

1 2 3 4
24—hour time

Fig. 7. Difference plots for the morning of November 10, 2003, The dotted line
i= a linear regression, estimating the mean phase gradient. The top laft graph

shows a phass lock between CF and relative humidity.
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Table 2. Linear regression line gradients of the Phase Differences.

Date Sy Mo ‘&C‘ﬁ

11/03/03 (pm) -0.7(4) -50(0)  -8.8(7)
11/00/03 (am) -11.2(4) 9.7(7) -0.7(4)
11/10/03 (am) -D.4(1) 127(8)  6.1(9)
02/02/04 (am)  &5(1) -123(0) -1.8(%)
03/27/04 (pm) 3.7(6) 281T) 15.9(T)
03/28/04 (am) 0.0(2) -33(1) -1.6(5)
04/03/04 (am)  6.3(1)  6.6(3)  6.7(4)

04/03/04 (pm) -27.3(3) -2.3(3) -14.8(3)
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