Retrieval of structure functions of air temperature and refractive
index from large eddy simulations of the atmospheric boundary layer

Chris Wilson®, Alexander M. J. van Eijk™, Evgeni Fedorovich ™,

*School of Meteorology, University of Oklahoma, 120 David L. Boren Blvd, Norman, Oklahoma,
USA 73072; bTNO, P.O. Box 96864, 2509 JG The Hague, the Netherlands; “CLUNAM Université,
Ecole Centrale de Nantes, LHEEA UMR CNRS 6598, 1 rue de la Noé, 44300 Nantes, France

ABSTRACT

A methodology is presented to infer the refractive-index structure function parameter and the structure parameters for
temperature and humidity from numerical simulations of the turbulent atmospheric convective boundary layer (CBL).
The method employs spatial and temporal averaging of multiple realizations of the CBL flow field reproduced by a
large-eddy simulation (LES) of the atmosphere. The C?2 values yielded by LES-based approach agree fairly well with C?2
values predicted by the Monin-Obukhov similarity theory. In this respect, the C2 retrieval from the LES data is
promising for evaluating the vertical profile of C throughout the entire CBL. Under the considered CBL conditions and
for the selected optical wavelength of 0.55 pum the value of C2 was found to be dominated by the CZ contribution in the
first few hundred meters above the surface, whereas the Cr, contribution became significant aloft.
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1. INTRODUCTION

Advanced optical imaging sensors and optical communication systems combine high resolution and high sensitivity.
While this potentially allows for long-range applications, the performance of these systems is often hampered by the
intervening of the Earth’s atmosphere. Apart from transmission losses due to absorption and scattering of radiation by
atmospheric constituents, the signal is degraded by atmospheric turbulence generated by wind (shear) and/or by
convective processes due to temperature and/or humidity inhomogeneities. Turbulence effects cause intensity
fluctuations and directional variations of the propagating radiation, which result in scintillation, blurring, and image
dancing at the receiver. These effects decrease the spatial resolution of the image' or the quality of the communication
link?. On the other hand, scintillation effects may be used to our advantage, e.g., in the detection of point targets, as the
peak levels signals may exceed the mean signal level by a factor 3 or more’.

Optical turbulence is caused by small-scale and rapid variations of the atmospheric refractive index which, in turn, are
induced by variations of pressure, temperature and humidity along the path of observation. The effects of atmospheric
turbulence are generally considered’ in terms of the second-order refractive index structure function given by

(On)2(r,t) = [n(x,t) — n(x+r,1)]?, (1)

where the overbar on represents ensemble averaging (which in practical terms is typically substituted by the spatial
averaging), n is the refractive index, r the separation vector, X the position vector, and t is time. Within the framework
of Kolmogorov’s hypotheses® for the inertial-subrange turbulence, the structure function takes the form

()2 = CZ r?/3, 2

where 7 is the separation vector magnitude (separation distance) and C? is the refractive index structure-function
parameter (also called the structure parameter). Analogously to eq.(2), the structure parameters for temperature and
humidity CZ and C o can be defined in terms of structure functions of the turbulent fluctuations of potential temperature 6

and humidity q, (06)? and (9q)?, respectively.
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By neglecting pressure effects on the fluctuations of the refractive index* and by assuming that the fluctuations of the
refractive index can be described by a linear combination of the fluctuations in temperature and humidity*’, i.e., as

on = Ad@ + Badq, (3)
eq.(2) can be rewritten as®
2 _ (9n Z on Z on on _ 42,2 2,2
Cn = (aT) Cr + (aq) Cg +2 (ar 0q) Crq = A°CT + B"Cq + 24BCqq, “4)

where Crq is the joint temperature-humidity structure-function parameter, defined through (060q)r2/3.

The refractive index structure-function parameter C2 can be used to quantify turbulence effects on the radiation
propagation such as scintillation, blur, and beam wander. As an example, the standard deviation o; of the fluctuations in
signal intensity I, within the Rytov approximation, is given by’

_ 2
g2 = =1

7 Tz = exp (402) -1 =~ 402, ®)

where the angle brackets denote temporal averaging and the variance 0)? of the electromagnetic propagation constant, for
plane waves and a point receiver, is given by’

o2(R) = 056 k7/° [FC2(&) (R — €)%/ d¢, 6)

where k is the wavenumber (k = 2m/A, with A the wavelength), R is the path length and ¢ is the distance along the
path. Equation (6) shows that turbulence near the receiver does not contribute significantly to the scintillation, which
emphasizes the need to evaluate the spatial variance of C? along the propagation path and not to be restricted to a value
obtained at the location of the receiver.

Over the years, a multitude of models have attempted to describe the vertical variation of the structure-function
parameters. One of the earliest approaches was based on similarity theory. It modeled the daytime falloff of C2 with
height as a -4/3 power law, using the near-surface value of C2 as a gauge'®'". On the basis of experimental data,
Hufnagel'? and Valley" introduced an altitude falloff dependent on the average wind speed between 5 and 20 km
altitude, although most users of the Hufnagel-Valley model apply it with standard values for wind speed and C? at the
surface. An explicit dependence of the structure-function parameters on meteorological variables in the near-surface
portion of the atmosphere, the so-called atmospheric surface layer, was established using the Monin-Obukhov similarity
theory', which resulted in*'>"’

3=z f,(2),  Cro=a.0.272" frg (), ()

where ¢ can be T, g, or n, ¢, denotes the corresponding surface-layer turbulence scale, f,, the corresponding stability
function, and L the Obukhov length (scale). The turbulence scales and Obukhov length are calculated from bulk
meteorological parameters, such as the wind speed, temperature, and humidity, which can be relatively easy obtained in-
situ.

While the explicit form of the stability functions f, has been the subject of extensive debate, the Monin-Obukhov
similarity theory (MOST) formalism outlined above provides reasonable estimates of the vertical profiles of the
structure-function parameters in the atmospheric surface layer. Because the calculation is based on data from in-situ
meteorological measurements, it is less straightforward to obtain the full 3-D inhomogeneous field C2(x,y,z) and
horizontal homogeneity of the surface layer (in statistical sense) is generally assumed. This shortcoming can be partly
overcome by employing bi-static experimental techniques (e.g., scintillometry) that characterize turbulence along a path.
However, these instruments yield path-averaged quantities'® that are not easily decomposed in the full 3-D field of
C2(x,y,z). A solution may be offered by the advent of numerical weather prediction (NWP) models. Traditionally
applied on numerical grids with a horizontal spacing of the order of tens of kilometers, recent advances in regional NWP
allow for spacing down to the order of a few kilometers. Particularly, the community Weather Research and Forecasting
(WRF) model" was shown to reasonably accurately represent the atmospheric near-surface flow under convective
conditions™, which opens an avenue to drive the MOST calculations, eq. (7), by gridded WRF model data and thereby
obtain C2(x,y, z) with the corresponding horizontal resolution. This approach is not limited to evaluating C2(x,y, z) on
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the basis of the actual meteorological conditions, but can also be applied to predict sensor image quality or the strength
of optical links under forecasted meteorological conditions.

A more detailed description of turbulence can be achieved with the high-resolution computational fluid dynamics (CFD)
technique generally known as large eddy simulation (LES)*"**. LES considers the turbulent flow as a superposition of
larger and smaller flow motions. The LES numerical approach resolves the larger, energy containing motions explicitly,
while the effects of smaller, the so-called subgrid motions, are modeled. LES codes resolve fields of fundamental
meteorological parameters (wind velocity, temperature, humidity) in the atmospheric boundary-layer flows down to
spatial scales of the order of meters. These parameters can be entered in the calculation of the refractive index, which
thus allows evaluating its spatial variability, in terms of C2, on a scale of meters.

This paper reports application of the LES technique to direct evaluation of structure functions of potential temperature,
specific humidity, and refractive index in the turbulent atmospheric convective boundary layer (CBL). The LES
estimates of structure-function parameters for the lower portion of the CBL will be compared to the structure parameters
obtained with the traditional approach? based on MOST. Most of results from this comparative study have already been
reported in literature® but are presented here to bridge the gap between the boundary-layer meteorology and the optical
communication and propagation communities.

2. EXPERIMENTAL DESIGN

The simulations reported here were performed using the LES code of the School of Meteorology (SoM) of the University
of Oklahoma (OU), henceforward denoted as OU-LES. The OU-LES code has been shown to confidently reproduce
CBL flow structure in terms of mean-flow parameters and turbulence statistics up to the third order”**. The considered
OU-LES sectup employed a numerical grid with spatially uniform spacing of 10 m in a numerical domain with
dimensions (X,Y,Z) = (2.56 km, 2.56 km, 3.00 km). The horizontal dimensions of domain were proven, through
numerical experiments, adequate for the reproduction of turbulence statistics in a moderately sheared CBL within the
desired target scale ranges (up to several hundreds of meters).

The simulations focused on the CBL case that was observed at the Lamont (Oklahoma) site of the Atmospheric
Radiation Measurement (ARM) Program on 31 May 2009. This ARM site is heavily equipped with diverse
meteorological instrumentation, including an eddy correlation flux measurement system®® that provided the surface
sensible and latent heat fluxes (30-minute averages) to drive the OU-LES. Geostrophic wind profiles (representing in the
LES the large-scale pressure-gradient forcing) were retrieved from the Rapid Update Cycle (RUC) model*’ on an hourly
basis. To account for other features of atmospheric variability on scales larger than the scale of the LES domain, the LES
solutions at each time step were nudged® towards the profiles of horizontal velocity components, potential temperature,
and specific humidity available from the RUC model. The nudging time constant was set to 3600 s, which is larger than
the typical CBL overturn time scale, but smaller than the time scale of boundary layer diurnal variation. Thus, the
nudging is not expected to noticeably affect turbulent fluctuations within the scale ranges of interest (time scales up to
few minutes and length scales up to several hundreds of meters).

The refractive index n for visible wavelengths is calculated from***

n=1+10"° {m@L + [my() —my()] —— L1, ®)

0.62197 T (1+0.61q)
where A [um] is the wavelength, p [hPa] is atmospheric pressure, T [K] is absolute temperature, and q [kg/kg] is specific
humidity. Parameters m,; and m, are given by

6839.397 45.473 )
130 - 172 389-1"2"

m,(1) = 64.8731 + 0.5805817% — 0.00711504°* + 0.00088511°¢ . (10)

m,(1) = 23.7134 +

Squared differences of n for the evaluation of C2 by eq. (2) were calculated in space as functions of separation distances
in x, y, and z. The separations were integer multiples of the spatially uniform LES grid spacing A (=10 m).

For the x-horizontal direction, differences n(t,z,y,x) — n(t,z,y,x + x;) with x; = A were calculated at all individual
points (x,y) in a horizontal plane for a given z and t. If x + x; corresponded to a location outside the LES-domain, the
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calculation was skipped. Individual contributions were added to a running sum, from which the average was computed
after completion of the process. The process was then repeated with a new separation x; = 2A, and so on, until the
separation distance became larger than 1000 m. The entire procedure was repeated for the next height z, and after
completion of the height loop, for the next time t. Finally, the horizontal plane averages were additionally averaged in
time, which yielded a direct estimate of the refractive-index structure function in the x direction:

(61)? | (z,i8) = ((Bn)?|x (6,2, %0, 7, %) Dye » an

where iA = x; and the brackets signify the averaging over horizontal planes and time. The time averaging was performed
over a one hour timeframe (for this study, 19:00 through 20:00 UTC on 31 May 2009), corresponding to approximately
3600 flow realizations of the simulated CBL flow field.

The same procedure was followed in the calculation of the structure function in the y-horizontal direction, but a slight
difference was made for evaluation of (6n)? in the vertical direction. In this case, the influence of the mean vertical
gradient of n in structure function calculations was removed by taking

(6115 (62,21, y,%) = 0.5 ([n'(t,2,y,%) = (6,2 + 2, y, ) + [W'(t,2,y,0) —n'(t,2 — 2,3, 0)]%) , (12)

where z;, is the separation distance in the z direction and n’ denotes the fluctuations of n from its horizontal plane
averages. In this way, (6n)? |, was calculated as the average of squared differences of m’ in positive and negative
directions.

Structure functions (6n)? evaluated in the above described manner were first examined for the presence of inertial
subranges of separation distances in order to justify application of eq.(2) for the calculation of C? and then, if the
conditions were met, C? values were computed. The same methodology was employed to post-process LES potential
temperature and humidity fields, which yielded C2, Cg, and Crq by using equations analogous to €q.(2). By plugging
these three structure-function parameters in eq.(4), C2 could also be evaluated indirectly, based on the assumed linear
relationship (3). For visible wavelengths, the explicit expressions for 4 and B are’

A=-10"m;1) L B = 4.6150-107¢ [m,(1) — my(1)] . (13)

ﬁa

3. RESULTS

The OU-LES was run in two configurations. The first one, denoted as LES10, was a simulation of the actually observed
CBL at the ARM site on 31 May 2009. LES10 represented the main features of the observed CBL rather realistically,

1072

10 10° 10°
Separation, m

Figure 1: Directly evaluated second-order refractive index structure functions (9n)? in x- (dashed line), y- (dotted line) and z-
(dashed-dotted line) direction. The straight black line denotes the %/3 dependence.

Proc. of SPIE Vol. 8874 887408-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 10/16/2013 Terms of Use: http://spiedl.or g/terms



e.g., it exhibited the well-mixed CBL-interior below a capping inversion with jumps in the plane-averaged q and T at
1500 m*, with turbulence statistics throughout the layer also looking quite reasonable. Since the surface latent heat flux
was rather weak, the refractive index variability in LES10 was predominantly caused by the temperature fluctuations. In
the second configuration, denoted by LESIOEMF, OU-LES was run with the surface latent heat artificially increased by
factor of five compared to the observed one. In all other respects this case was a replica of the LES10 configuration. The
idea of running LES10EMF was to evaluate contributions of the humidity-related structure parameters Cc? and Crq to C:.

Equations (1) and (8) indicate that the refractive-index structure functions (9n)? depend on height and separation
distance. The dependence on separation distance is demonstrated in Figure 1 which shows the refractive-index structure
functions (dn)? directly evaluated from the LES for the x-, y-, and z-direction using eq.(11) and its analogs. These
functions were evaluated from the LESTOEMF run at a height of 745 m (that is, within the mixed region of the CBL),
and for a refractive index corresponding to a wavelength of 0.55 pm. The counterpart structure functions (9n)?
evaluated indirectly from the LES potential temperature and humidity fluctuations, i.e., through (86)? and (9q)?
according to eq.(4), are not shown, but exhibit similar behavior.

Figure 1 shows the range of separation distances (approximately from 40 to 200 m) for which the structure functions
exhibit the r2/3 dependence expected for the inertial subrange®. Only for these separations does the concept of structure
function parameters, implied by eq.(2), make sense. At separation distances larger than 200 m, the structure function in
the z-direction notably deviates from the r2/3 dependence. This deviation indicates that squared differences of the
refractive index at the corresponding separation distances are calculated between the reference point at 745 m and a point
that is located in portions of the CBL (surface layer, entrainment zone) with essentially different turbulence properties or
in the practically turbulence-free atmosphere above the CBL (it is reminded here that the wertical domain of the LES
extends up to 3000 m). The upper limit of 200 m for the vertical separation distance is thus expected to be a function of
the height at which (dn)? is evaluated. Figure 1 also shows the falloff of the structure functions at separation distances
below 40 m. Such behavior can be attributed to the finite resolution of the LES: only the fluctuations that are larger than
the grid spacing size are numerically resolved to the full extent, while fluctuations that are comparable in size with the
grid spacing are attenuated due to numerical and subgrid-model effects. This reduces the spatial variability in the
refractive-index field at smaller separations. Additional simulations (not shown) demonstrated that the lower limit of the
separation distance is typically about 4A, where A is the LES grid spacing.

Figure 2 shows the vertical profiles of C2|,, evaluated by the direct (eqs. 8-11, solid line) and indirect (eq. 4, dashed line)
methods. The separation distance was 60 m, and as before, the structure parameters were evaluated from the LES10EMF
run for the wavelength of 0.55 um. Profiles of C?2 in the y- and z-direction are quite similar to the C2 profile in x-
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Figure 2: Vertical profiles of C2 in the x-direction, evaluated by the direct (solid line) and indirect (dashed line) methods.
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Figure 3: Vertical profile of CZ|,, and individual contributing terms in eq.(4) for simulations LES10 (left) and LESIOEMF
(right).

direction and are not shown. One may see that C2 values calculated by the direct and indirect methods start to deviate at
higher altitudes, above 500 m, where the indirect method overestimates the value of C2|, by several percent. This could
be a result of neglecting the pressure term and/or cross-terms between potential temperature and specific humidity in
eq.(3), which approximates dn for the indirect method.

Figure 3 shows the vertical profiles of C2|,, for a separation distance of 60 m and a wavelength of 0.55 um, retrieved
from the two simulations with different surface latent heat flux. In both cases C2|, was obtained by the indirect method
(eq. 4). The figure also shows the individual contributing terms C2|,, C,? |x» and Crgq . Once again, results for the y- and
z-directions were very similar and are not shown. For both LES configurations, the C2 term dominates the C2 budget in
the lower part of the CBL. Even the increased surface latent heat flux in LES10EMF does not increase C,? sufficiently to
become the dominant contributor. Figure 3 also illustrates the height at which the Cr, term changes sign: for LESI0EMF
this change takes place at higher altitude than for LES10. The variation of the transition height with the strength of the
surface latent heat flux is important, because at higher altitudes in the CBL Crq represents a significant contribution to
CZ. Hence, the dominance of the C# term is reduced here.

Figure 4 (next page) presents a comparison of the C? profile obtained by MOST, following Andreas’, with the C?
profiles obtained by the direct method from simulation LESIOEMF. The indirect method yielded similar results that are
not shown here. Since MOST is only applicable in the surface layer, the comparison does not extend above 125 meters.
For this domain, MOST predicts a higher value than the LES, which may be partially due to the inability of the LES to
fully resolve temperature fluctuations close to the surface. The observed divergence of C?2|, and C? |,y near the surface is
apparently associated with the flow anisotropy resulting from surface wind shear.
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Figure 4: Comparison of the vertical profile of C?2|, (dashed line), C,%|y (dotted line), C2|, (dashed-dotted line) and MOST
calculations (solid line).

4. CONCLUSIONS

Feasibility of direct evaluation of the refractive index structure function C2 and structure function parameters CZ, Cg, and
Crq from the output of large eddy simulations (LES) for the atmospheric convective boundary layer (CBL) has been
investigated. One considered approach involved the direct evaluation of C2 from the simulated refractive index field. The
second approach was based on a parameterization of C2 in terms of the structure-function parameters for temperature
and humidity which, in turn, were retrieved from the LES fields of potential temperature and specific humidity.

Both methods yield refractive index structure functions that follow the inertial-subrange 2/3-law for a fair range of the
separation distances in the well-mixed portion of the CBL. The lower limit of the separation distance depends on the
LES spatial resolution and appears to be approximately four times the LES grid spacing. The upper limit of the
separation distance for the spatial averaging in z-direction depends on the elevation with the CBL: deviation from the
2/3-law is noted when spatial averaging takes place for two points that belong to portions of the CBL flow with
distinctively different turbulence properties.

The C? results yielded by the two LES-based approaches are very similar. In the lower CBL portion they also fairly
agree with C?2 values predicted by the Monin-Obukhov similarity theory (MOST). In this respect, the C2 retrieval from
the LES data is promising for evaluating the vertical profile of C2 throughout the entire CBL.

Under the considered CBL conditions and for the selected optical wavelength of 0.55 pum the value of C2 was found to
be dominated by the C# contribution in the first few hundred meters above the surface, whereas the Crq contribution

became significant aloft.
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