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Abstract

Light propagation through the atmosphere is affected by fluctuations in the refrac-
tive index along the path of propagation, called optical turbulence. In the atmospheric
surface layer, these fluctuations are due mostly to turbulent mixing of variations in tem-
perature and humidity. To improve understanding and prediction of optical turbulence,
a characterization of the atmospheric surface layer above the Severn River is presented.
Meteorological data is collected from a sensor array, to include two sonic anemometers
and an infrared gas analyzer (IRGASON), located at the Waterfront Readiness Cen-
ter basin (38.98N, 76.46W) in Annapolis, Maryland. The instruments are positioned
vertically at distances up to 8-m over the waterline to analyze boundary layer pro-
files. The array is arranged to optimize the airflow over the instrument’s wicks. Using
characteristics such as wind speed, temperature, pressure, and other parameters, the
structure parameters for temperature, humidity, and refractive index can be calculated
using several different methods. These structure parameters are the primary means of
estimating turbulent effects on laser propagation. From field data, assessment of opti-
cal turbulence profiles, such as Huffnagel Valley (HV5/7), or constant flux layer scaling
(Monin-Obukhov) can be verified. This paper describes work on the setup, calibration,
installation of the sensor suite, as well as early findings from the collected data.

Keywords: Atmospheric surface layer; Optical turbulence; eddy covariance; sonic anemome-
ter

Corresponding author; email: aperalta157@gmail.com

1 Introduction

Directed energy technology continues to be a primary interest for the scientific community

and military at large due to its wide range of applications. As this technology continues

to develop, knowledge of the major factors which impact directed energy systems will

become increasingly important, including a deeper understanding of optical turbulence

parameters. The refractive index structure parameter, C2
n, is the most commonly used

metric to describe the strength of atmospheric turbulence. The structure parameter can

be calculated directly using optical techniques, such as with a commercial scintillometer,

or indirectly through measurement of the temperature structure of the atmosphere. This
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paper uses eddy covariance methods to estimate the temperature structure constant, C2
T ,

using co-located measurements of velocity and sonic temperature to determine turbulent

fluxes within the atmospheric surface layer. The setup and data presented comes from a

near-maritime (littoral) environment, important for many naval applications of lasers.

2 Theoretical Background

Established similarity theory may be used to scale a range of quantities within the atmo-

spheric surface layer (1; 2). In the surface layer, or the constant flux layer of the atmosphere,

the turbulence structure may be scaled via five parameters: a friction velocity, the surface

temperature flux, the surface flux of a conserved scalar, the buoyancy parameter, and a

length scale z usually taken as the height of interest. The structure parameters for tem-

perature or refractive index, when properly nondimensionalized, are then only functions

of a nondimensional stability parameter. This scaling within the surface layer, termed

Monin-Obukhov Similarity Theory (MOST), has been used successfully in a wide range of

applications (3; 4; 5; 6; 7).

In Monin-Obukhov similarity theory, velocity may be scaled with the friction velocity, u∗,

which is related to the shear stress and defined as

u∗ =

[
u′w′2 + v′w′2

] 1
4

, (1)

where u
′
, v

′
, and w

′
are the fluctuating velocity components in the stream wise, transverse,

and vertical directions, and over-bar denotes averaging. The Obukhov length scale, L, is

then

L = − u3∗

k

(
g

T

)(
w′T ′

) , (2)

where T is the virtual air temperature in Kelvin, g is the gravitational constant, and k

is the Von-Karman constant of 0.41. Nondimensionalization of temperature will use the

turbulent temperature scale, T∗, defined as
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T∗ = −

(
w′T ′

)
u∗

. (3)

Finally, using the Obukhov length and a reference height, the stability parameter z
L is

z

L
= −

(
g/T

)(
w′T ′

)
u3∗/kz

, (4)

where z is, for maritime measurements, the vertical height from the waterline. This sta-

bility parameter may be interpreted as a ratio of the amount of turbulence generated from

buoyancy compared to the amount of turbulence generated from shear.

Given these scaling parameters, MOST theory then allows the nondimensional scaling of

turbulent quantities within the surface layer as a function of just the stability parameter.

For example, the turbulent stresses σ will scale as

σi
u∗

= φi

(
z

L

)
= Ai

[
1 +Bi

∣∣∣∣ zL
∣∣∣∣]Ci

, i = u, v, w; (5)

where Ai, Bi, Ci, are the scaling coefficients determined from field experiment. Likewise,

the temperature structure constant C2
T will be nondimensionalized and scaled as

(
kz

)2
C2
T

T 2
∗

= φi

(
z

L

)
. (6)

Finally, from C2
T the Refractive Index Structure Constant, C2

n, can be found:

C2
n =

(
79 ∗ 10−6

[
K

mbar

]
P

T 2

)2

C2
T . (7)
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3 Experiment

To determine the surface layer turbulence structure in the context of Monin Obukhov

Similarity Theory, eddy covariance is used with data from an array of sonic anemometers.

The setup and implementation of this technique are described below.

The location we chose to perform our surface layer analysis is at the Water Front Readiness

Center’s YP (Yard Patrol) Pier, located at 38.98N, 076.46W in Annapolis, Maryland (Fig.

1). This area is east of Washington D.C. and south-south east of Baltimore, just off the

northern part of the Chesapeake Bay. The sensor array is on a pier 200 meters away from

any major obstruction with the majority of its view being over the Severn River. The Sev-

ern River is to the west and northwest, the Chesapeake Bay to the south and southeast, and

a low coastal environmental preserve is to the northeast. The site is adjacent to a number

of other environmental monitoring instruments, including a Scintec BLS450 scintillometer,

which have been used previously for atmospheric optical turbulence study (8; 9)

Figure 1: Sensor array location depicting satellite imagery of Annapolis, Maryland showing

where the array is located in relation to nearby popular cities and landmarks.
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Eddy covariance measurements at this location are obtained via two Campbell Scientific

CSAT3B sonic anemometers and one IRGASON infrared gas analyzer. The IRGASON is

an in-situ, open-path, mid-infrared absorption analyzer integrated with a three-dimensional

sonic anemometer. Its data collection center, the EC100, measures and controls the output

elements of the IRGASON such as wind velocity components, sonic air temperature, ambi-

ent temperature, H2O and CO2 density. The sonic anemometer (CSAT3B) is an ultrasonic

anemometer used for measuring sonic temperature and three-dimensional wind velocity.

The sensor array described in this paper uses two CSAT3B’s in order to provide a more

complete profile of the atmospheric surface layer above the Severn River.

All three instruments were mounted on a 6-m tall mast at the end of the pier. The two

sonic anemometers were placed as the highest and lowest sensors with the IRGASON being

placed in the center due to its collection center, the EC100, creating too big a moment

arm. The top sonic anemometer, with a typical height above the water of 8-m, is labeled

Anemometer 1, the IRGASON is at a height of 6-m above the water, and the bottom

instrument, Anemometer 2, has a height above water of 4-m. The complete instrument

mast can be seen in Fig. 2. These heights will vary with the tides, which have a typical

diurnal variation of approximately 1.3-m.

The orientation of the instruments is shown in Fig. 3. The vertical sensor array is facing

166° from true north, or approximately South-South East. The positive x-axis for each

sonic anemometer and IRGASON corresponds to flow into the shaft of the instrument,

therefore the u velocity component will be oriented to flow at 346°, while w is up. All wind

velocity readings are scaled to range from 0°to 360°, and are reported as wind vectors and

not meteorological wind direction.
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Figure 2: The sensor array overlooking the Severn River.

Figure 3: Sensor orientation and wind velocity angle readings compared to compass rose.

4 Data Collection and Conditioning

To program, read, and store the IRGASON and CSAT3B’s data, the CR1000X data logger

was used, Fig. 4. This data logger has a central-processing unit, analog and digital mea-

surement inputs, analog and digital outputs, and onboard memory. An operating system

coordinates these functions along with the data logger’s onboard clock and programming

application. It measures the IRGASON and CSAT3B’s electrical response, drives their

communications, and reduces their data to statistical values formatted in a table. The

CR1000X is programmable using Loggernet, a software package capable of programming,
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communication, and retrieving data between PCs and data loggers.

Figure 4: The field setup of the CR1000X data logger used to program and store sensor

data.

The CR1000X programmed the IRGASON and sonic anemometers in this sensor array

to receive data at 40 Hz (25 ms). The data logger runs each sensor over a period of 24

hours and stores each output table onto a 16 Gb micro SD card. Each data table has

approximately 3.45 million records of data, a data table example can be seen with Fig.

5. To further analyze the data, the SD card contents are converted and read into Matlab

R2020a.

Figure 5: Table output showing the sensor’s collected data from January 1st.
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To analyze the collected three-dimensional velocity and sonic temperature data, the out-

puts were sorted into 30 minute stationary intervals. Data conditioning included outlier

identification and linear detrending (see Fig. 6). The fluctuating components, u
′

= u− u,

where u is the mean from each 30 minute interval, were calculated from the detrended data.

The quantities from Section 2 were calculated on each 30 minute interval over the course

of 7 days, 01 Jan 2021 - 08 Jan 2021. The figures below present ensemble averages across

each of the seven days.

Figure 6: Example of linear detrending.

5 Results and Discussion

The following figures provide representative examples of the quantities that may be obtained

from this sensor suite. Figure 7 shows the magnitudes of the velocity for each instrument

as a function of time of day. The figure shows higher winds typical in the afternoon, and

the linear velocity profile in this region of the boundary layer is also visible. Additionally,

Figure 8 shows wind angle vs. time of day. As expected, there is little variation in wind

direction with height, although the general wind direction for this week is not typical for

the region.

8



Figure 7: Velocity magnitudes. Figure 8: Velocity angles within the orienta-

tion of the sensor array.

The friction velocity, or shear velocity, is related to the level of turbulence in the boundary

layer. Figure 1 shows the turbulence fluxes typically increase in the afternoon and are lower

at night. The turbulent temperature (Fig. 10), on the other hand, has a minimum in the

late morning and peaks in the late afternoon.

Figure 9: Friction velocity. Figure 10: Turbulent temperature.

Figure 11 depicts the regions of the boundary layer which are unstable. The overall trend

throughout the week shows the boundary layer becoming stable or neutral through the

course of the morning then becoming unstable in the afternoon and evening. The above

figures are all based on preliminary data gathered from the first week of January. The

prevailing wind direction during this week was unusual, and there was no conditioning
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based on wind speed or direction. The future work of this project is to continue to gather

data to show the long term variations of the Severn River boundary layer, and to produce

Monin Obukhov scaling coefficients for C2
T and C2

n for this environment.

Figure 11: Stability parameter of the analyzed layer.

6 Conclusions

This paper presents early data from a new near-maritime sensor suite. Because of the

unique and secure location, these instruments will provide long-term data that will assist

in the study of optical turbulence, including the ability to assess seasonal variations and

infrequent extreme events. For discussion or data access please contact the authors.
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