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Multipoint Monin-Obukhov Similarity Theory (MMO)

The Monin-Obukhov Similarity Theory is the theoretical foundation for un-
derstanding the atmospheric surface layer (Monin and Obukhov 1954). It can
scale the mean profiles and the magnitudes of the inertial-range spectra (not
the scaling exponents).

However, it has been known in the late 1950s that it cannot scale spectra for
scales larger than the distance from the surface (k < 1/z) (Kaimal et al. 1972,
Kaimal 1978, and Caughey and Palmer 1979)

The Multipoint Monin-Obukhov Similarity Theory (MMQO) resolves this defi-
ciency (Tong and Nguyen 2015, Tong and Ding 2018).

't predicts that non-dimensional multipoint statistics in the surface layer to be
functions of z/L and kL. For example, the velocity spectra have the form

o(kpL,z/L), forkz<1.

For —z/L < 1, it further predicts two scaling ranges, the convective and dy-
namic ranges.
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Figure 1. Left: Schematic of the scaling regions in the convective atmospheric surface layer.
Right: Schematic of the predicted scaling of the temperature spectrum, normalized by

Cy = (/«:5)_2/3 Q4/?;/(3—L)1/35,/35md the horizontal and vertical velocity spectra, normalized by
Cn=Cy= (kBQ)"" (=L)"".

Ring-integrated spectra vs. one-dimensional spectra

One-dimensioal spectra, ubiguitous in micrometeorology, are obtained as

¢1(k1)=/k i o(ky,) dky,.
hl1—Nl

They therefore contain aliasing effects, do not represent the variances con-

tained at each scale, and are not suitable for testing spectral prediction of
MMOQO.
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Figure 2. Relationship between 1D- and 2D-spectra

To overcome the issue of aliasing, spectra integrated over each wavenumber
magnitude, the ring-integrated spectra,

Ik = [ ol

are needed.

Figure 3. Demonstration of failing 1D spectra to describe variances for small scales. If & =0
for |k| < ko 1D spectrum will still have non-zero values in these scales.

Multi-point Monin-Obukhov similarity Horizontal Array
Turbulence Study (M°HATS)

23 July 2023 - 24 September 2023. Tonopah, Nevada, USA

To fully validate the new theory, a field measurement campaign was con-
ducted, in which a large suite of in situ and remote sensing instruments
were deployed.
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Figure 4. Schematic of the measurement set-up.

= Horizontal anemometer array: Campbell Scientific CSAT 3,3A and 3B,
sample rates are 20,30,50,60 Hz. 50x4.5m height towers with 5m
spacing. Quasi-two dimensional turbulent velocity fields. Turbulence
spectra in scales 5-245 m. Every third tower: H20/COZ2 gas analyzer
(Campbell Scientific IRGA EC150), Temperature and RH (Sensirion
SHT85), Nanobarometer (Paroscientific 6000).

= Horizontal Doppler lidar: Metek Halo Lidar. Beam is along the sonic
array. Turbulence cross-wind velocity component spectra in scales 30m
- 3 km.

= The Raman-shifted Eye-safe aerosol lidar (REAL): Two-dimensional
horizontal velocity fields from high resolution images of the aerosol
distribution using Typhoon wavelet-based optical flow software;
Turbulence horizontal velocity spectra at 5m height in scales 100 m - 3
km.

= Distributed temperature sensors (DTS): Fiber optic system. Quasi-two
dimensional temperature field. Temperature spectra at 2.3m height in
scales 2-1000 m.

= Multi-level towers: 8 levels (0.62m, 1.17m, 2.11m, 3.02m, 4.2m,
6.89m, 15.45m, 28.55m), 3D sonic anemometers (CSAT3A), H20O/CO2
gas analyzer (Campbell Scientific IRGA EC150), Nanobarometer
(Paroscientific 6000)

= Micro-Pulse DIAL lidar(MPD): Temperature and water vapor profiles
(300 m -5 km height).

= Vaisala Windcube 200S Lidar (VAD scans): One-minute 360° PPl scans
generating VAD winds from 50 m up to approximately 2km.

= UVA Halo lidar (vertically pointing): Constant stare vertically, 1 s, 30 m
resolution, typical range 50 m to approximately 2 km.

Data processing

In total 44 statistically stationary time periods ranging from 45 minutes to
4 hours (45 hours 34 minutes in total) were selected. The mean wind direc-
tion was approximately perpendicular to the sonic array and the mean wind
speed was more than 2 m/s for all the periods, which allow to apply Taylor’s
hypothesis to obtain quasi-two-dimensional fields for sonic array, horizontal
lidar and DTS data. Then 2D spectra were calculated and ring-integration
was conducted.

The u, v and w -spectra were obtained using the sonic array.

The v -spectrum was obtained using the horizontal Doppler lidar. Atten-
uation of the Doppler lidar spectra due to spatial averaging (30 m spatial
resolution) along the beam and time averaging (over several integration pe-
riods) have been corrected by dividing the (sinc) transfer function of the
averaging filter.

The u and v-spectra were obtained using REAL. REAL frames were cross-
checked with horizontal Doppler lidar data to select only relevant scanning
frames. The two-component velocity fields obtained using REAL/Typhoon
had an effective velocity spatial resolution of approximately 100 m; there-
fore, wavenumbers larger than k ~ 0.03 m~1 were not included to analysis.

6 - spectrum was obtained using DTS.
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Figure 5. Normalized integrated spectra. Results from different instruments are consistent.
Leading order terms follow to MMO prediction

The measured spectra support the MMO prediction.

The u-spectrum ¢y, 1s consistent with the MMO scaling of k—5/3 for the con-
vective range (—kL < 1)and k~! for the dynamics range (—kL > 1and kz < 1),
whereas ¢y, shows a k~1 range only for approximately —kL > 7. We do not
vet have a good explanation for this behavior of the v-spectrum. VWe note that
both previous studies and present work have found that for one-dimensional
spectrum, the v-spectrum (frequency spectrum) appears to show a k1 scaling
range, whereas the u-spectrum does not. This issue needs further investiga-
fion.

The w-spectrum shows the MMO scaling of /3 and k! for the convective and
dynamic ranges, respectively. The transition wavenumber is approximately
—kL = 5, between those of the u- and v-spectra, consistent with the kinematic
relationship between these spectra imposed by continuity. Note that the one-
dimensional w-spectrum cannot roll off at small wavenumbers, demonstrating
the importance of measuring ring-integrated spectra.

The 9-spectrum shows the MMO scaling of k~1/3 and k=1 for the convective
and dynamic ranges respectively. The transition is approximately at —kL = 1.

Conclusions

* The M2HATS field campaign deployed a wide range of in situ and remote
sensing instruments, providing unprecedented comprehensive data for
testing MMO, including the spectra.

= The results follow MMO for the leading order terms for the ring-integrated
velocity and temperature spectra.

* The M2HATS campaign will make data available to the atmospheric
community as well as the wider scientific community.
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