Supplement 1: Methods

a. Observations

The NOAA ESRL Chemical Sciences Laboratory High-Resolution Doppler Lidar (HRDL) was operated in a regular succession of modes every 20 min, profiling boundary layer wind, turbulence, and coherent velocity structures aboard the research vessel Roger Revelle during DYNAMO 2011. HRDL measured radial velocities at a sampling frequency  (repetition rate of 200 Hz and 100 pulse accumulation) with range resolution of 30 m (Grund et al. 2001, Tucker et al. 2009). Its hemispheric scanner was motion stabilized and radial Doppler velocities were adjusted for the velocity of the scanner platform. HRDL performed 10 min vertical stares between sets of azimuthal scans at 1°, 8° and 45° elevation angles and range-height indicator (RHI) scans with a motion-stabilized, hemispheric scanner. The lowest gate from the HRDL vertical stares is centered at 247 m. An iterative velocity azimuth display (VAD) analysis (Browning and Wexler 1968) is performed to calculate horizontal wind profiles using azimuthally scanning radial velocity from 1°, 8°, and 45° elevation angles. Lidar Doppler velocity data are available at https://esrl.noaa.gov/csl/groups/csl3/measurements/dynamo/calendar.php.


Surface meteorology and turbulent and radiative fluxes were measured aboard the research vessel Revelle by the NOAA Physical Sciences Division (PSD) / University of Connecticut / Oregon State University flux system (de Szoeke et al. 2015). Fluctuations of the 3 components of air velocity were measured from 10-Hz samples of the sonic anemometer on the forward mast at 18 m. Dissipation near the surface is estimated from the longitudinal wind structure function  from the anemometer. A sea snake floating thermistor measured SST. Radiometers measured downwelling solar and longwave thermal infrared fluxes. Density moisture, temperature, pressure, and horizontal wind were measured by 635 radiosondes released from the Revelle (Ciesielski et al. 2014). The DYNAMO legacy data set is available at NCAR/UCAR Earth Observing Laboratory (EOL) at http://dynamo.ml-ext.ucar.edu/dynamo_legacy/.

b. Turbulent kinetic energy dissipation

We estimate dissipation 247 m and above for 2011 Nov 8 – Dec 6 from spectra of vertical velocity from HRDL 10-min vertical stares. For Nov 13-16 we also estimate TKE dissipation from 13 to 326 m above sea level (ASL), using azimuthal structure functions of the radial Doppler velocity azimuthal scans at 1°, 8°, and 45° elevation. Dissipation estimates from both methods are averaged on grids centered at 247 and 277 m. Both methods agree well with those from velocity variances of scale-selective windows (O’Connor et al. 2010).

Dissipation from azimuthal structure functions
An azimuthal structure function of velocity (Frehlich et al. 2006) estimates TKE dissipation rate from radial velocity measurements of the azimuthal scans. With azimuthal angular velocity  s–1, the azimuthal resolution is 1° at  1° elevation and 4° at   8° or 45° elevation ( s–1). The average of the transverse displacements  for these ranges are 22.2 m, 57.1 m, and 24.7 m. Spatial averaging over a transverse displacement  greater than the 30 m range resolution underestimates the turbulence dissipation (Frehlich and Cornman 2002). To limit , dissipation is calculated only below 53 m for the  elevation, and only below 208 m for  elevation. This improves agreement with dissipation from the vertical stares.

With range resolution  m, the vertical resolution is  0.52 m, 4.18 m, and 21.2 m at 1°, 8°, and 45°, respectively. Range gates  between 234-2304 m, 234-1404 m, and 234-474 m are included, respectively, for 1°, 8°, and 45° elevation angles. Dissipation from the three native scan resolutions is averaged to five 30-m vertical bins centered at 28-148 m and three 65-m vertical bins centered at 195.5-325.5 m ASL, due to the coarser vertical resolution of the 45° elevation scan.

The azimuthal structure function is calculated using fluctuations of transverse velocities sampled within a scan sector, relative to an empirical fit of the large-scale velocity structure in the sector. Sectors of 60°, 120°, and 340°, at respective elevations and  resolve perturbation velocities and include enough points in the structure function. Structure function estimates are collected in the fixed height grid and corrected for uncorrelated noise by a fit to the 0-lag intercept of the second order autocovariance function (Lenschow et al. 2000). A chi-square fit to a von Kármán model of homogenous turbulence over a two-dimensional plane determines the standard deviation of the transverse velocity  and the outer length scale of turbulence  for the TKE dissipation rate calculation following the Kolmogorov (1941) model (eqn. 25 of Frehlich et al. 2006). The integral length scale  is determined from integrating the normalized autocovariance function up to the first zero-crossing.

Error of dissipation from azimuthal scans
Median instrumental errors  and  of the transverse velocity variance  and integral length scale  from each sector scan propagate into the relative error of the dissipation estimate (Lenschow et al. 2000, Frehlich et al. 2006). The relative error is

with  and  determined from the fit above. 

Dissipation from spectra of the vertical staring lidar
Frequency spectra of the Doppler vertical velocities are obtained from discrete Fourier transforms (DFT) of lag-autocovariance of the 10-min vertical stare time series. The DFT of the autocovariance yields spectra even for time series with missing data. Doppler velocities that are representative of noise rather than fluid velocities are excluded using the signal-to-noise ratio. The lidar beam attenuates in clouds, and clouds generate their own turbulence. Clouds are masked from this analysis using coincident radar reflectivity measurements by the 3-mm wavelength NOAA W-band Doppler cloud radar (Moran et al. 2005). 

Spectra are computed from lagged autocovariances computed from 512-point moving windows with a maximum lag of 256 s. Each of the 256 variance spectral estimates from the full 10 minute stare has about 5 degrees of freedom. Taylor’s frozen turbulence assumption with mean velocity  at each height transforms the expression for the TKE dissipation  from the wavenumber to the frequency spectrum in the inertial range (Kaimal 1973, Pope 2000),

where  is Kolmogorov’s constant (Sreenivasan 1995), and the angle brackets represent the expectation value, evaluated from the mean over spectral density estimates at frequencies that fit the inertial cascade. At high frequency, the spectral density is dominated by white noise rather than turbulence. We exclude from the mean, spectral estimates at frequencies above the last spectral estimate whose amplitude is distinct from white noise at a probability exceeding 0.95.

As expected, the wavenumber spectra of the velocities collapse onto the Kolmogorov turbulent spectrum when scaled by the dissipation and Kolmogorov viscous length scale. Spectra are scaled by Kolmogorov kinetic energy spectral density , where  m2 s–1 is the molecular kinematic viscosity and  is the TKE dissipation. Wavenumber  is scaled by the Kolmogorov length scale  mm. Figure S1 shows scaled turbulent vertical velocity variance spectra from 750 m height, which follows a  power law.


Error of the spectral dissipation
For the vertical stares, compensated inertial-range scaled spectral estimates 
 show no dependence on wavenumber (Fig. S1). The ratio of the sample standard deviation of the compensated spectral estimates to their mean  is nearly uniform with height. The relative error of the dissipation  estimated from  spectral estimates is
. 
For N = 1, the relative sampling standard deviation  is about 0.54. The minimum relative error  is around 0.4 at 250 m (where ), and 0.5 at 800 m.

The compensated spectral estimates have a chi-square distribution, so the relative error of the mean of N inertial-range compensated spectral estimates is parameterized as

where n is the number of degrees of freedom per spectral estimate (the number of samples in the time series over the total number of spectral estimates). This parametric estimate of the relative error agrees with the empirical estimate of the normalized standard deviation above.
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Figure S1. (upper dots) Scaled vertical (longitudinal) kinetic energy density, divided by the Kolmogorov kinetic energy density , where  is the molecular viscosity and  is the TKE dissipation. Wavenumber is scaled by the Kolmogorov length scale . (lower dots) Spectral energy density compensated by . Spectral estimates representative of the inertial cascade of isotropic turbulence (blue) exceed noise variance at >0.95 probability. The remaining spectral estimates are considered noise (gray).
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