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Abstract Taylors’ frozen turbulence hypothesis suggests that all turbulent eddies are advected by the
mean streamwise velocity, without changes in their properties. This hypothesis has been widely invoked
to compute Reynolds averaging using temporal turbulence data measured at a single point in space.
However, in the atmospheric surface layer, the exact relationship between convection velocity and wave
number k has not been fully revealed since previous observations were limited by either their spatial
resolution or by the sampling length. Using Distributed Temperature Sensing (DTS), acquiring turbulent
temperature fluctuations at high temporal and spatial frequencies, we computed convection velocities across
wave numbers using a phase spectrum method. We found that convection velocity decreases as k�1/3 at
the higher wave numbers of the inertial subrange instead of being independent of wave number as
suggested by Taylor’s hypothesis. We further corroborated this result using large eddy simulations. Applying
Taylor’s hypothesis thus systematically underestimates turbulent spectrum in the inertial subrange. A
correction is proposed for point-based eddy-covariance measurements, which can improve surface energy
budget closure and estimates of CO2 fluxes.

1. Introduction

Application of Taylor’s frozen turbulence hypothesis of the exchangeability of time and space in characteriz-
ing turbulence [Taylor, 1938] has been an essential step in calculating Reynolds averaging from point
temporal data to retrieve atmospheric surface turbulent fluxes (momentum, heat, water vapor, and CO2)
[Kaimal et al., 1972]. These computed fluxes in turn have been used to constrain land surface, weather fore-
cast, and climate models and are thus key for improved hydrological, weather, climate, and carbon cycle
prediction [Mueller et al., 2013; Mueller et al., 2011]. The common interpretation of Taylor’s hypothesis is that
it assumes that turbulence is “frozen”; i.e., the eddy property is not changing during advection, and that all
eddies are advected at the mean flow velocity. As a result, it is taken to be justified to employ point measure-
ment of temporal fluctuations in lieu of spatial fluctuations and Reynolds averaging.

Because of the fundamental role of Taylor’s hypothesis in transforming commonly available temporal data
into typically inaccessible spatial turbulent data, many studies have been conducted questioning its validity
and its limitations using theory [Lin, 1953; Lumley, 1965; Wyngaard and Clifford, 1977], field measurements
[Higgins et al., 2012; Mizuno and Panofsky, 1975; Tong, 1996], or laboratory studies [Burghelea et al., 2005;
Buxton et al., 2013; Dennis and Nickels, 2008; Fisher and Davies, 1964].

Taylor’s hypothesis, when considered in spectral space and in one dimension along the streamwise velocity,
means that the spatial wave number spectrum can be computed using the single-point time frequency
spectrum [Wyngaard and Clifford, 1977]:

F11 k1ð Þ ¼ Ū W11 k1 Ū
� �

; (1)

where k1 the is streamwise wave number in one dimension, F11(k1) is the one-dimensional wave number
spectrum, Ū is the mean streamwise wind velocity in the streamwise (x1) direction,W11 is the frequency spec-
trum and the subscript 1 denotes the spatial direction (See details of derivation in the supporting
information).
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In other words, Taylor’s hypothesis assumes that there is a single frequency corresponding to one particular
wave number (i.e., there is a one-to-one correspondence between wave number and frequency spectrum)
and that the frequency is proportional to the wave number and related to the mean streamwise velocity

by ω ¼ k1 Ū (We note that ω and k1U have the same units). Experiments [Fisher and Davies, 1964; Tong,
1996] have shown that Taylor’s hypothesis fails if eddies of different sizes travel at different velocities, in
which case turbulent wave number spectrum cannot be simply interpreted as the frequency spectrum.

The convection velocities of different wave numbers can be calculated from wave number frequency spec-
trum [Wills, 1964], local derivative of spectrum [Del Álamo and Jiménez, 2009], and phase spectrum [Buxton
et al., 2013; Powell and Elderkin, 1974]. Some results relating convection velocity and wave number have been
obtained [Atkinson et al., 2015; Buxton et al., 2013; de Kat et al., 2013; Del Álamo and Jiménez, 2009; Fisher and
Davies, 1964; Goldschmidt et al., 1981; Higgins et al., 2012; Kim and Hussain, 1993], but no quantitative relation
between convection velocity and wave number has been reported since most data have been limited by
either spatial resolution (hence, separation with Kolmogorov microscale) or sample length (hence,
Reynolds number). Yet overall, the main conclusion seems to be that larger eddies are reported to convect
at larger velocity than smaller eddies, at least near the wall [Atkinson et al., 2015; Chung and McKeon, 2010;
Del Álamo and Jiménez, 2009; Krogstad et al., 1998].

At flux tower sites, the surface energy budget has typically not been able to close due to an apparent under-
estimation of turbulent heat fluxes [Foken, 2008; Foken et al., 2010]. Further, it was recently pointed out that
the cospectra corrections may cause significant changes in CO2 fluxes [Mamadou et al., 2016] due to the
impact of small eddy size (high wave number) cospectrum on the overall long-term CO2 fluxes.

We here reinvestigate Taylor’s hypothesis using temperature data obtained from Distributed Temperature
Sensing (DTS) at high temporal and spatial frequency in the atmospheric surface layer. These data are
complemented by results from large eddy simulations (LES) of an unstable atmospheric boundary layer over
smooth and rough surfaces. The present manuscript reveals a k�1/3 dependence of convective velocity at
high wave numbers in the inertial subrange. The application of Taylor’s hypothesis is then shown to system-
atically underestimate the wave number spectrum in the inertial subrange, which may be among the causes
of underestimation of surface energy turbulent fluxes. A correction for time-domain turbulent measurements
is then proposed.

2. Materials and Method
2.1. Experiment Setup

DTS utilizes the ratio of Stokes and anti-Stokes of Raman scattering in an optic fiber. Commercial instruments
can obtain temperature continuously at resolution of 0.01°C, every meter, over distances of up to 10,000 m
[Selker et al., 2006a]. DTS has been extensively applied in environmental monitoring [Becker et al., 2013;
Briggs et al., 2012; Selker et al., 2006a, 2006b; Tyler et al., 2009]. It has also been useful in the atmospheric
boundary to investigate turbulent structures [Sayde et al., 2015; Thomas et al., 2011; Zeeman et al., 2015].
For this study a DTS system (Ultima S, Silixa Ltd, Hertfordshire, UK) was installed at the Oklahoma State
University Range Research Station, Stillwater, OK, from 20 May to 15 July 2016. The land surface was mostly
flat with some microtopography and was covered with growing grass typically shorter than 30 cm. Fiber
optics (FO) were set up at four heights (1.00 m, 1.25 m, 1.50 m, and 1.75 m above ground) parallel to the
ground to build a 233 m long transect in the direction of 50° north of east (Figure 1). The FO cables (AFL
TelecommNSX001509U601-BIF, Graybar, NY, USA) were white in color with an OD of 0.0009m. The 18 tripods
separated by 13.7 m supported the FO cables. The tensioning systems, consisting of suspended adjustable
weights, were attached to the cables at the end of the transect to maintain constant tension on the cables
so that the cables remain stretched and parallel to each other while avoiding excessive tension (approxi-
mately 15 N). At each end of the FO cable two calibration baths (one cold and one warm) were established
to calibrate the DTS readings (Figure 1). About 20 m of FO, cable were held in each calibration bath. Ice
was added periodically to the cold bath, in order to maintain a constant temperature close to 0°C. The warm
bath was left at ambient temperature. An air bubbler was installed at each calibration bath to circulate water
and avoid thermal stratification. RBRsolo temperature sensors (NIST certified to 0.002°C accuracy, RBR Ltd
Ottawa, Canada) were used to precisely monitor the bath temperatures. The temperatures collected by the
DTS were sampled every 0.127 m in space and every 1.5 s time, though the fundamental resolution of the
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DTS is rated as 0.29 m. The Obukhov length was derived from the eddy covariance tower, owned by
University of Oklahoma, located within 5 m of the end of the fiber transect. An Oklahoma Mesonet
weather station located approximately 150 m east of the transect was used to provide
meteorological conditions.

In addition to the DTS data, we used high-resolution large eddy simulation (LES) to further confirm our
theoretical results and investigate the impact of the surface roughness. High-resolution LES can correctly
capture the inertial subrange [Sullivan and Patton, 2011]. The LES data were used to test the validity of our
findings for momentum in addition to temperature. The LES simulations are also used to further validate
the observation results, which are prone to measurement errors.

The setup of the LES is only briefly described here, as further computational details and the subgrid-scale
(SGS) model were presented in previous studies [Albertson, 1996; Bou-Zeid et al., 2005; Kumar et al., 2006;
Porté-Agel et al., 2000]. In the LES, the filtered mass conservation equation, Navier-Stokes equations with
Boussinesq approximation and the temperature (as a conserved scalar) advection-diffusion equation was
solved using a pseudospectral method in horizontal directions and a second-order centered finite difference
in vertical direction. The dynamic Lagrangian scale-dependent SGS model [Bou-Zeid et al., 2005] was used,
and a constant SGS Prandtl number of 0.4 was applied. The physical dimensions of the domain is
Lx × Ly × Lz = 6.28 × 6.28 × 1.5 (km3) with the number of grid points being 256 in each direction. A constant
and spatially uniform surface heat flux of 0.05 K m s�1 was imposed. A geostrophic forcing of (ug, vg) = (8, 0)
ms�1 drove the velocity field with the Coriolis parameter being 1.394 × 10�4 s�1. We used the Monin-
Obukhov similarity theory [Monin and Obukhov, 1954] in the first grid level to compute the surface stress.
This is a common approach used in high Reynolds number boundary layer flows, where the viscous sublayer
is not resolved [Moeng, 1984; Sullivan and Patton, 2011]. Furthermore, we adopted the same method in
Bou-Zeid et al. [2005] and Kumar et al. [2006] in which the velocity filtered at twice the filter size was used here.
Two cases with different roughness length z0m were simulated. One case had a constant z0 = 0.01 m, which
was referred to as the “rough” case. The z0 of the second case, referred as the smooth case, was dynamically
calculated using ν/9u* assuming the surface was aerodynamically smooth [Li et al., 2016].

The LES data were recorded in an array of “virtual sensors” [Cancelli et al., 2014] akin to the DTS in the field
measurements. The “virtual sensors” with nx × ny × nz = 256 × 1 × 5, where nx, ny, and nz are the number
of points in each direction, respectively, were positioned along x (downwind direction) at one crosswind loca-
tion of y = 0.5Ly at five different vertical levels that spanned 10% of zi, which corresponded approximately to
the surface layer height. To be comparable to the DTS measurement, the recorded data had a frequency of

Figure 1. (a) Picture of the installation at the Oklahoma State University Range Research Station site. Four parallel 233 m long fiber optics were maintained by tripods
to measure air temperature. (b) Schematic of the DTS transect and of the fiber optics setup. The four water baths were used to calibrate the fiber temperature.
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1 Hz (the output was at every twentieth time step since the time step in LES was 0.05 s). In total, 2000 s of data
were used for the analysis. Temporal fluctuations were compared to spatial variations along the streamwise
directions, at the first model level where the subgrid-scale contribution to the fluxes was smaller than 3% of
the total resolved fluxes, to avoid any subgrid-scale influence on the results.

2.2. Calculation of Convection Velocity

For each one-dimensional wave number k1, the convection velocity was computed using the phase spectrum
method as

U k1ð Þ ¼ Δφ
k1�Δt

; (2)

where U(k1) is the wave number-dependent convection velocity, Δφ is the phase difference of Fourier trans-
form of velocity between time t and t+Δt. The phase spectrum method was used to calculate wave number-
dependent convection velocity (see Buxton and Ganapathisubramani [2011] and Buxton et al. [2013] for
details), because large eddies may influence the estimate of smaller eddies in space-time correlation and
amplitude estimates [Zhao and He, 2009]. Here the phase difference of the Fourier transform of the space-
time temperature data was used to represent the convective velocity, as Taylor’s hypothesis can be applied
to any scalar.

3. Data

Nine representative 30 min periods (28 May 05:15–05:45 A.M. CST, 28 May 02:05–2:35 A.M. CST, 5 June
5:15–5:45 P.M. CST, 2 June 9:15–9:45 A.M. CST, 29 May 11:50 A.M. �12:20 P.M. CST, 2 June 9:55–10:25 A.M.
CST, 29 May 9:00–9:30 A.M. CST, 28 May 09:45–10:15 A.M. CST, and 28 May 1:15–1:45 P.M. CST) were selected
when wind direction was along (parallel to) the optic cable (eight periods were within 10° of the cable and
one was within 13°). First, a smoothing filter was applied to remove the white noise generated by DTS at high
frequencies. The smoothing filter calculated the moving average of two nearby temperatures in both time
and space. Therefore, the effective DTS spatial resolution was 0.56 m. The effective temporal resolution
was 3 s. A “spatial average” filter was then applied to calculate the mean temperature of every six spatial
points. The temperature resolution was 0.16°C and 0.22°C before and after transect, respectively, which
was calculated from the calibration baths using the standard deviation of bath temperature. The data that
were treated only with “spatial average” filter are called “averaged data”, while the data that were treated
with both smoothing and “spatial average” filters are called “smoothed and averaged data.” The tempera-
tures of the lowest transect at 29 May 11:50 A.M. to 12:20 P.M. CST are displayed in Figures 2a and 2b.

The normalized power spectrum of temperature in temporal (frequency spectrum) and spatial (wave number
spectrum) domains were then calculated (Figure 2c). The wave number spectrum was divided by the mean
velocity so that it corresponds to the frequency spectrum (equation (1)) [Wyngaard and Clifford, 1977]. Both
the normalized frequency spectrum and normalized wave number spectrum were close to Kolmogorov�5/3
spectrum [Kolmogorov, 1941] in the inertial subrange (Figure 2c). There is a sharp jump in the right tail of the
frequency spectrum because of the smoothing filter and thus due to the loss of signal at higher wave
numbers. As we elaborate on later, it is noteworthy that the measured wave number spectrum is higher than
the frequency spectrum at the equivalent wave numbers in the inertial subrange.

4. Results

The wave number-dependent convection velocities, computed using equation (2), normalized by the
maximum convection velocity, were calculated under different stability conditions using the DTS data
(Figure 3). Across stability conditions, convection velocities exhibit a k1

�1/3 decrease at the higher wave
numbers of the inertial subrange. The latter result emphasizes that Taylor’s hypothesis does not apply in
the higher wave number part of the inertial subrange and that smaller eddies are convected at smaller velo-
city than expected by Taylor’s hypothesis. The results shown here are in agreement with observations
[Atkinson et al., 2015; Chung and McKeon, 2010; Del Álamo and Jiménez, 2009; Krogstad et al., 1998] that low
wave number components convect at larger velocities and are also consistent with findings that larger eddies
are better candidates for applications of Taylors’s hypothesis [Higgins et al., 2012;Mizuno and Panofsky, 1975].
Taylor’s hypothesis may thus be a good approximation for larger (i.e., energy-containing) eddies but not for

Geophysical Research Letters 10.1002/2017GL073499

CHENG ET AL. CORRECTION OF TAYLOR’S HYPOTHESIS 4290



smaller eddies in the inertial subrange. The observed k1
�1/3 dependence can be theoretically derived using

an advection-diffusion equation with a sweeping model. Detailed derivation can be found in the supporting
information [Haller, 2002; Kraichnan, 1964; Roberts, 1961; Taylor, 1938; Tennekes, 1975; Wilczek and Narita,
2012; Wolf et al., 1985; Wyngaard and Clifford, 1977]. Indeed, eddies in the inertial subrange are governed

Figure 2. (a) “Averaged” and “smoothed and averaged” temporal temperature data for a fixed point in the transect. (b) “Averaged” and “smoothed and averaged”
temperature along the transect for a fixed time. The y axis is temperature minus the mean. (c) “Averaged” and “smoothed and averaged” temperature spectrum
in the time and space domain. The parameter ω is the angular frequency in the time domain, k is the wave number in the spatial domain, k1 is the streamwise
wave number, z is the optic fiber height above ground, L is the Obukhov length, U is themeanwind velocity, Eωω is the power spectrum in frequency, Ekk is the power
spectrum in wave number, and σ is the temperature variance of temporal or spatial data.

Figure 3. Ratios of different wave number components convection velocities andmaximum convection velocity under different stability conditions. The parameter z
the is optic fiber height above ground, L is the Obukhov length, k is the one-dimensional streamwise wave number, U(k) is the convection velocities of different
wave number components, Umax is the maximum convection velocity, and U is the mean wind velocity. Themaximum convection velocity rather thanmean velocity
is the denominator.
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by the random sweeping [Kraichnan, 1964; Tennekes, 1975], mean advection at the mean streamwise velocity
(consistent with Taylor’s hypothesis [Taylor, 1938]) and turbulent diffusion [Roberts, 1961]. Large eddies, even
in the inertial subrange, are characterized mainly by the advection and sweeping term [Wilczek and Narita,
2012; Wilczek et al., 2015]. The advection velocity leads to Doppler shift in frequency while the random
sweeping velocity leads to frequency broadening [Wilczek and Narita, 2012] and thus to decorrelation. The
decorrelation due to random sweeping nonetheless does not violate Taylor’s correlation, because on
average the random sweeping cancels out, and when computing the averaged spectrum, larger eddies are
still advecting at the mean velocity. We thus conclude, contrary to Higgins et al. [2012], that decorrelation
(of larger eddies) does not generate failure of Taylor’s hypothesis. In fact, Taylor’s hypothesis fails for
smaller eddies because the turbulent diffusion term becomes large and thus because small eddies lose
their coherence as they are being advected. This results in the observation of “smaller” convective velocity,
which mostly reflects the dissipation of the eddy property rather than a real deceleration of the actual
convective velocity. We thus conclude that it is the “frozen” assumption that is not correct in Taylor’s
hypothesis, because small eddies lose their coherent properties and thus their properties are not
conserved. This diffusion effect generates a k1

�1/3 scaling at the highest wave numbers of the inertial
subrange (supporting information S1). It is thus the decoherence of small eddies that generates the
deviation from Taylor’s hypothesis but not the decorrelation, which is also observed for large eddies where
Taylor’s hypothesis still applies.

To further validate our observational and theoretical finding, we conducted similar analysis with LES data
across varying stability conditions and over either a smooth or rough surface (Figure 4). The LES data were
used to confirm our finding in other conditions but also to further check our results with wind data in addition
to temperature data. At low wave numbers, the ratios of wave number-dependent convection velocities and
maximum convection velocity tend to be constant in the LES data for both the temperature and wind velocity
(downwind component) data (Figure 4), confirming that Taylor’s hypothesis applies at low wave number
(large eddies). A k1

�1/3 convective velocity dependence is observed at large k1, in the inertial subrange, simi-
larly to our observations. The demarcation of the constant ratio and k1

�1/3 relation is within the inertial
subrange (supporting information). Therefore, we conclude that the convection velocity does not depend
on wave number in the energy-containing range and at low wave numbers in the inertial subrange

Figure 4. Ratios of different wave number components convection velocities and mean streamwise velocity of LES data. The parameter z is the vertical height of the
LES data, L is the Obukhov length, k is the one-dimensional streamwise wave number, U(k) is the convection velocities of different wave number components,
and Um is the mean streamwise velocity.
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consistent with our theoretical derivation (supporting information). It exhibits a k1
�1/3 decay at high wave

numbers in the inertial subrange. This results applies to both momentum and scalars (Figure 4), similarly to
our theoretical derivation.

In order to correct routinely available turbulent frequency data, we derive a relationship between the wave
number and frequency spectra based on the observed behavior. The relation between angular frequency
ω, one-dimensional wave number k1, and convection velocity U(k1) is

w ¼ k1U k1ð Þ: (3)

This can be reformulated as

ωz
Ū

¼ k1U k1ð Þz
Ū

¼ k1z
U k1ð Þ
Ū

; (4)

where
ωz
Ū

and k1z are normalized measured frequency and wave number, respectively, Ū is mean wind

velocity. Taylor’s hypothesis just assumes that k1z can be replaced by
ωz
Ū
, namely,

k1z ¼ ωz
Ū

: (5)

In reality, to obtain the wave number spectrum from frequency spectrum we need to use the actual wave
number-dependent convective velocity:

k1z ¼ ωz
Ū

Ū
U k1ð Þ ¼

ωz
U k1ð Þ (6)

The wave number-dependent convective velocity U(k1) can then readily be calculated from the temporal
frequency ω by inverting equation (4). Using this strategy, we are now in a position to correct typical
temporal data spectra as available at routine eddy-covariance towers. The relation (Figure 5a) between
convection velocity and wave number is as follows,

Figure 5. (a) Schematic relation between convection velocity and wave number indicated by Taylor’s hypothesis and this paper. (b–d) Normalized frequency
spectrum (ωz/Um), corrected normalized frequency spectrum (ωz/U(k)) and measured normalized one-dimensional wave number spectrum (kz).The parameter k
is the one-dimensional streamwise wave number in the spatial domain, U(k) is the convection velocity of different wave number components, Um is the mean
streamwise wind velocity, ω is the angular frequency, z is the optic fiber height above ground, L is the Obukhov length, Ekk is the power spectrum in wave number,
and σ is the temperature variance of spatial data or temporal data.
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U k1ð Þ
Um

¼
1; for large eddies

C
k1
kd

� ��1=3

; for small eddies

8><
>: (7)

where k1 is the one-dimensional wave number, U(k1) is the wave number-dependent convection velocity, C is
a constant coefficient smaller than 1, kd is the starting wave number of �1/3 scaling in inertial subrange
(supporting information), and Um is the mean convection velocity, which is the mean streamwise velocity.

The typical normalized frequency spectrum (
ωz
Ū

in equation (5)) using Taylor’s hypothesis, is then compared

to the corrected frequency spectrum ( ωz
U k1ð Þ in equation (6)) and measured normalized wave number

spectrum (k1z in equation (6)) (Figures 5b–5d). The spectra obtained by Taylor’s hypothesis systematically
underestimate the energy spectra, whereas the corrected spectrum with a k1

�1/3 dependence of the convec-
tive velocity at high wave numbers in the inertial subrange better reproduces the observed spatial spectrum
(Figure 5b–5d). The systematic underestimation of the temporal spectrum in the temporal domain using
Taylor’s hypothesis (before correction) might be one of the reasons for the underestimation of turbulent
energy fluxes [Foken, 2008] and the lack of closure at eddy-covariance sites. We calculated that the underes-
timation of turbulent energy in the inertial subrange is 10%–30% due to direct application of Taylor’s frozen
turbulence hypothesis (see details in the supporting information).

5. Conclusions

We used distributed temperature sensing and large eddy simulation (LES) data to show that Taylor’s frozen
turbulence hypothesis does not apply in the inertial subrange. We also derived the asymptotic advection
velocity of eddies in the inertial subrange. For larger eddies in the energy-containing range and the inertial
subrange, the convection velocity is constant as hypothesized by Taylor’s hypothesis, but the convective
velocity exhibits a k1

�1/3 dependence for smaller eddies in the inertial subrange, due to the loss of eddy
coherence induced by turbulent diffusion. In other words, smaller eddies appear to be convecting at lower
velocities because they lose their properties as they are being advected. A correction is proposed for eddy-
covariance data that can be applied to existing high-frequency temporal data. Those results should improve
estimates of surface turbulent energy and CO2 fluxes.
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