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Abstract. This work introduces a new procedure for time lag detection between high-frequency time
series sampled by means of the eddy covariance technique. The proposed methodology is based on the
assessment of the cross-correlation function between variables subject to (i) a preliminarily filtering
procedure based on pre-whitening, to avoid the risk of spurious correlations, and (ii) to a resampling
technique based on block-bootstrapping, to enhance the accuracy of time lag detection between vari-
ables with correlation of low order of magnitude. We expect that the proposed procedure will become
useful for the centralized data processing pipelines of research infrastructures (e.g. ICOS-RI) where
the use of completely data-driven procedures constitutes an essential prerequisite.

Keywords. Pre-whitening; Block bootstrap; Time series alignment; Low signal-to-noise ratio.

1 Introduction

Accurate quantification of greenhouse gases (GHGs) emitted to and removed from the atmosphere by
natural ecosystems are nowadays calculated by using the eddy covariance (EC) technique [2]. This
technique employs a sonic anemometer for wind velocity components and a gas analyzer for scalar
atmospheric concentrations and involves high-frequency sampling (at least 10 observations per second).
EC fluxes are derived from the covariance (normally within an averaging period of 30 minutes) between
vertical wind speed (w) and the atmospheric scalar variable of interest (s), which can be temperature,
water vapor (H,0O), carbon dioxide (CO,), nitrous oxide (N,O), methane (CH4) or any other trace gas.

The calculation of EC fluxes requires the instantaneous quantities of w and s be simultaneously
measured. Such a condition is not perfectly fulfilled during field measurements because, mainly to avoid
possible wind flow distortions, there is no perfect co-location of the anemometer and the gas analyzer.
Correcting mis-alignments between raw EC data is a key step in the calculation of derived fluxes. A
failure to reach this target entails, in fact, a systematic error on flux estimates, whose sign (negative in
case of underestimation or positive in case of overestimation) depends on the procedure adopted for the
detection of the time lag existing between time series involved in the covariance estimation [4]].

The prevalent solution for time lag detection in EC data processing pipelines is accomplished by
assessing the cross-covariance function between w and s. In particular, the optimal time lag can be
detected in correspondence of the lag that maximizes (in absolute terms) the cross-covariance function
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between time series [Sl]. The effectiveness of the procedure depends on the shape of the cross-covariance
function, which in turn depends on the stochastic properties of the time series involved. Generally, the
procedure is effective under second order stationary conditions when the signal-to-noise ratio (SNR)
is moderate/high. In these circumstances, in fact, the cross-covariance function exhibits a distinct and
pronounced peak (either positive or negative) and the optimal time lag can be easily detected. In other
circumstances, in particular when fluxes are of small magnitude, as occurs for trace gases or during
dormant/senescence periods for instance, the cross-covariance function can be characterized by multiple
local minima or maxima of similar magnitude. Consequently, the detection of the optimal time lag
becomes problematic.

The aim of this work is to overcome the limitations of the procedures based on the maximization of
the cross-covariance function (CovMax, hereinafter). To this end, we propose a completely data-driven
procedure where time lag is detected by assessing the cross-correlation function (CCF) between raw
EC data subject to (i) a preliminary filtering procedure based on pre-whitening and (ii) a resampling
technique based on block-bootstrapping. By combining pre-whitening and resampling, the assessment
of the CCF for time lag detection becomes more realistic, informative and suitable for variables having
correlation of low order of magnitude, as in the case of EC fluxes characterized by low SNR.

2 Methods

2.1 Avoiding spurious correlations by pre-whitening

LetY =Y, and X = X; be two time series indexed by time ¢, the correlation between X and Y at lag k can
be estimated by the sample CCF defined by:

_ YX —-X)(Y«—7)
VIX —X)2/E—7)

where X and Y are the sample mean of X and Y, respectively, and the summations are done over all data
where the summands are available.

For white noise (WN) processes, rx(X,Y) is approximately normally distributed with zero mean and
variance 1/n, where n is the total number of paired data. This leads to the conventional 5% significance
limits of the CCF estimates equal to +£1.96//n. That is, any peak outside the interval £1.96//n is
judged to be statistically significant at 0.05 level. The approximate variance of 1/n applies only when
data are independent and identically distributed (iid), a condition that is almost never met for real, ob-
served time series. Under the assumption that both X and Y are stationary and that they are independent
of each other, it turns out that the sample variance of ri(X,Y) is approximately

ey

r(X,Y)
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where pi(X) and pi(Y) are the autocorrelation estimates at lag k of X and Y, respectively.
Suppose for simplicity that X and Y are both first-order autoregressive (AR) processes with coefficients
ox and ¢y, respectively, then r,(X,Y) is approximately normally distributed with zero mean and variance
approximately equal to
1+ 0x 0y

n(1—oxoy)
From Eq. (3) it can be seen that when ¢x and ¢y are close to 1, the ratio of the sampling variance of
r(X,Y) to the nominal value of 1/n approaches infinity. As a consequence, using the £1.96/+/n rule in
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deciding the significance of the sample CCF may lead to many more false positives than the nominal 5%
error rate, even when time series are independent of each other.

The statistical significance of the CCF estimates is a typical representation of the so-called spurious
correlations problem existing between time series [3, [6]. To avoid the risk of spurious correlations, a
viable solution is to disentangle the linear association between X and Y from their autocorrelation. By
examining Eq. , it can be seen that the approximate variance of ri(X,Y) is 1/n if at least one of X
and Y is an iid sequence. Such a condition can be achieved by transforming one of the variables in a
WN process, a procedure known as pre-whitening. The transformation of X in a WN process can be
performed by means of AR models (with differencing possible to remove stochastic time trends):

X, =(1-mB—mB*—...—7n,B")X, = n(B)X,, 4)

where X, is a WN, m; are the AR coefficients and B is the backshift operator such that B"X; = X;_,,.
In this work, the AR order selection was performed by the Akaike Information Criterion (AIC), and
parameters estimation via Yule-Walker method. After transforming the X-variable, the same filter was
used to transform the Y-variable in ¥;, which does not need to be a WN. Since pre-whitening is a linear
operation, any linear relationship between the original series will be preserved and can be retrieved by
assessing the CCF between transformed X, and ¥, variables [1]. As for the CovMax procedure, the
optimal time lag can be retrieved in correspondence of the peak (in absolute terms) of the CCF between
pre-whitened variables.

2.2 Time lag detection between time series with correlation of low order of magnitude

A time lag detection procedure based on the assessment of the CCF between pre-whitened variables is
effective when the order of magnitude of the correlation is equal to —1, which holds for EC fluxes with
moderate/high SNR. This is because the signal dominates over the noise and the estimate of the CCF in
correspondence of the frue time lag will be far greater than the conventional significance limits. When
the correlation is low, as in the case of trace gas fluxes with low SNR, things becomes more complicated
because the peak of the CCF in correspondence of the expected time lag will not be so pronounced as
to dominate over the other estimates of the CCF at different lags. For example, in the case of a sample
size of 36000 paired observations and an order of magnitude of the correlation between variables < —1,
the peak of CCF is close to the 5% significance limits (£1.96/+/36000 ~ £0.01). Thereby, it can often
happen that the peak of the CCF is detected in correspondence of an erroneous time lag.

If measurements from repeated sampling under the same conditions were available, it would be eas-
ier to distinguish between true and false peaks of the CCF, as the former would remain more stable than
the latter, which instead would tend to cancel out after averaging. With this goal in mind, we mimic a
repeated sampling by means of a block bootstrap resampling with the twofold aim of (i) increasing the
accuracy of time lag detection and (ii) obtaining a quantification of the associated uncertainty. In partic-
ular, we built R = 99 bootstrap resamples of paired X; and ¥; values of size n equal to the length of time
series, and where each resample is formed by randomly choosing k = n/L blocks (with replacement) of
length L = 400 time steps (i.e. 20 sec for EC data sampled at 20 Hz), a temporal window large enough
to include the frue time lag and preserve the correlation structure between variables.

The CCF was then estimated for each of the R bootstrap resamples and, for each of them, the can-
didate time lag is detected in correspondence of the peak (in absolute terms) of the CCF. To further
improve the accuracy and reduce the effect of noise, each peak is identified on a smoothed versions of
the CCF obtained by means of a centered moving average of width 13 time steps. By analyzing the dis-
tribution of the 99 candidate time lags, regardless of the significance level, the most frequently observed
value (mode) is selected as the optimal time lag, while the 50% highest density interval (HDI) provides
a measure of the associated uncertainty.

GRASPA 2023 Workshop 3
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3 Application

In the following, we show an application of the procedure outlined in Section 2 (hereinafter PWB) to real
data sampled from an EC system for the measurements of N, O fluxes operated at the Easter Bush grazed,
managed grassland site (3.2065 W, 55.8655 N, 190 m a.s.1.) in Scotland, for two periods during the 2019
growing season. Results are compared with the widely used CovMax procedure. N,O was selected as
the X-variable, while either vertical wind speed (W) and sonic temperature (T) as the Y-variable. Notice
that T and W are temporally aligned because sampled by the same instrument. At the same time, since
air temperature and scalar concentration variables are co-related each other because parcels movement
obeys to the same thermodynamics laws, T can be used in place of W for the detection of time lag
existing for variables sampled by other sensors. For this reason, PWB were performed either with W
and T. Among the two optimal time lag detected, the ones to which corresponds a higher correlation
(in absolute value) is chosen as the reference. All the procedures were performed in a search temporal
window of £10 sec.

Ilustrative examples of time lag detected by PWB on real EC data are given in Figure [T} For the
paired time series depicted in Fig. [T}, the use of PWB may not be necessary since the optimal time
lag (1.6 sec) is in correspondence of the peak of the cross-covariance function. A different situation
occurs for time series depicted in Figs. [Ib and [Tk. Here the time lag detected by means of the CovMax
could lead to biased flux estimates since the optimal time lag is in correspondence of a local maxima
(Fig. [Ib) and of a minimum (in absolute terms, Fig. [Ik) of the cross-covariance function. Time lags
detected by PWB are instead more stable, exhibiting a dominant peak at 1.6 sec, even in presence of
heteroscedasticity.
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Figure 1: From left to right: vertical wind speed (W), nitrous dioxide (N,O) atmospheric concentra-
tions, cross-correlation function after pre-whitening with bootstrap (PWB), cross-covariance function.
Numbers at the top of x-axis indicate the optimal time lag detected by PWB (in red) and the one in
correspondence of the peak (in absolute terms) of the cross-covariance function (in black).
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Method 10 20 30 40 50 60 70 80 90
CovMaxW —-9.10 —-6.15 -3.10 0.00 +1.55 +1.80 +2.65 +4.15 +6.55
CovMaxT -935 -6.50 +135 4155 +1.70 +1.85 +220 +42.80 +4.60
PWB -085 +130 4150 +1.55 +1.65 +1.70 +1.85 4220 +2.90

Table 1: Deciles of the distribution of time lags detected by several approaches. CovMax indicates
the procedure based on the maximization of the cross-covariance function between N,O and vertical
wind speed (W) or sonic temperature (T); PWB indicates the procedure based on the assessment of the
cross-correlation function after pre-whitening with bootstrap using either W and T variables.

A comparison of time lags detected by several approaches over longer period is depicted in Figure
2] Results indicate that time lags detected by PWB are more stable (around 1.6 sec) than those obtained
by CovMax. As reported in Table [T, 60% of 456 time lags were detected between +1.30 and +2.20
sec, a plausible range for the characteristics of this EC system. The use of T in place of W facilitates the
detection of the optimal time lag via CovMax, however, there are not a few cases where the detected time
lag diverges at the boundaries of the temporal window (Figs. 2h and 2p), mainly due to the presence of
spurious correlations. Such cases are difficult to distinguish during the processing of massive raw data
files and may introduce significant biases in flux estimates, if not preliminary removed. Setting a smaller
temporal window for time lag detection may alleviate the problem, but not ensure that the detected time
lag converges to the expected ones. Regarding the time lags detected by PWB (Fig. [2k), large deviations
from 1.6 sec are often characterized by a larger uncertainty (50% HDI greater than 10 time steps, i.e., 0.5
seconds). We found that in most of these situations, such uncertainty is indicative of zero N,O fluxes or
symptomatic about the presence of instrumental errors affecting raw EC data.
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Figure 2: Time lags detected for nitrous dioxide (N,O) atmospheric concentrations by means of cross-
covariance maximization approach using vertical wind speed (panel a), sonic temperature (panel b) and
the assessment of the cross-correlation function after pre-whitening with bootstrap (PWB, panel c). Grey
points in panel c indicate time lags highly uncertainty (range of the 50% HDI >0.5 sec).

GRASPA 2023 Workshop 5



Vitale and Papale On time lag detection between time series sampled by EC systems

4 Final remarks

GHGs monitoring is crucial to fight against climate change. Beyond new instrumentations with increased
accuracy and precision, the development and the application of advanced statistical tools can facilitate the
analysis of such complex phenomena. In this work a completely data driven procedure for the detection
of time lag for raw EC data was presented. The proposed approach, based on the assessment of the cross-
correlation function after pre-whitening with bootstrap (PWB), is designed to overcome the limitations
of existing procedures when the correlation between variables is of low order of magnitude (i.e. for EC
fluxes with low SNR). We expect that the proposed procedure will become useful for the centralized data
processing pipelines of research infrastructures (e.g. ICOS-RI) where the use of completely data-driven
procedures constitutes an essential prerequisite.
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