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Abstract: Projections of future climate are sensitive to the representation of upper-ocean diurnal
variability, including the diurnal cycle of winds. Two different methods suitable for time series with
missing data are used here to characterize how observed diurnal winds vary over the year. One is
based on diurnal composites of mooring data, and the other is based on harmonic analysis via a
least squares fit and is able to isolate annual (i.e., 1 cycle per year) modulation of diurnal variability.
Results show that the diurnal amplitude in meridional winds is larger than in zonal winds and
peaks in the tropical Pacific, where diurnal variability in zonal winds is overall weaker compared to
other basins. Furthermore, the amplitude and phasing of diurnal winds in the tropical oceans are
not uniform in time, with overall larger differences through the year in the meridional component
of tropical winds. Estimating the annual modulation of the diurnal signal implies resolving both
the diurnal energy peak and also the modulation of this peak by the annual cycle. This leads to a
recommendation for sampling at least 6 times per day and for a duration of at least 3 years.

Keywords: tropical winds; diurnal variability; annual modulation

1. Introduction

Diurnal variability is one of the most persistent features of the Earth’s climate sys-
tem. Diurnal variations in solar heating in the atmosphere and at the Earth’s surface
contribute to the generation of internal gravity waves and other atmospheric motions
that can lead to diurnal variations in surface winds [1–5]. Over the tropical ocean and
island regions, diurnal and semi-diurnal variations in surface winds are attributed to a
variety of mechanisms [5–8] including changes in local forcing such as solar heating of
local topography, latent heating in moist convective regions, and differential solar heating
over adjacent water and land surfaces. Because large-scale vertical motion in the lower
atmosphere and upper ocean is associated with mean convergence/divergence of surface
winds, diurnal variations in surface winds can modulate oceanic mixing [9] as well as
atmospheric convection in the deep tropics [10,11].

The diurnal cycle in winds and sea surface temperature is modulated on intraseasonal
timescales (e.g., by the Madden Julian Oscillation as described in [12,13]), as well as seasonal
and interannual timescales (see, e.g., in [4,14,15]). Although the sun crosses the equator
twice a year, there is a strong annual cycle in the Tropics, and changes in temperatures
and pressure gradients with seasons can drive changes in surface winds on diurnal and
longer timescales [4]. Previous research [4] shows that the amplitudes of diurnal meridional
wind variations in the tropical Pacific are larger during the cold season (June–November)
than the warm season (December–May), with similar spatial patterns in the two seasons.
Seasonal and interannual cycles in winds and wind-driven mixing can in turn modulate
diurnal warming in the upper ocean [16,17].
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If winds were the only diurnally varying component of the climate system, we might
hypothesize that maxima and minima within the diurnal cycle would cancel each other out
to produce no net impact on the climate system. Yet, diurnal winds interact with diurnal
surface buoyancy fluxes and diurnal sea surface temperatures and can drive local and
nonlocal mixing and rectify due to nonlinear processes. Characterizing diurnal winds and
how they change in different months of the year based on observations is the first step
towards understanding these interactions and how they modulate diurnal variations in
mixed-layer depth and turbulent mixing (see, e.g., in [9,18,19]). Quantifying annual modu-
lation of diurnal winds is also important to cross-calibrate wind-measuring satellites that
have different equator crossing times in order to create climate records. While mesoscale
variability in the wind field will produce significant random spread in the differences
between instruments, not accounting for the diurnal cycle will produce systematic errors
that will remain after averaging [20]. For this reason, the Committee on Earth Observation
Satellites (CEOS) has recommended that a minimum of three scatterometers be flown, with
different equator crossings, and preferably with one satellite in a non-sun-synchronous
orbit [21].

Most satellites that measure wind operate on sun-synchronous orbits, meaning that
measurements are collected at two fixed local times, often 6 a.m. and 6 p.m. Sun syn-
chronous orbits are well suited for determining representative large-scale wind patterns
that vary on time scales longer than a few days. The twice-a-day sampling of a single
satellite is at the Nyquist frequency of the diurnal cycle, meaning that no phase information
and no precise amplitudes can be obtained, thus leaving an incomplete picture of diurnal
winds [22]. The advent of scatterometry has brought a greatly expanded global perspective
on diurnal wind variability. Scatterometer observations show that land-breeze/sea-breeze
circulation patterns [5,22–25] are ubiquitous along coastlines across the globe, particularly
in the summer [5,22,25,26]. Diurnal winds also extend across the tropics throughout the
region equatorward of 30◦ latitude [2,5,15,22,25,26]. Much of the satellite-based analysis
of diurnal winds has focused on day–night differences in QuikSCAT observations [22,27]
or on observations from the six-month-long QuikSCAT/ADEOS-2 tandem mission in
2003 [5,25,26]. The short duration of the QuikSCAT/ADEOS-2 tandem mission and the
limitations of the tandem mission temporal sampling have left open a number of questions
about the detailed temporal structure of diurnal winds and about the variability of diurnal
winds on seasonal to interannual time scales. Recently, Turk et al. [15] demonstrated a
methodology to merge the speed-only measurements from passive microwave radiome-
ters with the wind vector measurements available from scatterometers, allowing them to
estimate the diurnal and semi-diurnal wind vector components during 2007–2017 and to
compare El Niño versus La Niña conditions.

While satellite-based studies and buoy analyses (see, e.g., in [2,4,5,15,22,25,26]) have
broadly characterized the spatial structure of diurnal variability, the limited temporal
duration of records available for previous studies or (in some cases) the regional focus left
open questions about the seasonal and interannual variations in diurnal variability [22].

Here, we address this gap by describing the diurnal variability in surface winds
over the tropical ocean from buoy measurements, with a specific focus on how diurnal
winds (zonal, meridional, and overall speed) vary in different months of the year due to
annual (i.e., 1 cycle per year) modulation of the diurnal signal. We consider variations
in both the amplitude of the diurnal cycle and its phase (e.g., hour of the diurnal peak).
Our analysis provides an updated characterization of diurnal winds from mooring data:
we use measurements for more years and locations compared to previous analysis (see,
e.g., in [4,15]), and we develop a new method that allows us to extract more detailed
information about the temporal variability. Our approach provides a framework to assess
how satellite-like sampling scenarios (i.e., observations with limited temporal coverage)
capture the diurnal signal of interest. The dataset and methodology are described in
Sections 2 and 3, respectively. Results from applying two different approaches to satellite-
like pseudo-observations are presented in Section 4. The annual modulation of diurnal
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variability in the tropical ocean is described in Section 5. Summary and conclusions are
given in Section 6.

2. Datasets

The Global Tropical Moored Buoy Array Program (GTMBA [28]) is a multi-national
effort that provides real-time data for climate research and forecasting. Major components
include the TAO/TRITON (Tropical Atmosphere Ocean [29]) array in the Pacific Ocean,
PIRATA (Prediction and Research Moored Array in the Tropical Atlantic [30]) in the Atlantic,
and RAMA (Research Moored Array for African-Asian-Australian Monsoon Analysis and
Prediction [31]) in the Indian Ocean.

The moorings in the GTMBA are designed and built based primarily on the Au-
tonomous Temperature Line Acquisition System (ATLAS [32]) moorings that were origi-
nally designed at the NOAA’s Pacific Marine Environmental Laboratory (PMEL) and on the
Triangle Trans Ocean Buoy Network (TRITON) moorings designed by the Japan Agency for
Marine-Earth Science and Technology (JAMSTEC). These moorings are specially designed
to observe and measure the upper ocean and surface meteorological variables that drive
air–sea interactions in the tropics. They are instrumented to provide long-term time series
measurements of fine temporal resolution (minutes to hours) to resolve high-frequency
fluctuations in the oceanic and surface atmospheric variables that would otherwise be
aliased into the lower frequency climate signals. These moorings are fixed in location
over the tropical ocean, and so the sampling is not variable in space or time (when the
mooring is operational). Mooring data are made available by the GTMBA Project Office
of NOAA/PMEL and allow better understanding of regional weather and climate vari-
ability on seasonal, interannual, and longer time scales, thus improving predictions of
climate variations.

We take advantage of the high temporal resolution (10 min to a few hours depending
on the site) of the GTMBA to characterize diurnal surface winds and to examine changes in
these diurnal winds during different months of the year. We use records for which time
periods of at least 3 years are available with gaps of 3 months or less and no more than 20%
of data missing. While only eight sites have records with these characteristics in the Indian
Ocean, the majority of sites in the Pacific and Atlantic Oceans meet these criteria (Figure 1),
and some of the records employed in our analysis are longer than 6 years.

Figure 1. Mooring sites. Moorings marked by red circles are selected for our analysis, i.e., records
of at least 3 years are available with gaps of 3 months or less and no more than 1/5 of missing data.
Filled red dots indicate moorings where at least 6 years of data are available. Black dots show the
remaining mooring sites (not used here).

3. Methodology

Previous analyses of annual modulation of the diurnal cycle in surface winds
(see, e.g., in [4,5,33]) have been based on binning the data in 1-h bins (separately for each
month or season) and then fitting a diurnal cycle to the composite to estimate diurnal am-
plitude and phase for that month (or season). Results were compared with amplitude and
phase for the full time series (i.e., from binning the data in 1-h bins for the full time series).

In this study, we compare estimates from this method with harmonic analysis designed
to extract diurnal cycles and their annual modulation from the original time series. As
described in Sections 3.1 and 3.2, our harmonic analysis uses a least squares fit methodology,
and thus this method can be used to derive the harmonic signals from irregular time series
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as well. The method allows for the inclusion of specific frequencies of interest, such as the
diurnal frequency and the modulated components, as well as frequencies that can capture
variability that we do not want to be aliased in the signal of interest. In doing so, the
fit is able to isolate e.g., the annual (i.e., 1 cycle per year) modulation of diurnal winds,
while composites for different months show seasonal modulation (e.g., the combination
of annual and semi-annual modulation, if there is any semi-annual modulation and if
it is resolved at all) and may include spurious signals. Compositing by month is also
slightly affected by leap years which do not affect the least squares fit. Finally, the least
squares fit methodology can take advantage of expected parameter magnitudes (e.g., less
power in higher harmonics) for improved accuracy of the result. In the following analyses,
the method based on binning the original mooring time series in 1-h bins and fitting a
diurnal cycle to this composite will be referred to as CM (from “Composite”). The harmonic
analysis will be referred to as LSF (from “Least Squares Fit”). Figure 2 shows examples of
the results for LSF: depending on the location, the maximum and the annual mean diurnal
amplitude during the year can be several times larger than the minimum (e.g., Figure 2a).
Similarly, depending on the mooring location, we observe a change in the hour of the
diurnal peak that varies from zero to several hours (e.g., Figure 2d–f).

Figure 2. Meridional wind (WV): examples of how (a–c) the amplitude and (d–f) the hour of the
diurnal peak change during the year. In top panels (a–c), the black dashed line indicates the annual
mean diurnal amplitude. In bottom panels (d–f), the vertical axes show the difference between the
hour of the diurnal peak for each of the 12 months and the annual mean diurnal cycle. The location
of the mooring where observations were measured is indicated in the title of the top panels.

3.1. LSF Method: Formulation

A single time series (d), represented by an N × 1 column vector of observations at a
location (e.g., a buoy wind record), is described as a sum of harmonic components, i.e.,

d(t) = dS(t) + dD(t) + dM(t) + dL(t) + dF(t) + dR(t). (1)

In Equation (1),

• dS is the annual cycle and its five harmonics,
• dD are diurnal and semi-diurnal cycles,
• dM are modulations of the diurnal and semi-diurnal cycles,
• dL is a low-passed component,
• dF are the first two polynomial basis functions (a mean and a linear trend), and
• dR are residuals.

We write d as an estimated time series d̂ plus residuals, i.e.,

d(t) = d̂(t) + dR(t) (2)

= Gm + dR(t) (3)
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with

G =
[
GS GD GM GL GF

]
, (4)

m =


mS
mD
mM
mL
mF

. (5)

The estimate of the model coefficients (m) for the different components is described in
Section 3.2. Table 1 describes frequencies used to build GD, GS, GM, GL, thus the matrix G
in Equation (4). As an example, the matrix GS (N × 12 dimensions) contains the sine and
cosine functions of the annual cycle and its five harmonics for a time series with N records:

GS =

 cos σ1t1 · · · cos σ6t1 sin σ1t1 · · · sin σ6t1
...

. . .
...

...
. . .

...
cos σ1tN · · · cos σ6tN sin σ1tN · · · sin σ6tN

 (6)

with σk = kσyear (k = 1, 2, . . . , 6) and σyear = 2π 1
365.2425 radians per day (rpd). Six seasonal

harmonics correspond to one free parameter per month, and their use in the regression is
similar to the monthly composite mean used by certain authors to identify and remove
seasonality (see, e.g., in [34]), although the LSF can include prior expectations of lower
amplitude in higher harmonics, which is harder to enforce with the compositing. GM
includes frequencies σday − σyear and σday + σyear to estimate the annual modulation of
the diurnal signal [35]. It also includes σday − 2σyear and σday + 2σyear for the semi-annual
modulation [35]. GL includes frequencies starting at σL1.5 (Table 1) so as not to enforce
periodicity: the interval between frequencies is equal to σL1.5 as resolving peaks in energy
for frequencies in GL is not part of our goal. (The low-pass component and the mean and
trend are included only to account for the red spectrum of wind variability in the fit.)

Table 1. Frequencies ( f , rpd) used to build GD, GS, GM, GL: minimum ( fmin), maximum ( fmax),
and interval between frequencies (∆ f ). GM includes components for modulation of the diurnal and
semi-diurnal signal (rows labeled as part 1 and 2, respectively). Frequencies are defined as σday = 2π

rpd (diurnal), σyear = 2π 1
365.2425 rpd (annual), σλ =

σyear
λ , σL1.5 =

σyear
1.5 L , with λ the largest integer

number of years less or equal to the length (L, in years) of the timeseries (L can be a non-integer).

fmin fmax ∆ f Notes

GD σday 2σday σday

GS σyear 6σyear σyear

GM (part 1) σday − 2σyear σday + 2σyear
σλ Except f in GD

GM (part 2) 2σday − 2σyear 2σday + 2σyear

GL σL1.5 ≤ π σL1.5 Except f in GS

Finally, GF is prepared with a time series of a mean and a linear trend:

GF,1 =
1
N

(7)

GF,2 =
2(t − t̄)

max(t)− min(t)
(8)

where t̄ denotes a reference time, generally the center of the regression time window.
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The time-independent basis function in Equation (7) is included in the regression to
estimate a true time mean of the data. A simple time mean of the data is removed prior to
regression. Because the data may be sampled irregularly within a finite time window, this
simple time mean may contain a bias that needs to be adjusted with the mean computed
from the regression.

3.2. LSF Method: Inverse Problem

From Equation (3), the model coefficients (see, e.g., in [36]) are

m = PGT
(

GPGT + R
)−1

d (9)

=
(

GTR−1G + P−1
)−1

GTR−1d. (10)

Assuming the amplitudes of the basis functions are uncorrelated, the model covariance
matrix (P) is diagonal:

P =

PS 0 0

0
. . . 0

0 0 PF

, (11)

with the diagonals of PS, PD, PM, PL, and PF (i.e., expected variances at those frequencies)
estimated as averages across all of the moorings. These estimates are computed from the
discrete Fourier Transform of the wind data autocorrelation function (e.g., Figure 3), using
the Wiener–Khinchin theorem [37].

Figure 3. Example of autocorrelation function (at 10◦W, 10◦S) showing annual, diurnal, and semi-
diurnal oscillations in (a,b) zonal wind and (c,d) meridional wind. The right panel shows a portion
of the left panel for time lags longer than a year, and the vertical gray lines in panels (a,c) mark years.

While applying this theorem is helpful to capture the shape of the power spectrum as
averages across all of the moorings (to estimate the model covariance), it does not include
phase and cannot provide accurate estimates of the details of the diurnal cycle for a finite
record with missing data (not shown). Therefore, we designed the LSF method to estimate
diurnal variability and annual modulation at individual mooring sites. Finally, the error
covariance matrix (R) is assumed to be a scaled diagonal matrix,

R = α2I, (12)
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meaning that the errors are uncorrelated between observations and have identical variances.
In Equation (12), I is the identity matrix and α is a scalar (equal to 1 m/s) representing
the expected level of homogeneous white noise in the data. Once model coefficients are
estimated, we can compute variance and phase of the annual mean diurnal cycle (from mD,
as this vector contains the amplitude of the fitted sine and cosine functions with diurnal
frequency), and also identify how the diurnal cycle changes in different months of the
year (using mM to reconstruct the modulated diurnal signal in the time domain to find the
extrema).

4. Comparison of Methods

We first apply the CM and LSF methods to estimate the diurnal cycle and its annual
modulation in a time series of surface wind observations from mooring data at 30◦W, 8◦S.
At this site, semi-diurnal variability is larger than diurnal variability for the zonal wind
(not shown). In contrast, diurnal variability is larger than semi-diurnal for the meridional
wind. The meridional wind analysis shows that both the amplitude of the diurnal cycle
and the time of the diurnal peak change during the year relative to annual mean values
(Figure 2b,e). The minimum diurnal amplitude during the year is about a quarter of the
annual mean diurnal amplitude and less than one-sixth the maximum diurnal amplitude
in the year (Figure 2b). Overall, the diurnal amplitude is much larger in the second half
of the year compared to the first half. The time of the diurnal peak changes by up to ∼4 h
during the year, with more than 1-h differences between the diurnal peak in many of the
individual months and the annual mean diurnal peak (Figure 2e). The late afternoon annual
mean diurnal peak at this location and its variability through the seasons may represent
open-ocean diurnal cycles driven by afternoon atmospheric boundary layer instabilities
and their seasonal variations [2].

To evaluate the robustness of the CM and LSF results, we use the full time series at
30◦W, 8◦S, as well as different decimated versions of this time series, testing records of
different lengths (up to 10 years), temporal resolutions (from 1 to 6 h time steps), and
sampling times (i.e., hour of the day when samples are taken, as indicated for each case in
Figure 4). Eighteen test cases are considered, subsampling the original 10-min wind record
with coarser resolution scenarios designed to be representative of potential sampling by
satellites (Figure 4). CM and LSF results are compared (for each method) across scenarios.
For each method, results from different scenarios are compared to results from the 10-min
original (full-length) record (i.e., the “best estimate” or “baseline” for each method). Our
objectives are both to characterize how diurnal winds vary during the year and also to
present a framework that can help identify satellite sampling requirements needed to
capture both the diurnal variability and its annual modulation.

Figure 4. Data distribution (by hour of the day) for test cases constructed from 10-min observations
at 30◦W, 8◦S. The horizontal axis gives the time of day of the samples and the vertical axis is case
number. Time series for different groups of cases are (red; case # 1 to 6) 10-year-, (green; 7 to 12)
5-year-, and (blue; 13 to 18) 3-year-long. For each record length, colors from darker to lighter indicate
changes in sampling (e.g., data may be sparser in time and/or collected at different hours of the day).
Case #1, 7, 13 are characterized by 1-h sampling. Case #2, 3, 8, 9, 14, 15 by 4-h sampling. Case #4 to 6,
#10 to 12, #16 to 18 by 6-h sampling.



Remote Sens. 2022, 14, 459 8 of 18

We start by analyzing amplitude and phase of the annual mean diurnal cycle in CM
and LSF. For 3-year and 5-year time series, the CM method tends to overestimate the
diurnal amplitude compared to the baseline 10-year record (e.g., gray bars compared to
the dotted line in cases #7 to #18 in Figure 5a,b). The same is observed for the 5-year
time series using LSF (e.g., green bars compared to the dashed line in Figure 5b). For
10-year time series (red bars), both methods provide a estimate of the annual mean diurnal
amplitude that is close to the baseline, except for LSF in case #4 for zonal wind (Figure 5a).
The monthly 24-h composite of zonal wind at 30◦W, 8◦S shows semi-diurnal variability
that varies interannually during the 10 years (not shown): this makes it difficult for LSF
to capture details of the (smaller) diurnal variability in the signal, given the sparse 6-h
sampling of case #4, the specific hours included in the sampling of case #4, and the phasing
of the variability during the course of a day at this location. For the annual mean hour of
the diurnal peak, different scenarios are consistent with one another and with the baseline
for each method: in Figure 5c,d, all scenarios agree within less than 1 h, indicating that the
data distribution does not affect the estimated hour of the day in either method.

Figure 5. Results for (a,c) zonal and (b,d) meridional surface wind at 30◦W, 8◦S, as sampled in
Figure 4. Panels (a,b) show the annual mean diurnal peak from the (red, green, blue bars) LSF versus
(gray bars) CM method. Panels (c,d) are for the hour of the annual mean diurnal peak: they show the
differences between the estimates from decimated time series (using LSF versus CM method) and
the baseline (i.e., corresponding estimates based on the longest and highest resolution data record).
The more robust the method, the smaller the difference among results from different cases (as they
are constructed by subsampling the same time series). In all panels, the horizontal axis is the case
number and the bars for LSF are color coded by case number as in Figure 4. In panels (a,b), the legend
indicates the average and standard deviation across scenarios for each method. In panels (c,d), the
baseline estimates are indicated (as local time). In panels (b,d), the baseline estimates are indicated as
gray lines: the line is dotted for the CM method, dashed for LSF.
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Next, we consider how the diurnal signal changes during the year. As described in
Section 3, LSF can isolate the annual modulation, while results for CM are representative
of the seasonal modulation. Both methods struggle to capture the difference between the
maximum diurnal amplitude in the year and the annual mean diurnal amplitude for 3-year
long timeseries of zonal wind: in Figure 6a (cases #13 to #18), bars for each method are often
not close to the corresponding baseline (indicated by a line). Overall, for meridional wind
(Figure 6b) the LSF result is closer to the baseline (reference) case at all record lengths. This
is also true for longer records of zonal wind observations (red and green bars in Figure 6a),
i.e., compared with CM, LSF results from different scenarios are closer to one another and
to the corresponding baseline (as also indicated in the legend). CM and LSF show similar
skill in estimating the hour of the diurnal peak for the month when the diurnal amplitude is
maximum, i.e., the result is within ±1–2 h of the baseline for all scenarios (Figure 6c,d). The
largest difference in performance between the two methods is observed for the estimate of
the month when the diurnal signal is maximum (Figure 6e,f). LSF results are clearly more
robust across scenarios (compared to CM): for all but one case LSF results agree with the
baseline within a month in showing maximum diurnal amplitude in February for zonal
wind (Figure 6e) and October for meridional wind (Figure 6f).

Figure 6. As in Figure 5, now showing: (a,b) maximum minus mean diurnal amplitude during the
year; (c–f) the differences between the estimates from decimated timeseries (using LSF versus CM
method) and the baseline for (c,d) the hour of the diurnal peak in the month when the diurnal signal
is maximum, (e,f) the month of the year when the diurnal amplitude is maximum. Panels (a,c,e)
are for zonal wind, and panels (b,d,f) for meridional wind. In panels (c–f), the legend indicates the
baseline estimates.
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5. Annual Modulation of Diurnal Variability in the Tropical Ocean

In this section, we first characterize the annual mean diurnal amplitude and phase (as
hour of the diurnal peak) of near-surface winds in the tropical ocean from mooring data
(e.g., panels (a,b) in Figures 7–9). Then, we characterize how this variability changes in
different months of the year. The annual modulation of diurnal variability is described in
terms of differences between: maximum diurnal amplitude in the year minus annual mean
diurnal amplitude (e.g., panel (c) in Figures 7–9); annual mean minus minimum diurnal
amplitude in the year (e.g., panel (f) in Figures 7–9); maximum minus minimum diurnal
amplitude in the year (e.g., panel (e) in Figures 7–9). The first two metrics are useful to see
the asymmetry in how much maximum and minimum diurnal amplitudes can differ from
the annual mean value. The maximum minus minimum diurnal amplitude matrix is the
sum of the other two and is included to provide a quick visualization of diurnal variability
changes throughout the year. We also show the month when the diurnal amplitude is largest
in the year (e.g., panel (d) in Figures 7–9). We focus on results from the LSF method (now
applied to all the sites in red in Figure 1), as LSF can isolate annual modulation of diurnal
variability from other signals, in addition to showing overall greater robustness compared
to CM (Section 4). For reference, we will also summarize in Figures 10 and 11 how LSF-
based estimates that include the combined effect of annual and semi-annual modulation
compare with CM-based estimates (which are representative of seasonal modulation).

Results for the annual mean amplitude and phase of diurnal winds in the tropical ocean
(panels (a,b) in Figures 7–9) are consistent with previous studies (for those regions where
previous studies are available, see, e.g., in [2,4,5,15]). Here, we quantify the amplitude of
the diurnal cycle from moorings in each of the three ocean basins and observe an overall
stronger diurnal amplitude in meridional winds (compared to zonal winds; Figure 8a
versus Figure 7a), with larger values of the meridional diurnal component in the Pacific
Ocean compared to the other basins. As documented in previous studies based on shorter
mooring records (see, e.g., in [2,4]), zonal winds in the Pacific display overall a stronger
semi-diurnal than diurnal variability (not shown). The diurnal signal in zonal winds is
stronger in the Atlantic and Indian Oceans (compared to the Pacific; Figure 7a). Here, for
some of the moorings, this signal is even stronger than that of meridional winds. Annual-
mean diurnal winds in the zonal direction are particularly weak for moorings between
140◦W and 110◦W, north of 2◦S (as indicated by the prevalence of white circles in the region
in Figure 7a). The CM and LSF methods overall agree with one another for the estimate of
the annual mean diurnal amplitude, regardless of the record length (Figure 10a,b). This
is not always the case for the hour of the diurnal peak, yet results from the two methods
differ by no more than one hour for most of the records (Figure 10c,d). For zonal winds,
the diurnal peak is observed in the afternoon/evening throughout the tropics, except for
some of the moorings in the eastern Pacific and Atlantic Oceans, where a peak is observed
in the morning (Figure 7b). Diurnal variations in meridional wind tend to be out of phase
north and south of the equator in the tropical Pacific (e.g., [4], plus Figure 8b here), with
implications for wind divergence at the equator. This behavior is not observed as clearly in
other basins, where we have a smaller number of moorings and fewer records suitable for
our analysis.

Due to annual modulation of diurnal variability, the annual mean diurnal cycle may
be different from the diurnal cycle observed in any given month of the year. The largest
differences in diurnal amplitude across months and between individual months and the
annual mean are found in the eastern to central Pacific for the meridional wind component,
in addition to sites in the Atlantic and Indian basins (Figure 8c,e,f).
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Figure 7. Zonal near-surface wind (WU) in the tropical ocean: (a) annual mean diurnal amplitude;
(b) hour of the annual mean diurnal peak in local time; (c) difference between the maximum diurnal
amplitude in the year and the annual mean diurnal amplitude in panel (a); (d) month of the year
when the diurnal amplitude is maximum; (e) difference between maximum and minimum diurnal
amplitude in the year; (f) difference between the annual mean diurnal amplitude in panel (a) and the
minimum diurnal amplitude in the year. Results are for the LSF method.
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For zonal winds, the largest differences across months and between individual months
and the annual mean are found in the Indian Ocean and at a few moorings in the eastern
and western Pacific and Atlantic. While diurnal variability in meridional wind peaks
between June and November in most of the tropical Pacific, the peak is earlier in the year
in the western Pacific and at many of the sites in the Atlantic basin (Figure 8d).

Figure 8. Same as Figure 7, now for meridional near-surface wind (WV).



Remote Sens. 2022, 14, 459 13 of 18

For zonal wind, there is more spatial variability to the timing of the maximum diurnal
variability in the year (Figure 7d). The annual modulation of diurnal variability is overall
smaller for zonal winds (Figure 7c,e,f), although there are exceptions: for several sites, the
maximum diurnal signal in the year is at least twice as large as the annual mean diurnal
amplitude (see moorings where the difference between maximum and mean diurnal cycle
in Figure 7c is similar to or larger than the amplitude in Figure 7a).

Figure 9. Same as Figure 7, now for near-surface wind speed.
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The estimated peak in diurnal variability during the year is larger with CM than
LSF, with the longest records yielding the smallest differences between the two methods
(Figure 11a,b). The two methods agree more closely for the month of the year when the
diurnal signal reaches a maximum, with differences within a month for many of the records
(Figure 11c,d).

Figure 10. Zonal (WU, panels (a,c)) and meridional (WV, panels (b,d)) surface wind in the tropical
ocean: comparison between the LSF versus CM method. Panels (a,b) are for the annual mean diurnal
amplitude: the LSF estimate is on the horizontal axis, the CM on the vertical, and the color indicates
the length of the data record (in years) used in the analysis. Panels (c,d) are for the differences
(between the LSF and CM method) in hour of the annual mean diurnal peak: the vertical axis shows
the fraction of all records that are characterized by each difference (differences are on the horizontal
axis). All results are based on observations measured at the mooring locations in red in Figure 1.

The relationship between ocean wind speed and its zonal and meridional wind com-
ponents is nonlinear. For the mooring data, the largest annual mean diurnal amplitude
for wind speeds occurs in the eastern tropical Pacific and western Atlantic, as shown in
Figure 9a. The lowest values are found in the western Pacific. Diurnal wind speed peaks in
the morning in most of the tropics with some exceptions in all basins (Figure 9b). As an
example, in the tropical Pacific, diurnal peaks in the afternoon/evening are observed west
of 160◦E and east of 130◦W.

The largest differences in diurnal amplitude across months and between individual
months and the annual mean are found, for wind speed, in the Indian Ocean and eastern
tropical Pacific (Figure 9c,e,f). Diurnal variability in wind speed is generally largest in
months from June to November, except in, e.g., the western Pacific and Atlantic when diur-
nal variability peaks early in the year (Figure 9d). Finally, the weakest annual modulation
of diurnal variability (i.e., the smallest difference between the maximum and minimum
diurnal amplitude in the year) is observed in the western Pacific and south of the equator
between 140◦W and 110◦W (Figure 9e).
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Figure 11. As in Figure 10, now showing (a,b) the maximum diurnal amplitude during the year
for (a) WU and (b) WV (length of the data record in color, in years); (c,d) fraction of all records by
LSF versus CM differences in the month of the year when the diurnal amplitude is maximum for
(c) WU and (d) WV. For this comparison with CM, LSF includes harmonics for both the annual and
semiannual modulation, as CM does not isolate the annual modulation.

6. Summary and Conclusions

This study describes how the diurnal cycle in surface winds changes in different
months of the year over the tropical ocean. We analyze high-frequency observations from
the tropical mooring array and use the method of least squares to perform harmonic
analysis. The model we fit to the data is designed to extract the diurnal signal and its
annual modulation in finite time series with missing values. We compare our method with
compositing approaches used in previous studies in which raw data are binned into 1-h
bins and a diurnal and a semidiurnal cycle are fitted to the resulting composites. Both
methods show that the largest amplitude in the annual mean diurnal cycle of surface winds
is in meridional winds, consistent with previous studies (see, e.g., in [4] for the Tropical
Pacific). Zonal winds show overall stronger semi-diurnal than diurnal variability. While
the diurnal amplitude in meridional winds peaks in the tropical Pacific, diurnal variability
in zonal winds is overall weaker there compared to other basins. These variations in zonal
and meridional winds result from a variety of mechanisms (including diurnal pressure
gradients) and combine to produce a diurnal cycle in wind speed that has a peak in the
morning in a large region of the central tropical Pacific and western Atlantic. Atmospheric
boundary layer instabilities and resulting vertical exchanges of momentum may contribute
to observed diurnal variability, as well as diurnal variability in tropical oceanic convective
precipitation [38,39]. Exploring these links is beyond the scope of our analysis.

As drivers of diurnal variability in surface winds (e.g., changes in temperature and
pressure gradients) are subject to an annual cycle, annual modulation of diurnal winds is
observed and is stronger for meridional winds. The diurnal signal in meridional winds
is strongest between June and November in most of the tropical Pacific, tropical south
Atlantic, and Indian Oceans, with the largest differences between individual months and
the annual mean in the eastern to central Pacific. Annual modulation of diurnal variability
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is also observed in the tropical north Atlantic where the diurnal amplitude peaks earlier in
the year.

Quantifying annual modulation of the diurnal signal can help better understand
diurnal variability in surface winds, including relevant mechanisms and implications for
air–sea interactions. Furthermore, it is useful to improve climate records of surface winds
from satellite data, as it helps to cross-calibrate wind-measuring satellites that have different
equator crossing times. The signal measured by satellites is effectively a weighted spatial
average over a footprint (e.g., 20–40 km), while moorings provide point measurements.
This should be taken into account when using results for diurnal variability in surface
winds based on in situ observations to improve satellite-based estimates, as any spatial
structure within the footprint is suppressed in satellite measurements. Furthermore, while
satellite wind observations are sensitive to the winds at the ocean surface (i.e., the wind-
induced ocean surface roughness), the satellite wind estimates are referenced to a standard
10 m height, adding uncertainty due to unknown atmospheric stratification (among other
factors). The GTMBA moorings measure winds at 4 m above the ocean surface. To compare
satellite and mooring observations, they all need to be adjusted to the same height above
the ocean surface, introducing uncertainty into the comparison. In addition, the moorings
measure the actual wind while the satellites are sensitive to the wind that is relative to the
surface current. Even with these caveats, analyses based on mooring data are helpful in
characterizing diurnal wind and its annual modulation and in testing sampling scenarios
in order to identify sampling requirements for wind-measuring satellites to capture this
signal. The framework presented here can help investigate how well different aspects of
the annual modulation of the diurnal signal (e.g., maximum diurnal peak and when it
occurs in the year) are captured by time series of different lengths, temporal resolution
and sampling time in the day. This framework can guide selections of sampling strategies
adapted for the targeted quantities. Our method based on harmonic analysis provides a
more robust estimate of the month when diurnal variability peaks, compared to binning
the raw time series, across sampling scenarios. These sampling scenarios include sparse,
satellite-like measurements that make it difficult to estimate annual modulation especially
when a semi-diurnal signal is present and/or the record is only 3–5 year long. Estimating
the annual modulation of the diurnal signal implies resolving peaks in energy both at the
diurnal frequency (i.e., σday) and at σday ± σyear [35]. To achieve the former, sampling at
least 6 times per day is helpful, as observed winds also include semidiurnal variability.
(Sampling 4 times per day would be at the Nyquist frequency of the semi-diurnal signal,
and phase information cannot be determined at the Nyquist frequency.) To achieve the
latter, a frequency resolution is required that clearly differentiates σday and σday ± σyear. For
this, it is helpful to resolve multiple frequencies between σday and both σday − σyear and
σday + σyear. This implies a length of the time series of at least 3 years [35]. The choice of
sampling strategy should be finalized based on what the target is. As an example, our
results show that the LSF method can capture (within a month) the month of the maximum
diurnal peak in a decimated 3-year time series sampled every 4 h from wind observations
at 30◦W, 8◦S (Figure 6e,f).
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