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ABSTRACT

Turbulence in the marine boundary layer is closely coupled with the physical properties of marine
boundary layer clouds. However, these turbulent motions are difficult to observe, resulting in very few
observations of turbulence properties over the open oceans. In this work data collected by the 1290 MHz
Radar Wind Profiler (RWP) part of the Atmospheric Radiation Measurement (ARM) Eastern North
Atlantic (ENA) site are used to characterize winds and boundary layer turbulence. The RWP wind,
precipitation long pulse and precipitation short pulse modes were calibrated using the surface laser
disdrometer. Over the 10 years of data analyzed here, the RWP wind mode calibration constant,
sensitivity, and dynamic range fluctuated between -84 to -44 dB, -15 to 9 dBZ, and 12 to 21 dBZ,
respectively. The clear-air RWP echoes were used to derive structure function of the refractive index
(Cn?) and dissipation rates of turbulence kinetic energy (g). Both Cn? and ¢ decreased from surface
upwards with higher values in the winter months and lower values in the summer months consistent with
previous studies. Despite the marine location, the € was affected by island heating during southerly wind
conditions. The results reported herein have implications for RWP operational research and

climatological studies at the ARM ENA site.
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1 Introduction

Marine low clouds cover vast areas of the Eastern subtropical oceans and persist almost year-
round. Marine boundary layer clouds are intimately coupled to the turbulence in the boundary layer that
is modulated by surface fluxes, cloud top radiative cooling, wind shear, precipitation and entrainment (
Wood, 2012). These clouds have a net cooling effect on the Earth as they reflect much greater amount of
solar radiation back to space as compared to the underlying ocean surface, while still emitting longwave
radiation similar to that of the ocean surface due to their low cloud top heights (Hartmann and Short,
1980). Hence, these clouds are an important component of the Earth’s radiation budget and need to be
accurately represented in a range of atmospheric models. Despite their importance, even the most
advanced ESMs struggle to accurately simulate these clouds, partly due to inadequate understanding and
representation of the multi-scale processes modulating the clouds and the boundary layer turbulence.

Radar wind profilers (RWPs) have been long used to observe and study winds, turbulence, and
depth of the boundary layer. The National Oceanic and Atmospheric Administration (NOAA) profiler
network (NPN) reports boundary layer winds that are used for weather forecasting
(https://psl.noaa.gov/data/obs/datadisplay/). Similar efforts are made in Europe under the European
National Meteorological Services (EUMETNET) Profiling Program (E-PROFILE) that also includes
RWPs (Illingworth et al. 2019). The data from these profilers have been used to estimate structure
function parameters of refractive index and turbulence (Gossard et al., 1998; McCaffrey et al., 2017;
White et al., 1999) etc.) and estimate depth of the planetary boundary layer (e.g. Bianco et al., 2008;
Molod et al., 2015 etc.). More recently, RWP data has also been utilized to characterize vertical air
motions within deep convective clouds (Wang et al., 2020) and the associated precipitation drop size
distributions (Williams, 2016).

The Atmospheric Radiation Measurement (ARM) user facility operates instruments at multiple
sites to collect atmospheric observations. One such site is located on the island of Graciosa in the Agores,
called the Eastern North Atlantic (ENA) observatory (Mather and Voyles, 2013) (Figure 1). The ENA
site hosts multiple instruments for characterizing aerosol, cloud, radiation, dynamic and thermodynamic
fields including an RWP (Wang et al., 2022; Wood et al., 2015). Although the site was constructed

primarily to study marine boundary layer clouds, it encounters range of cloud and weather phenomenon

3
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(Rémillard and Tselioudis, 2015). The data from this site has been used to study processes related to
boundary layer turbulence, aerosol, cloud, and aerosol-cloud-radiation interactions (Ghate et al., 2021,

2023; Qiu et al., 2024; Wang et al., 2021 and others).
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Figure 1 (a) Image of 1290 MHz radar wind profiler at ENA. (b) Topography of Graciosa Island overlaid by mean
winds observed by the RWP profiler at 270m (windrose). The windrose is centered on the location of ENA.

In this study we showcase the efficacy of the RWP at the ARM ENA site for studying marine
boundary layer clouds and qualify when it is valid for scientific study. Section 2 describes the data and
the instrumentation used for this work. In Section 3, we focus on the noise-filtering, sensitivity and
calibration of the RWP. In Section 4 we derive the structure function parameter of refractive index (Cn?)
and TKE dissipation rate (¢) from RWP measurements. In Section 5, we examine the climatology of wind
and turbulence conditions at ENA through the RWP, providing a baseline of valid wind retrievals made
during the nearly 10 years of this instrument’s operation (at time of writing). And finally, our findings are
summarized in Section 6. The goal of this work is to illustrate the feasibility of the RWP at the ENA site
for deriving these parameters, establish guidance for when the instrument should not be used at this site,

and to examine the climatology of winds on Graciosa Island.
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2 Data and Instrumentation

In this section, all input datastreams used in this study are briefly described. The ARM ENA site
has been operational since 2013, hosting multiple instruments. Described below are instruments data from

which were used in this work.

2.1 1290 MHz Radar Wind Profiler

1290 MHz RWP has been operational the ENA site from September 10", 2014, to the time of
writing (February 2025). In that time, it has been operating nigh-continuously except for a period between
July 8, 2019, and September 14, 2020 (Muradyan and Ermold, 2021d, ¢, b). This 14 month downtime
comes as a result of heavy corrosion to the antenna and phase shifter, which could not be repaired; new
components were purchased and installed, and the instrument returned to service (Muradyan and Coulter,
2020).

The RWP operates in 3 modes: wind mode, short-pulse precipitation mode and long-pulse
precipitation mode. The wind mode has three beams, cycling sequentially between vertically pointing
mode and two oblique modes. All the modes collect raw Doppler spectra and its first three moments. By
utilizing consensus in radial velocity, the measurements from the wind modes are used to derive 10-
minute averaged consensus winds profiles. Between each wind mode measurement, 2 vertically pointing
precipitation modes are operated: a long-range high-sensitivity precipitation mode with a longer pulse
length and a short-range low-sensitivity precipitation mode with a shorter pulse length. A full cycle of all
5 beams takes roughly 53 seconds. Pertinent operating details for the RWP’s 5 beam configuration modes

can be found in Table 1.

Table 1: Operational Characteristics of RWP and KAZR

RWP KAZR
Precipitation Precipitation
Mode Wind Long Pulse Short Pulse General
(High) (Low)
Frequency (GHz) 1.290 34.83
Wavelength (mm) 232.55 8.61
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Beam Width (°) 8 0.33
805 ns 2800 ns 400 ns 480 ns
Pulse Length 120.7 m 419.7m 60 m 72.14m
Range (m) 270-4970 860 — 14960 150 — 10000 160 — 18010
Range Resolution 50 50 50 30
(m)
Inter Pulse Period
(IPP) (ms) 40 120 80 360
Pulse Repetition
Frequency (PRF) 25 8.3 12.5 2.77
(kHz)
Number of coherent 39 4 5 0
averages
Number of
Incoherent 11 10 5 18
(spectral) averages
Number of FI'T 512 512 1024 256
points
Time Resolution
including delays 9.2 4.5 4 4
(sec)
Nyquist Velocity 45.2 120.5 145 6
(m s~)
Velocity Resolution 0.17 0.46 0.28 0.04
(m ™)
74.5 for
.o oblique
Beam elevation (°) modes: 90 for 90 90 90
vertical
210 and 300
Beam azimuth (°) for oblique - - -
modes

In this study, we exclusively examine measurements from the vertically-pointing wind mode and

115 the 2 precipitation modes.
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2.2 KAZRARSCL

The Ka-band zenith ARM radar (KAZR) is a co-located zenith-pointing Doppler cloud radar that
has seen a continuous presence at ENA from July 2015 to the present day (Hardin et al., 2011). The radar
operates at a frequency of 34.86 GHz and can observe clouds and precipitation in the boundary layer.
KAZR also operates in two modes, general mode and moderate sensitivity mode. The KAZR data is
calibrated using a corner reflector. The data from the two KAZR modes is merged and noise-filtered using
the technique proposed in Clothiaux et al., 2000, prior to deriving cloud boundaries. The calibrated and
noise-filtered estimates of KAZR reported moments are available in the Active Remote Sensing of

CLouds (ARSCL) data product.

2.3 Surface disdrometer

To calibrate the RWP, an independent surface observation is required. Following previous
methodologies (Tridon et al., 2013; Williams et al., 2023), a co-located surface disdrometer has been used
to calculate the equivalent reflectivity based on surface precipitation measurements. In this study,
measurements from ENA’s laser disdrometer (LDIS) have been used for this purpose. This LDIS, an OTT
Parsivel2 manufactured by OTT Hydromet GmbH, has been in operation at ENA since February 2014. It
operates by recording the shadowing effect produced by precipitation particles falling through a flat,
horizontal 650 nm laser (Wang and Bartholomew, 2023). From the shadowing effect, the drop’s size and
fall speed are measured, and the drop is subsequently categorized into 1 of 32 bins based on its size and
velocity.

While the instrument is indicated to measure drops with diameters between 0.062 mm and 24.5
mm (Wang and Bartholomew, 2023), drop number underestimations seem to be present in instances
where mean hourly rain rates exceed 2.5 mm h™! (Tokay et al., 2013). In the Laser Disdrometer Quantities
(LDQUANTS) VAP (Hardin et al., 2020), these uncertainties are used to filter the observations, which
are then binned into 1-minute temporal resolution drop size distributions (DSDs) and mean rainfall rates.
These DSD observations are used to estimate equivalent reflectivity measurements using the T-matrix

method (e.g. Leinonen, 2014), an output that is provided in the LDQUANTS VAP.
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2.4 Eddy correlation flux measurement system

To isolate the effect of island heating on air motions aloft, sensible heat flux (SHF) from the eddy
correlation (ECOR) flux measurement system was used (Sullivan et al., 1997). Utilizing a sonic
anemometer and 2 infrared gas sensors, this system provides in situ measurements of turbulent fluxes at

ENA (Cook, 2018) at a 30 minute temporal resolution.

3 RWP calibration, sensitivity and performance

In this section, the data processing of RWP moments and the calibration technique are described.

Then, the application of the calibration is shown, and the sensitivity of the instrument is explored.

3.1 Noise filtering and binning

Before calibrating the radar for reflectivity, daily profiles of RWP-measured signal-to-noise ratio
(SNR) were noise-filtered and binned to a uniform time resolution. The noise filtering procedure first
required the identification of a noise floor, which was qualitatively assessed based on visual inspection
of clear-air SNR measurements throughout the domain. During the climatology, this noise floor changed
twice (Figure 2): first on April 21, 2015, likely due to a change in radar operating parameters, and again
after the hardware replacement and instrument restart on September 14%, 2020. After finding these noise
floors, the data is processed through a high-pass filter, wherein all pixels below this noise floor are masked
out. A pixel filter is then implemented, removing any remaining noise pixels while retaining a broad
dynamic range of signals. As mentioned above, the instrument was non-operational for a period in 2019

and 2020. This discontinuity can be seen in the shaded region of Figure 2 and elsewhere.
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Figure 2 Derived noise floor for the vertical wind mode (blue), the short-pulse precipitation mode (red), and
the long-pulse precipitation mode (black). Data epochs are labelled A, B, C, and D. Details on these epochs
can be found in Table 2

Additionally, a persistent artifact of high SNR centered around 1270 m has been found during our

analysis of the wind mode. Likely stemming from ground clutter present in a side lobe, this artifact is

165 mostly filtered out by removing high-SNR pixels in this region that have a near-zero Doppler velocity.
By filtering the data in this way, the artifact can be suppressed without removing actual measurements.

For this analysis, 4 data epochs are defined: A, B, C, and D. These are based on changes in

operating parameters and drastic shifts in radar sensitivity (Section 3.3.3 Sensitivity and dynamic range of

vertical wind mode and short pulse precipitation mode3). For specific information on these data epochs, see Table

170 2.

Table 2 Data epoch details

Epoch Start End Note
September 10,
A 2014 April 21, 2015 Radar hardware #1
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Radar hardware #1
B April 22,2015 July 8, 2019 '
(operating change)

September 13,

- July 9, 2019 Hardware failure
2020
September 14,
C October 1, 2023 | Radar hardware #2
2020
Radar hardware #2
D October 1, 2023 January 1, 2025 | (heavily decreased
sensitivity)

After the profiles have been noise-filtered, they are temporally binned to 1-minute resolution. The
number of data points per bin varies based on the timing of the beam mode cycling, but it can generally
be assumed that, for the wind modes, each 1-minute bin is an average of 1-2 measurements; and for the
precipitation modes, each bin is an average of 3-4 measurements. Once this process is complete, the

profile is then calibrated. These noise-filtering and temporal binning processes are illustrated in Figure
3aandb.

10
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Figure 3 Example profile of vertical wind mode SNR (a) and noise-filtered and range-corrected SNR (SNRg()
(b) from October 23, 2015.

3.2 Calibration technique

To calibrate the 1290 MHz RWP, we follow the procedure described in Tridon et al., 2013, and
Williams et al., 2023. In contrast with the 915 MHz RWP used in these studies, the 1290 MHz RWP has
a considerably larger Nyquist velocity (Table 1). Because of this, errors from aliasing are not a concern,
and we proceed directly to calibration from disdrometer, described below.

To calculate the reflectivity from a particular beam mode, the following calculation is performed

Zbeam(r) = SNRpeqm + 20 log(r) + Cpeam (1)

where 7 (m) is the range from the radar, SNR is the measured signal-to-noise ratio (dB), and C is the radar
calibration constant. For this work, the C is calculated for two different modes: the vertically pointing
wind mode and the short-pulse precipitation mode. These modes are selected because their minimum
usable range gates are the closest to the surface, at 420 m for the vertical wind mode and 200 m for the

short-pulse precipitation mode.

11
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The lowest usable range gate for the long-pulse precipitation mode, 860 m, is too high for
confident calibration with the surface disdrometer, so that mode is instead calibrated by proxy using the

short-pulse precipitation mode, following Equation (Z:
Zprecip,high(r) = SNRprecip,high + 20 lOg(T‘) + (Cprecip,short - Cprecip,high) (2)

To calibrate the RWP, measurements from the surface disdrometer are required. Therefore, it is
only possible to get a calibration constant for the 1290 MHz RWP while it is raining. Following the
methodology described in Williams et al., 2023, we identify “rain events” throughout the time period,
which are classified as days with at least 120 surface disdrometer observations that calculate retrievals of
greater than 20 dBZ. Throughout the climatology, 949 events are identified and used for calibration at
ENA. For an individual rain event day, a value of Cpeun 1s calculated by taking the difference between the
range-corrected SNR (SNRyoqum + 201log(r) from Equation 1) in the lowest usable range gate for the
beam mode in question and the average LDIS-measured reflectivity over the profile. Valid constants are
then found by taking an average of profile Creans calculated within a 3-month period (JFM, AMJ, JAS,
and OND, for each year); this average is considered the valid calibration constant for that 3-month period.
Because the calibration changed significantly over time, these calibration constants had to be updated
frequently and are only valid for their three-month period.

In Figure 4, an example set of calibrated RWP reflectivity profiles (Figure 4a, c, d) are shown
alongside an RWP-measured wind speed profile (Figure 4b), a KAZR reflectivity profile (Figure 4e), and
a time series of surface precipitation and reflectivity from LDIS (Figure 4f). The disparity between the
RWP’s different operational modes is immediately evident, with the wind and long pulse precipitation
modes showing similar sensitivities in their measured reflectivity (albeit with the wind mode showing
considerably finer vertical resolution), while the short pulse precipitation mode shows a much lower
sensitivity. The air motions above cloud (Figure 4b) are strong enough to produce reflectivities on par
with hydrometeors (Figure 4a), emphasizing the need for KAZR (Figure 4e) to distinguish which radar

volumes are dominated by hydrometeors and which are dominated by intense air motions.

12
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Additionally, when examining RWP measurements, it is useful to use the Riddle threshold (Riddle
etal., 2012) to control for non-atmospheric, noisy echoes. Given the high number of calculated FFT points
for this study’s data (Table 1), for the vast majority of “valid” data (the definition of which is principally
discussed in Section 3.3.3), RWP measurements were higher than the modes’ calculated thresholds. As

225 such, Riddle thresholding was not utilized in masking the data.
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Figure 4 Example profiles of calibrated RWP vertical wind mode reflectivity (a), RWP-measured wind speeds
(b), calibrated short pulse precipitation mode reflectivity (c), calibrated long pulse precipitation mode
reflectivity (d), and KAZRARSCL reflectivity (e) from October 23", 2015. For reference, ceilometer (CEIL)-
measured cloud base height is shown throughout (black dots). Also depicted are LDQUANTS retrievals of (f)
rain rate (black) and reflectivity (blue) used for calibration throughout the climatology. This date was chosen
for its diverse atmospheric conditions, showing the efficacy of the noise filtering and calibration in
precipitating and non-precipitating regimes.

13



230

235

https://doi.org/10.5194/egusphere-2025-4434
Preprint. Discussion started: 4 October 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

3.3 RWP Performance

This section shows how the calibration and sensitivity of the RWP changes over time for the
duration of its operation at ENA. Following the procedure described in Section 3.2, the 1290 MHz RWP’s
vertical wind mode, short-pulse precipitation mode, and long pulse precipitation mode are calibrated.

Subsequently, the reliability of the data is evaluated.

3.3.1 Wind mode and short pulse precipitation mode calibration

Calibration constants for the wind mode and short-pulse precipitation mode are calculated for 3-
month quarters from September 10", 2014, to January 1%, 2025 (Figure 5). During the transition period
between Epoch A and Epoch B, the 2015 Q1 averaging time period is extended to include the end of the
epoch: April 21, 2015. Similarly, the 2015 Q2 averaging period has been shortened to start on April 22,
2015.

14



https://doi.org/10.5194/egusphere-2025-4434
Preprint. Discussion started: 4 October 2025
(© Author(s) 2025. CC BY 4.0 License.

O

EGUsphere\

)
m
S 0l A B i C D
£ 5o Sde
£ 50 - wE o8
b o !
S B O3 35@ o8 o8
c | d o §’ ,.»m,;§
g -70 @i 4 2 P e §
© Fie g o P
= o ®; B $
2 -80 oo o
= o Lo B BHY
© _90
18 (b)
m
2 17
4+
c
816 I
- ; Ri2! - ,
S 15 #033355080a° " E 4T ggiatla et
] ¥ TF: d e
: = 4 I b g3balsie”
Q14 . "
© } $s
913
‘© i
“12 . , , i
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025
date
vertical wind mode, event $ vertical wind mode, 3-month average
precip low mode, event $ precip low mode, 3-month average
precip high mode, event % precip high mode, 3-month average

Figure 5 (a) Vertical wind mode (red) and short pulse precipitation mode (blue) calibration constants
(errorbars) over time. Rain events used to calibrate the RWP (crosses, faded) are also shown. Hardware outage
is greyed out. (b) Relative calibration constant for the long pulse precipitation mode (back) is shown during

the same period

240 3.3.2 Long pulse precipitation mode calibration

As described in Section 3.2 Calibration technique, the minimum usable range gate is too high to

calibrate the long pulse precipitation mode directly with the disdrometer and Equation (2) must be applied.

The relative constant from the short pulse mode, Cprecip,nigh, 1S generally found to be constant over the

climatology, only seeing major shifts when the noise floor changes (Figure 5b).

15
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3.3.3 Sensitivity and dynamic range of vertical wind mode and short pulse precipitation mode

The changing calibration over time seems to be indicative of some degree of decay in sensitivity.
For the period before July 8, 2019, the phase shifter and antenna saw heavy corrosion, which led to the
parts’ replacement. It is possible something similar has occurred in the period after September 14, 2020.
To better evaluate the degradation of the RWP, the sensitivity (Figure 6a) and the dynamic range (Figure
7a) have been evaluated over the instrument’s lifespan at ENA.

The sensitivity of the radar has been evaluated by taking the 10" percentile of the distribution of
each day’s radar reflectivity at 1 km. Keeping in mind that the radar reflectivity has already been noise-
filtered and calibrated, this metric indicates the radar’s current minimum detectable signal. Because the
day-to-day 10" percentile of 1-km reflectivity is noisy and heavily dependent on meteorological
variability, 3-month averages of these values are calculated and are a better representation of the
instrument’s sensitivity for a given period. In Figure 6a, these individual cases are shown alongside the
3-month averages. Because the KAZR is used for other analysis in this work, the sensitivity in

KAZRARSCL has also been evaluated (Figure 6b).

16
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Looking at the RWP sensitivity plotted in Figure 6a, we see a major shift between in the slope of
the change in sensitivity between Q3 and Q4 2024. This shift in sensitivity precipitated the creation of
Epoch D. The epoch slopes have been found by taking a linear regression of each 3-month sensitivity
mean. In, Epoch B, which runs from April 22, 2014, to July 8, 2019, RWP wind mode sensitivity steadily
degrades at a rate of roughly 5.94 dBZ per year on average. The precipitation short and long pulse modes
follow a similar rate, at 6.16 dBZ per year and 4.21 dBZ per year, respectively. Notably, this sensitivity

degradation seems to plateau somewhat in the final months before the instrument was turned off on July

8, 2019. This “plateau” is also visible in the calibration constant (Figure 5).
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Figure 6 Sensitivity of (a) 1290 MHz RWP wind mode (blue) and (b) KAZR_ARSCL (green) over time. 3-

month averages (errorbars) are shown over all daily profiles (crosses, faded).
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After the components were replaced and the RWP returned to operation on September 14%, 2020,
sensitivity degradation was distinctly slower in the wind and precipitation long-pulse modes, degrading
at a rate of 1.08 dBZ per year in the wind mode and 0.49 dBZ per year in the precipitation long pulse
mode until the end of September 2023 (epoch C). In the short pulse precipitation mode, however, the
sensitivity degradation was much more apparent during this time period, occurring at a rate of 2.19 dBZ
per year. After this point, entering epoch D, 3-month averaged radar sensitivity abruptly shifted and then
began to degrade at a much faster rate of 4.82 dB per year. It is unclear what caused this enhanced
sensitivity deterioration, but it has made recent profiles effectively unusable. In contrast, KAZRARSCL
sensitivity (measured with the same methodology) shows a steady, slower decline of sensitivity on the
order of 0.25 dB per year. Qualitatively, KAZRARSCL reflectivity profiles from 2024 do not look
especially diminished from the time of the instrument’s installation in 2015.

The dynamic range of the RWP and KAZRARSCL have also been evaluated (Figure 7). To
estimate the dynamic range of a profile, we have taken the difference of that day’s 1-km 90" percentile
reflectivity and 1-km 10" percentile reflectivity. As with sensitivity, the day-to-day measurements are
noisy and highly dependent on meteorology, so the per-profile dynamic ranges have been averaged over
3-month periods.

The change in average dynamic range over time in most cases follows similar trends as the
sensitivity, with a more dramatic decrease in dynamic range in epoch B than C, and an abrupt, noticeable
drop-off in dynamic range in epoch D. In all cases, the precipitation short-pulse mode seems to show the
largest changes in sensitivity and dynamic range over time.

As with sensitivity, the KAZR shows less degradation over time, with the lowest rate of dynamic
range change at -0.08 dBZ per year (Figure 7b). In comparison, it has shown itself to be a much more

reliable instrument over time.
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Figure 7 1-kilometer dynamic range over time in the 1290 MHz RWP (a) wind mode, (b) short pulse
precipitation mode, and (c) long pulse precipitation mode. The 1-kilometer dynamic range for KAZRARSCL
(e) is also shown.

One of the goals for this paper was to examine the performance of the RWP over the (current)
lifetime of the dataset. It is difficult to evaluate this performance and how retrievals are affected when

295 significant portions of the data may be degraded to the point of measurements being, at best, low
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confidence. Therefore, it became necessary to establish a threshold with which we could delineate
between “good” and “bad” RWP data. Based on the average sensitivities (Figure 6a) and qualitative
assessment of the reflectivity profiles throughout the 2014-2025 climatology, we have established this
threshold to be -7.5 dBZ. If the 3-month average sensitivity for a period is above the threshold -7.5 dBZ,
the data from that period is considered “bad” and is not qualified for use with retrievals. This removes 39
months from the available data: July 1%, 2017, through July 8", 2019, of Epoch B and all of Epoch D. For
the following climatology measurements, any climatological or period averages are made during the

remaining valid dates based on this thresholding.

4 Turbulence Retrievals

This section describes the methodology for and characteristics of retrievals of Cn? and € at ENA

with the 1290 MHz RWP.

4.1 Theory

Small-scale turbulent fluctuations in temperature and humidity cause changes in refractive index
(Wyngaard and LeMone, 1980). These changes in the refractive index severely impact the propagation
of electromagnetic waves from radar communication devices and hence need to be accurately represented
in weather prediction models (Pastore et al., 2021; Wagner et al., 2016; Wang et al., 2020). These changes
in the refractive index are quantified using the structure function of the refractive index (C?2), which can
be derived from data collected by radiosonde, scintillometers, or RWP (Hegde et al., 2024; Wang et al.,
2018). Here we derive C2 (m™??) from the calibrated reflectivity (dBZ) of the RWP using the following
equation (proposed by Ralph, 1995, based off Gossard, 1988; Rogers et al., 1993) where A is the beam

wavelength in meters:

dBZ 11
loglo CT% = W - 10g10 /1? - 15.13 (3)
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Dissipation in a turbulent flow refers to the conversion of turbulence kinetic energy (TKE) to heat
through molecular viscosity. It takes place at the smallest scale of the flow, known as the Kolmogorov
microscale . In classic turbulence theory (Vassilicos, 2015), ¢ is related to the integral length scale of the

largest turbulent eddies L in the flow through

3/2
x — 4
£t — (4)

where e = %uiui is the TKE. The molecular dissipation happens at lengths scales order of less than 1 mm

in typical atmospheric flows. As the resolution of large eddy simulation (LES) or cloud-resolving models
range from 100 m to 10 km, the effect of this dissipation on the atmospheric processes need to be
parameterized using higher order TKE closure schemes (Lv et al., 2023). The integral length scale (L)
and the dissipation rates are known to vary with atmospheric stability, and whether the turbulence in the
boundary layer is forced by wind shear or buoyancy (Akinlabi et al., 2019). The TKE dissipation rates
can be derived from high resolution vertical air motion estimates from surface anemometers and those
from vertically pointing Doppler lidar (Bodini et al., 2018). It can also be derived from the estimates of
spectrum width from vertically pointing cloud radar (Albrecht et al., 2016; Borque et al., 2016; Fang et
al., 2014). Here we use the spectrum width reported by the RWP to derive TKE dissipation rates following
the methodology described by White et al., 1999, and McCaffrey et al., 2017. The RWP reported width
of the Doppler spectra (a,,) has contributions from broadening due to wind shear (o;), and turbulence
(ay):
02 =02+ of (5)

The beam broadening due to wind shear is a function of half-power beam width of the radar antenna (v),

. . a .
transverse wind across the antenna (V7), the mean wind shear (i), and the radar range resolution (AR).

v? du\* AR?
2 -~ [y2 )y 6
% 3<VT+<az) 12) ©)
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Hence, the contribution of turbulence to the measured width of the Doppler spectra can be calculated by
subtracting the contribution from wind shear. The consensus winds reported by the RWP (Muradyan and
Ermold, 2021a) were used for V'7 in equation (6 and following. White et al., 1999, reported the following
equation relating the contribution of turbulence to spectrum width and TKE dissipation rate in a spherical

coordinate system

2/3

ae 2 /2 /2
o = 12T (—) f d(l)f do sin® 6 <b2 cos? 0
4m 37 ), 0

L 1/3
+ a?sin? 0 + Esin2 0 cos? gb) l

(7)

where a = 1.6 is the Kolmogorov constant, L = VAt where At is the dwell time (s), a is the half-
diameter of the beam cross-section (m), b is the half-length of the pulse (m), and I is the gamma function.
The above equation is numerically integrated and then solved for the TKE dissipation rate (g).

As clouds and precipitation are known to increase the RWP reflectivity due to Rayleigh scattering
and affect the spectrum width, the CZ and ¢ retrievals are only made in regions devoid of any

hydrometeors. This methodology is described in further detail in Section 4.2.

4.2 Measurements

Cn? and ¢ were calculated as described in Section 4.1 Theory across the entire valid climatology

(Section 3.3.3 Sensitivity and dynamic range of vertical wind mode and short pulse precipitation mode).
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Figure 8 (a) Measured C,? for the 1290 MHz RWP within KAZRARSCL echo boundaries (gold shaded
region), for the 1290 MHz RWP outside of KAZRARSCL echo boundaries (salmon shaded region), and for
the 35 GHz KAZRARSCL dataset (turquoise shaded region). The Rayleigh-Bragg transition regime (grey
shaded region), defined in Ralph, 1995, is also depicted. (b) Measured o> versus & across the dataset is also
depicted. 62 and € have a log-linear relationship, varied somewhat by wind shear.

We’ve observed that, at ENA, a significant portion of measured Cy? is higher than what Ralph,
1995, describes as the Rayleigh-Bragg transition regime. For values of Cn? below this regime (i.e. values
lower than 10> m'??), Bragg scattering from clear-air measurements typically dominates, and for values
above this regime (i.e. values higher than 10> m2?), Rayleigh scattering typically dominates. To control
for this and retrieve clear-air motions in high C.? regions, we have used the reflectivity from the
KAZRARSCL VAP (processed from the co-located KAZR) to distinguish regions containing
hydrometeors in the RWP reflectivity profiles. To reinforce this point, the distribution of a KAZR-
equivalent Cy? is provided (Figure 8a), remaining entirely in the Rayleigh-dominated regime. We find
that 90% of measured clear-air Cn? is between 10713 m?? and 107'3 m??, highlighting the need for this
additional KAZR-masking methodology. These values broadly align with prior studies examining Cn? in
the boundary layer (Hartten et al., 2019; Hartten and Johnston, 2014; Nath et al., 2010).

¢ is generally proportional to om? (Figure 8b) and in turn o. Throughout the climatology, there

are instances where negative values of ¢ are recorded. This occurs in cases where the shear and beam-
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broadening term, o2, is greater than the measured spectral width, 6,2, This result occurs in 2.091% of
cases across the scope of valid measurements (Figure 9a) and tends to scale with height (Figure 9b). This
compares well with McCaffrey et al., 2017, which sees a similar increase with height of om? < o¢? for a
915 MHz RWP, albeit at a higher rate (around 25% of the time through the vertical profile). Ultimately,

these negative o are not physically meaningful and are subsequently discarded for any further analysis.
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Figure 9 (a) A histogram of 6, - o, across the dataset, with valid (positive) measurements colored in grey
and invalid (negative) values colored in red. A negative measurement is made 2.091% of the time. (b)
Percentage of the time 6,,° < 6 with height (orange) and o.,,> with height (cyan), averaged over the dataset.

Generally, we see that ¢ is a strong controller of om? (Figure 9b). While there is a relatively high
rate of om’ < 64 in the first three range gates (270 m — 370 m), this is largely due to high noise in these
range gates. The “spike” in om” < 65% at 1270 m can be primarily attributed to a persistent artifact occurring
around this range gate (discussed in Section 3.1 Noise filtering and binning, visually identifiable in Figure 3)

that was not perfectly filtered.
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5 Climatology

Prevailing winds observed by the 1290 MHz RWP at ENA tend to be from the southwest (Figure
1) and are generally governed, like most of the Agores’ meteorology, by the shifting Acores high and the
Icelandic low (commonly called the North Atlantic Oscillation) (Wang et al., 2022; Wood et al., 2015).
While the Acores high is always present in the North Atlantic, its center shifts seasonally, from a position
to the southwest of the archipelago in the summer to directly overhead in the winter (Wang et al., 2022).
As it does this, the Icelandic low deepens and the cyclone track moves north, bringing the Agores into the
trajectory of many extratropical cyclones moving westward across the Atlantic (Rémillard and Tselioudis,
2015; Wang et al., 2022). This annual movement of the Acores high is the likely driver behind the
observed seasonal shift in the winds from a wider spread between 210° and 360° (Figure 10b-d) during
most of the year to a mainly westerly flow between 210° and 290° (Figure 10a).

In Rémillard and Tselioudis, 2015, it was shown that 850-hPa winds during storms are dominated
by west-southwesterly flow, while out-of-storm winds tend to come from a broader, west-to-
northwesterly direction. This aligns well with the observations aloft (~1500m) in this work, which show
a more broad west-to-northwesterly flow in all seasons but DJF, when ENA is more strongly influenced

by extratropical cyclones (Rémillard and Tselioudis, 2015).
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Figure 10 Seasonal frequency of wind direction across height for DJF (a), MAM (b), JJA (c), and SON (d)
as observed by the 1290 MHz RWP.

One of the key uses of observations from ENA is increasing our understanding of the conditions
in the marine boundary layer. Because of this, it is useful to isolate observations that are coming purely
from the ocean, especially when we consider contrasting ESMs with observations from ENA. Because

405 islands in the Agores are not large enough to be represented in ESMs operating at global resolutions, local
island effects are not represented. In the real world, the predominant southwesterly winds pass over
several miles of Graciosa Island before coming into the view of the vertically-pointing instruments used
in this study and are influenced by local island meteorology. Further south, larger and taller islands in the

chain may be similarly affecting the aerosol and cloud conditions observed at ENA.
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To examine this effect, it is useful to look at the diurnal cycle of € on days when updrafts are
expected. For this, observations of € at 520 m have been subset to only hours where ENA ECOR recorded
SHF of 20 W m™ or higher and then averaged across the domain. Following the methodology described
in Ghate et al., 2021, we describe “marine” winds as coming from directions between 310° and 90°.
Winds coming from all other directions are considered “island” winds. In Figure 11, we see that there is
on average higher ¢ aloft during conditions where wind is coming from island directions, indicating an

island influence on the air coming from these directions.
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Figure 11 Diurnal € at 520 m when SHF > 20 W m is measured by ECOR. Because the majority
of observations occur during daylight hours, the data has been subset to hours 10 through 19.

To isolate our observations from these effects and produce observations that may be compared
with ESM output, it is useful to divide observations between island and marine conditions. Because the
marine winds are more directly from the ocean and crossing much less of the island, we can be confident
that they are representative of marine conditions and, subsequently, the typical ESM gridcell for this
region. These northerly flow conditions are only present ~30% of the time and most commonly observed
in SON (Ghate et al., 2021).
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To characterize and explore the turbulent conditions present in the marine boundary layer at ENA
(as defined by our northerly wind condition), we organize the data into monthly averaged profiles (Figure
12a-d). Before averaging into a monthly climatology, this data has been averaged to hourly temporal
resolution and 150 m (3 range gates) vertical resolution to filter out noise. If a 1-hour/150-m pixel of data

is not at least 80% filled with observations (in other words, is filled with more than 20% NaN), the pixel
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Figure 12 Month-height averages of hourly observation frequency (a), wind speed (b), € (¢), and C,?
(d) for northerly (marine) winds observed at ENA with the 1290 MHz RWP. For ¢ and C,? values (c,
d), the median value for each bin is used rather than the mean to accommodate for ranges that span
several orders of magnitude. Bins with fewer than 200 hours of data are masked out.
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In agreement with surface wind direction measurements described in Ghate et al., 2021, marine
winds are most frequently observed in the late summer and early autumn months, with a lower frequency
in the winter/spring months and a slight jump in May (Figure 12a). Average wind speeds (Figure 12b)
also agreeing well with Ghate et al., 2021 and peak in the autumn and winter months, with a secondary
spike in April. June and July are the calmest months at ENA with comparatively low mean winds and
vertical velocities across height levels. Accordingly, they see the lowest values of Cn? (Figure 12¢) and €
(Figure 12d).

Overall, in the late autumn and winter months ENA experiences its most intense marine-driven
turbulent conditions with the strongest updrafts and highest TKE dissipation rates. In winter low pressure
systems to the north-northwest of Graciosa Island drive westerly transport of moist air masses to the
Acores, bringing more frontal activity from midlatitude cyclones (Dong et al., 2014; Rémillard and
Tselioudis, 2015). These months also bring higher rain rates (Ghate et al., 2021), deeper PBLs (Ghate et
al., 2021), and deeper clouds across precipitating and non-precipitating regimes (Rémillard and

Tselioudis, 2015).

6 Summary

In this work, 9.5 years of 1290 MHz radar wind profiler data from ENA are noise filtered and
calibrated. In doing so, changes to the radar sensitivity and dynamic range were evaluated over time, and
a threshold for discarding degraded data was established based on measurements of the radar sensitivity
at 1-km. This cut the range of usable data down from 9.5 to 6 years and we determined that the RWP at
ENA is not reliable at present. Using the 6 years of vetted data, we calculated the climatology of marine
wind conditions at ENA.

Agreeing with previous research performed at ENA (Rémillard and Tselioudis, 2015; Wood et al.,
2015), more frequent westerly winds are observed in the winter months, with a broader spread during the
rest of the year (particularly autumn). Higher wind speeds and vertical velocities are observed in the

marine boundary layer during SON and DJF months, replicating results found in prior studies (Ghate et

al., 2021).
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We reported long-term statistics of Cn? and € in the marine boundary layer at ENA. These high-
vertical-resolution retrievals from the 1290 MHz RWP are most frequently retrieved within the first 3 km
of the atmosphere and are reliably reported during 6 years of the RWP’s lifetime at ENA. These results
and data are relevant for ESM cloud parameterization development and parameterization evaluation. For
instance, prior work (Ghate and Cadeddu, 2019) have shown that drizzle evaporation below stratocumulus
clouds affects marine boundary layer (MBL) turbulence and the evolution of associated cloud properties;
this link between subcloud drizzle, turbulence, and vertical mass flux may not be adequately represented
by ESMs, especially in models where subgrid precipitation is diagnostic. By finely examining turbulence
in domains near to drizzle, these modeled relationships may be improved.

To isolate the observations to marine conditions and remove island effects (Figure 11) we limited
our climatology to observations made during marine wind conditions which are only present ~30% of the
time (Figure 12). Most northerly wind conditions occur during SON and minimize in DJF. This subsetting
is useful for understanding behavior over the Atlantic and making any comparison to ESMs. Along the
same lines, these reported conditions are not wholly representative of overall conditions at ENA, and
comparisons to ESMs will likely require some degree of seasonal weighting.

ENA is exemplary of the unique benefits that ARM observatories provide: long-running,
consistent measurements of atmospheric phenomena on climatological timescales that allow for similarly-
scaled scientific inquiry. The site’s 1290 MHz RWP is another dimension through which much-needed
analysis into properties of the MBL may be conducted, with 6 years of usable data over a variety of
meteorological regimes. Despite this unique capability, at the time of writing there are few published
works employing this dataset, and none utilizing measurements beyond retrieved wind speeds and
directions. With the ability to observe 3-dimensional winds and turbulence above and below the cloud
layer, the applications for examining turbulence, entrainment, and detrainment in and around the MBL
and in a statistically-robust framework are at our fingertips. This is a goal for future work with the ENA

1290 MHz RWP and the authors encourage further usage of this dataset towards these ends.
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Data availability

Data were obtained from the Atmospheric Radiation Measurement (ARM) user facility, a US Department of Energy (DOE)
Office of Science user facility managed by the Biological and Environmental Research Program. The following data citations
are provided for each ARM data product: Laser disdrometer quantities (LDQUANTS) (https://doi.org/10.5439/1432694,
Hardin et al., 2019), 1290-MHz Radar Wind Profiler: Wind Moments, operating in low power mode (https://doi.org
/10.5439/1663226, Muradyan and Ermold, 2021d), 1290-MHz Radar Wind Profiler: Precipitation Moments, operating in low
power mode (https://doi.org/10.5439/1663225, Muradyan and Ermold, 2021c), 1290-MHz Radar Wind Profiler: Precipitation
Moments, operating in high power mode (https://doi.org/10.5439/1663224, Muradyan and Ermold, 2021b), 1290-MHz Radar
Wind Profiler: Low Mode Wind Averages (https://doi.org/10.5439/1663214, Muradyan and Ermold, 2021a), Active Remote
Sensing of CLouds (ARSCL) product using Ka-band ARM Zenith Radars (KAZRARSCL) (https://doi.org/10.5439/1393437,
Johnson et al., 2014), Eddy Correlation Flux Measurement System (ECOR) (https://doi.org/10.5439/1025039, Sullivan et al.,
1997). Upon final publication, the RWP retrieval data generated from this study will be available on the ARM PI Data Archive.
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