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Abstract Two types of high-frequency (HF) radar systems, long-range CODAR 
SeaSonde and medium-range WERA, are concurrently operated on the West Florida 
Coast for the purpose of observing coastal ocean currents and waves. In this chapter, 
we examine the data return aspect of HF radar performance, using radial currents 
measured with the CODAR SeaSonde and WERA systems at the same site origin – 
Venice, Florida. Based on the data collected during February 2 – 5 March, 2014, our 
analysis revealed that the two HF radar systems exhibited complicated data return 
variations in both the spatial and temporal domains. Even though data return was 
generally higher near the site origin rather than in the outer band of the offshore 
radar footprint, it was unevenly distributed across the bearing angles. The long- 
range CODAR tended to have more data return in the northern half of its footprint, 
while the medium-range WERA’s data return was more evenly distributed across 
the bearing angles. Both radar systems exhibited diurnal and synoptic variations in 
data return; however, the peak performance hours differed. The 4.90 MHz CODAR 
system tended to have a higher data return during the daytime hours, while the 
12.58 MHz WERA system tended to return more data during nighttime hours. The 
CODAR system exhibited increased data return performance during the conditions 
of high sea state, while the WERA system’s performance did not exhibit an obvious 
sea state relationship with waves measured using an offshore Waverider buoy.
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1  Introduction

As shore-based remote sensing systems, high-frequency (HF) radars can map 
real- time surface currents, waves, and winds in a relatively larger spatial area than 
moored stations in coastal oceans (e.g., [28]), and play an increasingly important 
role in coastal ocean observing systems (e.g., [15]). Their widespread applications 
are found around the world’s coastal oceans (e.g., [13]).

The Ocean Circulation Group of the University of South Florida began coastal 
ocean observation activities on the West Florida Shelf (WFS) with a nonreal-time 
single Acoustic Doppler Current Profiler (ADCP) mooring in 1993, which devel-
oped into an ADCP mooring array consisting of surface and subsurface buoys with 13 
moorings at its peak time (e.g., [17, 18, 32, 33, 35]). These gradually evolved into a 
real- time Coastal Ocean Monitoring and Prediction System (COMPS) program in 
1998 (e.g., [23]) for the purpose of improving the understanding and predictive 
capability of coastal ocean circulation and dynamics (e.g., [34, 35]), as well as 
marine environmental applications (e.g., [16, 37, 38]). The COMPS asset consists 
of offshore buoys, coastal stations, HF radars, and models. The COMPS program 
maintains and operates two types of HF radars on the West Florida Coast, the 
Coastal Ocean Dynamics Application Radar (CODAR; [3]) and the Wellen Radar 
(WERA; [11]), all looking over the ADCP mooring array. Evolution of the WFS HF 
radar systems can be found in the work of Merz et al. [24].

Three long-range CODAR SeaSonde HF radar systems are located in the cities 
of Redington Shores, Venice, and Naples, respectively, operating at a nominal 
frequency of 4.90 MHz and a fixed measurement bandwidth of 25.734 kHz. Two 
medium-range WERA HF radars are located within Pinellas County’s Fort De Soto 
Park and at the US Coast Guard Auxiliary Station 86 in Venice, respectively. These 
WERA radars operate between frequencies of 12.275 and 13.20 MHz with varying 
bandwidths using the “Listen Before Talk” adaptive noise procedure [25]. The loca-
tions and footprints of these HF radars are provided in Fig. 1. Detailed configuration 
settings of these HF radars are documented by Liu et al. [19]. Various experiments, 
assessments, and applications of the HF radars on the WFS can be seen in a series 
of publications by the Ocean Circulation Group at the University of South Florida 
[4, 6, 7, 9, 19–22, 25, 29].

A performance metric of HF radar in measuring surface currents is the accuracy 
of the HF radar current velocity. This is usually evaluated in terms of the root-mean- 
square differences (rmsd) between the HF radar velocity data and other measure-
ments. The accuracies of the two HF radar systems on the WFS have been assessed 
using the concurrent moored ADCP current velocity data in terms of the rmsd 
between the HF radar and the ADCP radial currents, bearing offsets and radial 
velocity uncertainties [19, 20]. Despite differences in a variety of aspects between 
the direction-finding CODAR SeaSonde (long-range, effective-sensed “centroid” 
depth of Bragg scatter of 2.4 m, integration time of 4 h, and idealized antenna pat-
terns) and the beamforming WERA (median-range, effective-sensed “centroid” 
depth of Bragg scatter of 0.9 m and integration time of 1 h), both HF radar systems 
demonstrated good surface current mapping capability when intercompared [19]. 
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They generally agreed with the ADCPs to within rmsd for hourly radial velocity 
components of 5.1–9.2 and 3.8–6.5 cm/s for SeaSonde and WERA, respectively, 
and within rmsd for 36-h low-pass filtered radial velocity components of 2.8–6.0 
and 2.2–4.3 cm/s for SeaSonde and WERA, respectively. The differences between 
the velocities measured with the HF radar and the ADCP are sufficiently small on 
this low-energy shelf that much of these rmsd values may be accounted for by the 
expected measurement differences due to the horizontal, vertical, and temporal 
sampling differences of the ocean current observing systems used [19]. Based on 
the findings of these studies, the HF radar current velocity data are further used to 
evaluate satellite altimetry-derived velocity product on the WFS [22].

Another performance metric of HF radar current mapping is data return. The 
idealized radial current data return would be full of the HF radar footprint; however, 

Fig. 1 High-frequency radar radial footprints on the West Florida Shelf maintained by the COMPS 
program of University of South Florida. CODAR SeaSonde sites: Redington Shores, Venice, and 
Naples; WERA sites: Ft. DeSoto and Venice. Also shown is the location of a Waverider buoy 
(42099) maintained by the CDIP of Scripps Institution of Oceanography
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only partial coverage of the footprint can actually be returned. Liu et al. [20] exam-
ined the data return of the CODAR SeaSonde systems on the WFS and discussed 
possible environmental factors affecting the HF radar performance. Both the low- 
energy sea state (currents and waves) and the unfavorable surface wave directions 
are the main limiting factors for the 4.90 MHz CODAR SeaSonde HF radar obser-
vations of currents on the WFS. By examining the HF radar radial velocities at low 
wave energy, it is found that the data returns decrease rapidly for significant wave 
heights smaller than 1 m, and that the rms differences between the HF radar and 
ADCP radials are degraded when the significant wave height is smaller than 0.3 m 
[20]. As a result, the long-range CODAR SeaSonde systems have relatively better 
data return in winter months than summer months on the WFS. This is particularly 
evident during the summer months when the overall sea state condition is calm and 
a reduced amount of current data is collected. To improve data returns in this low- 
energy environment (e.g., [20, 36]), special data processing procedure is imple-
mented: Five successive raw cross spectra (with 2048 points FFT, output every 
34 min) are averaged over a total of 4 h, with the averaging interval advanced each 
hour. These 4-h averaged radials are then archived as hourly time series.

Data returns from the WERA systems also change with time and vary from site 
to site. Merz et al. [25] noticed different filling rates of data on the storage disks for 
the two WERA sites, and ascribed these to site-to-site differences in external elec-
tromagnetic (EM) background noise levels (ionospheric and/or Radio Frequency 
Interference [RFI]) [10, 12]. Through a series of experiments using different trans-
mitting frequencies (fixed or variable) and bandwidths, they reported that WERA’s 
data coverage and signal-to-noise ratio increase if the frequency-adaptive “Listen 
before Talk Mode” software [12] is used to dynamically adapt the center transmit 
frequency (Tx) and widest measurement bandwidth to react to local changes in the 
EM propagation characteristics present at the time of measurement [25].

This chapter is a follow-on study of Liu et al. [20], Merz et al. [25] on the perfor-
mance of the HF radars in collecting valid current data. We focus on the spatial and 
temporal variations of the data returns, and try to examine their relationship with 
various marine environmental variables, and compare the data return characteristics 
of the two HF radar systems, the long-range CODAR SeaSonde and the medium- 
range WERA systems. The rest of the chapter is arranged as follows: observational 
data information is provided in Sect. 2, data return analysis results are reported in 
Sect. 3, and Sect. 4 contains a brief summary.

2  Data

2.1  HF Radar Radial Current Data

USF’s Venice site HF radars are used in this study, because both a long-range 
CODAR SeaSonde and a medium-range WERA are colocated at the same location, 
and have been since 2010. The direction-finding CODAR SeaSonde HF radar sys-
tem utilizes separate transmit (Tx) and receive (Rx) antennas, operates at nominal 
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frequency of 4.90 MHz, and observes radial velocity components (radials) at an 
effective average Bragg depth of 2.4 m (e.g., [27, 31]), with nominal range and bear-
ing resolutions of 5.8 km and 5°, respectively. Different from CODAR SeaSonde, 
the phased-array WERA system has four antennas arranged in a rectangular trans-
mit array configuration and 12 antennas configured alongshore in linear receive line 
array. The WERA’s transmit frequency and bandwidth are determined by the “Listen 
before Talk” procedure, that is, it first scans the entire Federal Communications 
Commission (FCC)-licensed 1-MHz operational band prior to each acquisition to 
determine the region of lowest noise level and corresponding widest measurement 
bandwidth. For this performance analysis, we chose the time period of February 
2–March 5, 2014, corresponding to one of the experiments when the operating fre-
quency was set to a fixed frequency of 12.58 MHz and a 100 kHz bandwidth [25]. 
Since the CODAR operating frequency is fixed, this will allow better comparability 
between the two HF radar systems. The WERA system also uses 2048 spectral 
Doppler bins in the FFT. The radials and vector totals are processed using standard 
WERA-supplied software with a nominal range and bearing of 1.5  km and 8°, 
respectively, at broadside (90°), changing to 1.5 km and 20° at ±60°, respectively. 
The WERA data are archived every 20 min. An example of radial currents measured 
with the two HF radar systems is shown in Fig. 2.

Data processing of the HF radar radial currents follows those in previous studies 
[19, 22, 25]. The hourly CODAR SeaSonde radials are interpolated onto uniform 
radial grids (bearing and range intervals of 5° and 5.8 km, respectively) using a 

Fig. 2 Snapshots of HF radar radial currents measured with (a) CODAR SeaSonde and (b) WERA 
systems at Venice in the case of good data return. Time stamps in UTC
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community toolbox HFR_Progs (https://cencalarchive.org/~cocmpmb/COCMP-
wiki/index.php/HFR_Progs_download_page), which is the implementation of the 
least squares method, as described by Lipa and Barrick [14]. Outliers (unusually 
large speeds >50 cm s−1) are removed prior to the interpolation. The 20-min WERA 
radial currents are processed by the WERA software on a rectangular grid. Data 
quality control and outlier removal are implemented using the “accuracy” threshold 
following Liu et al. [19].

2.2  Ocean Surface Wave Data

A Waverider buoy is deployed offshore from St. Petersburg, Florida, at a location 
(27°20′29″ N 84°16′20″ W) that is outside of the WERA footprint but within the 
CODAR footprint. The buoy is about 200 km from the site origin at Venice, Florida 
(Fig.  1). The ocean wave data are furnished by the Coastal Data Information 
Program (CDIP), Integrative Oceanography Division, operated by the Scripps 
Institution of Oceanography (http://cdip.ucsd.edu/), under the sponsorship of the 
US Army Corps of Engineers and the California Department of Parks and Recreation. 
The data are available through National Oceanic and Atmospheric Administration’s 
(NOAA) National Data Buoy Center (NDBC) website (http://www.ndbc.noaa.
gov/), assigned as buoy number 42099. The hourly wave data include significant 
wave height (calculated as the average of the highest one-third of all of the wave 
heights during the 20-min sampling period), dominant wave period, average wave 
period of all waves during the 20-min period, and dominant wave direction. More 
information can be seen in the “Wave Measurements” section at  http://www.ndbc.
noaa.gov/wave.shtml.

2.3  Wind Data

Wind data are obtained from the NOAA NDBC Coastal-Marine Automated Network 
(C-MAN) station VENF1 at Venice, Florida (online at http://www.ndbc.noaa.gov/). 
The anemometer height is 11.6 m above mean sea level. The hourly wind data are 
extracted from the standard meteorological data and converted to oceanographic 
convention for further analysis.

3  HF Radar Data Return

One indicator of HF radar performance in data return is the spatial coverage of 
radial currents (called “radials” in the HF radar community) achieved over time. HF 
radar coverage is defined as the number of sectors returning valid data each time, 
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following previous studies (e.g., [8, 19, 20, 30]). Here, the coverage is used to quantify 
the radial current data returns. We analyze the spatial patterns and temporal varia-
tions of the coverage of the two HF radar systems, and examine their relationship to 
the environmental variables.

3.1  Spatial Patterns of HF Radar Data Return

For each radar radial sector, the total number of valid radial current data divided by 
the record length during the selected time period (February 3– March 3, 2014) is 
shown as a percentage number in Fig. 3. The percent coverage maps show the spa-
tial distribution of the overall data return in the HF radar footprints.

Both radars generally have higher data returns near the site origin than in the 
outer band of the radar footprint, which is expected for all the HF radar ocean cur-
rent observations. Radial current data returns are found to be unevenly distributed 
across the bearing angles. The long-range CODAR tends to have more data return 
in the northern half of its footprint than the other area of the footprint. This is due to 
distortions in the antenna response pattern caused by the near-field antenna environ-
ment. It is confirmed in our previous study [20] that the uneven distribution of the 
coverage across the bearing angles corresponds to the distortion of the measured 
patterns from the ideal antenna patterns (e.g., [2]). Higher coverage is often seen 
over certain sectors with protruding (measured) antenna patterns [20]. In contrast, 

Fig. 3 Percent coverage maps of HF radar radial currents measured with (a) CODAR SeaSonde 
and (b) WERA systems at Venice during February 2–March 5, 2014
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the medium-range WERA’s data return exhibits a more even distribution across 
bearing angles, with its high data return area more centered within its footprint. 
During this analysis period, the maximum data return rate was 99% and 90% for the 
WERA and the CODAR systems, respectively. We note that the CODAR system did 
not report valid data between the time period February 3–6, 2014, because of a 
receive antenna cable failure. This 3-day period is excluded from computing the 
data return in Fig. 3.

3.2  Temporal Variation of HF Radar Data Return

Time series of wind, wave, and HF radar data return are shown in Fig. 4. There were 
three synoptic weather front events during this analysis period, around 5–6, 13–14, 
and 27–28 of February 2014, respectively. The strong winds associated with these 
weather fronts incurred high waves on the shelf. We examine the relationship 
between the environmental variables and the data return from the HF radars.

Using the return signal scattered off the ocean surface, HF radars provide a 
means for mapping fields of near-surface ocean current velocities toward or away 
from the receive antennas. HF radars operate in the 3–30  MHz frequency band, 
providing over-the-horizon capabilities by virtue of ground wave or sky wave prop-
agation. When a HF radio wave signal is transmitted from a radar and reaches the 
ocean surface, a portion of the incident energy is scattered back toward the source 
by ocean waves (mostly wind-driven gravity waves) whose wavelength is exactly 
one-half of the transmitted electromagnetic wavelength. This backscattering pro-
duces an energy spectrum at the receiver, which is used to infer radial currents 
according to Bragg’s Scattering Law and the Doppler-induced frequency-shift the-
ory (e.g., [1, 5]). The Bragg scattering peak for the 4.90 MHz radar corresponds to 
a deep-water surface gravity wave of approximately 0.23 Hz (a 4.4 s wave period), 
while that for the 12.58 MHz radar is about 0.36 Hz (2.7 s wave period). Our pur-
pose is to examine the relationship between the presence of the relevant ocean sur-
face gravity waves and the HF radar’s data return. Thus, the two wave periods (4.4 s 
and 2.7 s) are shown as dashed and dashed-and-dot lines, respectively, in Fig. 4d.

Time series of the radial coverage show considerable temporal variation, modu-
lated at both high and low frequencies. Data return (coverage) from the long-range 
CODAR system exhibits both diurnal and synoptic weather and ionospheric band 
variations (Fig. 4e). The wind at Venice shows some diurnal changes (sea breeze) at 
Venice; however, the significant wave height at the buoy 42099 does not have any 
obvious diurnal variations. CODAR coverage synoptic variation corresponds well 
with both the wind and the significant wave height. During the days with stronger 
winds and higher sea states, the CODAR tends to return more data. These CODAR 
data return findings are consistent with our previous study [20]. To examine the 
relationship between CODAR data return with sea state, we compute conditional 
average of the coverage as binned by the wave height measured with the Waverider 
buoy 42099. The average CODAR radial coverage grows with wave height (Fig. 5). 
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Fig. 4 Time series of wind, wave and HF radar data return during 2 February–5 March 2014. (a) 
Two-hourly winds measured at Venice, FL, (b) hourly and 48-h lowpass filtered wind speed at 
Venice, (c) hourly wave height measured by the Waverider buoy 42099, (d) hourly averaged wave 
period at buoy 42099 (wave periods of 4.4 s and 2.7 s are also indicated as dashed and dash-dotted 
lines, respectively), (e) hourly and 48-lowpass filtered data return (percent coverage) of CODAR 
SeaSonde system at Venice, (f) 20-min and 48-h lowpass filtered data return of WERA system at 
Venice, and (g) 20-min spatially averaged SNR of the WERA system, defined as the difference 
between power and noise floor
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The coverage decreased rapidly when wave height becomes less than 1 m. This is 
consistent with previous findings on the WFS [20].

Data return from the medium-range WERA system also exhibits diurnal and 
low-frequency variations (Fig. 4f). Different from the coverage of the CODAR sys-
tem, the low-frequency variation of the WERA coverage does not obviously corre-
spond with the synoptic weather events. For example, during February 13–14 front 
event, the CODAR’s data return was generally elevated to a higher level, while the 
WERA’s data return seemed to stay on its own way – exhibiting mostly diurnal 
changes. Also, the data returns do not have an obvious relationship with the average 
wave periods. So, the average wave period may not be a good indicator of the wave 
energy presence at particular frequencies. Note that the original 20-min time series 
is used for WERA in Fig. 4f; so, the line is not as smooth as that for CODAR.

There are some time lags between the data returns from the two HF radar sys-
tems, and the coverages of the two systems are almost antiphased in many occasions 
if the diurnal peaks are focused on (Fig. 4e and f). To further examine this time lag, 
we compute average hourly data return for all 24  h, as shown in Fig.  6, which 
 indicates the general diurnal variations of the HF radar data returns. The long-range 
CODAR system has higher data return during daytime (during 14–23 h UTC, i.e., 
9–18 h local time), which is consistent with the previous findings for the CODAR 
total currents [26]. In contrast, the medium-range WERA system tends to return 
more data during nighttime (3–12 h UTC). There is a time lag of about 11–12 h.

Note that the CODAR data were processed to return more data based on an aver-
age of the cross-spectral data during a time window of 4 h. To be more comparable, 
the 20-min WERA radial velocity time series are further smoothed using a 4-h run-
ning mean filter (averaging among the adjacent 13 data points) to produce hourly 
time series. The updated figure is shown in Fig. 7. The WERA system’s data return 
is generally increased for all the 24 h (Fig. 7). The lowest average data returns of 
the two HF radars are about the same (~30%), but at different hours (7–9 versus 
19–20 h UTC, respectively, for the CODAR and WERA systems). The CODAR 
system exhibits higher data returns during its peak hours than observed for the 
WERA system, but the good data return time window (coverage >50%) is narrower 
(10 versus 14 h).

Fig. 5 Conditional 
averages of hourly and 
2-day lowpass filtered 
CODAR coverage as 
binned by the wave height 
(Hw) measured with the 
Waverider buoy 42099
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Fig. 6 Average hourly HF radar data return (percent coverage) for CODAR SeaSonde and WERA 
systems at Venice during 2 February–5 March 2014. The statistics are based on the hourly CODAR 
data and the 20-min WERA data, respectively

Fig. 7 Same as Fig. 6 except that the 20-min WERA data are time-averaged using a 13-point 
running-mean filter and subsampled hourly. The CODAR and WERA data are both hourly and 
comparable
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4  Summary

Data return aspects of HF radar performance were examined using radial currents 
measured with the 4.90  MHz long-range CODAR SeaSonde and 12.58  MHz 
medium-range WERA systems at the same site origin – Venice, Florida. Based on 
the data collected during February 2–March 5, 2014, on the West Florida Shelf, we 
found out that the two HF radar systems exhibit complicated data return variations 
in both spatial and temporal domains. Even though the data return was generally 
higher near the site origin than in the outer band of the radar footprint, it was found 
to be unevenly distributed across the bearing angles. The long-range CODAR 
tended to have more data return in the northern half of its footprint, while the 
medium-range WERA’s data return was more evenly distributed across the bearing 
angles. Both radar systems exhibited diurnal and synoptic variations in data return; 
however, the peak performance hours differed. The 4.90  MHz CODAR system 
tended to have more data return during the daytime hours, while the 12.58 MHz 
WERA system tended to return more data during the nighttime hours. The CODAR 
system exhibited increased data return performance during conditions of high sea 
state, while the WERA system’s performance did not exhibit an obvious sea state 
relationship with waves measured using an offshore Waverider buoy. Investigations 
will continue into the examination of site differences in external EM background 
noise levels as well as variations in diurnal and synoptic data returns.
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