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Abstract
We compare hourly averaged neutral winds derived from two meteor radars operating at 33.2 and 55 MHz to estimate the errors in these measurements. We then compare the meteor radar winds with those from a medium-frequency partial reflection radar operating at 1.94 MHz. These three radars are located at Davis Station, Antarctica. We then consider a middle-latitude 55 MHz meteor radar wind comparison with a 1.98 MHz medium-frequency partial reflection radar to determine how representative the Davis results are. At both sites, the medium-frequency radar winds are clearly underestimated, and the underestimation increases from 80 km to the maximum height of 98 km. Correction factors are suggested for these results.[image: A40623_2018_861_Figa_HTML.gif]
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Introduction
One of the oldest radar techniques for investigating the mesosphere lower thermosphere (MLT) region between 60 and 100 km uses medium frequencies (MF) and partial reflections (PR) from that height region to measure electron densities using the differential absorption experiment (DAE) (see, e.g., Holdsworth et al. 2002), to measure neutral winds, most commonly using spaced antennas (SA) for reception, together with the full correlation analysis (FCA) (see, e.g., Briggs 1984), to measure turbulent strength using velocity variances (see, e.g., Holdsworth et al. 2001), and to measure structure using variations in returned power with height (see, e.g., Reid 1990). The FCA is arguably no longer the best analysis available for use on these radars, but there is a large archival data set, and many MF PR radars are still using it. Given the longevity of its use, it is not surprising that there have been numerous intercomparisons with other techniques. These began in the 1960s and have continued until the present.
The intercomparison of different techniques for measuring the same parameters serves three main purposes:	1.Validation


 

	2.Calibration, and


 

	3.Better understanding the relative strengths and weaknesses of each technique.


 





A review of the MF PR technique, a discussion of its strengths and weaknesses, and a summary of previous intercomparisons with other techniques is provided by Reid (2015). The interested reader is directed there for an in-depth discussion. Here, we can briefly summarize attempts at validation of MF PR radars using SA and the FCA in some general statements. These are that in the 80–94 km height region, MF PR SA radars using the FCA and DAE analyses generally:	(1)Underestimate the wind magnitudes, with the underestimation being height dependent, increasing from 80 to 94 km, and are dependent on the particular radar hardware and software implementation.


 

	(2)Correctly measure the wind direction.


 

	(3)Provide a measure of the electron density.


 

	(4)Provide an upper limit to the turbulent intensity.
In addition:


 

	(5)Above about 92–94 km at midlatitudes, receiver saturation effects due to E-region total reflections may contaminate the radar returns (see, e.g., Hocking (1997)), particularly with wide beam MF PR radars (such as the Davis MF radar), with both the magnitude and direction being potentially affected, and these results should be avoided unless additional information on the total reflection height is available.


 

	(6)In the 60–80 km height region, there are too few intercomparisons to reach a general statistical conclusion on the validity of the winds.


 





Given this general understanding, more recent intercomparisons have been for the purposes of calibrating MF PR results against meteor radars (e.g., Wilhelm et al. 2017). Cervera and Reid (1996) did do this somewhat earlier, but only for the zonal wind component. In another earlier MF PR radar calibration, Manson et al. (1992) compared MF PR radar FCA winds, EISCAT and SOUSY VHF radar winds and rocket falling sphere and chaff-derived winds at Tromsø and found in the 84–90.5 km height region that the amplitude ratio of the MF PR FCA winds had a median value of 0.63 and a mean value of 0.60 when compared to the other techniques. These values were then used to recalibrate the MF PR winds. In addition, we note in this context that Dolman and Reid (2014) successfully calibrated VHF SA FCA winds for operational wind profilers in the boundary layer and troposphere using radiosonde winds as the calibration reference. Meteor radars have become relatively common, and the de facto reference for wind measurements in the 80–100 km height region, although naturally they suffer from their own limitations (see, e.g., Reid 2015), and most recent MF PR radar wind comparisons are with meteor radar winds.
It is also useful to compare similar radar systems to determine uncertainties in the parameters they produce. This may be by intercomparison of different radar channels from the same radar being used to measure the same target region (e.g., Reid and Vincent 1987), collocated radars of the same type, but different frequencies, observing the same targets (e.g., Younger et al. 2008), or intercomparison of the same radar types being operated in different analysis modes on the same data (Reid 1988; Holdsworth et al. 1996; Holdsworth and Reid 2004a, b).
In this paper, we compare winds from two collocated meteor radars at Davis Station Antarctica, determine the errors inherent in these winds from this comparison, and then use these to compare the meteor radar winds with winds from a collocated MF PR radar. We then consider a similar comparison made at the Buckland Park (BP) field site near Adelaide, Australia.

Equipment
Davis station
The two meteor radar systems at Davis Station are a dedicated 33.2 MHz ‘all-sky’ interferometric meteor radar from the ATRAD series, essentially identical to that described by Holdsworth et al. (2004a, b), and a 55 MHz ‘all-sky’ interferometric meteor radar ‘piggy-backed’ onto an stratosphere–troposphere (ST) radar (Holdsworth et al. 2006) which is also an ATRAD series radar. The operating parameters for the 33.2 MHz system are summarized in Table 1. Operational modes and results from the meteor mode of the 55 MHz system have previously been described by Holdsworth et al. (2006), and Reid et al. (2006), but briefly, this radar operates continuously with a sequence of experiments comprising of ST, meteor, and in summer, Polar Mesospheric Summer Echo (PMSE) experiments. This reduces the observation time in meteor mode and hence the meteor count rates. The peak transmitted powers and duty cycles are also different, being 7.5 kW at 4% for the 33.2 MHz radar and 18 kW at 3% for the 55 MHz radar.Table 1Typical radar parameter sets used on the Davis and BP meteor and MF PR radars for the work described here


	Parameter
	Davis 33.2
	Davis 55
	BP 55
	Davis 1.94
	BP 1.98
	Units

	Carrier frequency
	33.2
	55
	55
	1.94
	1.98
	MHz

	Carrier wavelength
	9.04
	5.45
	5.45
	154.6
	151.5
	m

	Pulse width
	3600
	2275
	7200
	3200
	4000
	m

	Pulse repetition frequency
	430
	1960
	430
	100
	100 day/20 night
	Hz

	Pulse type
	Gaussian modulated
	Gaussian modulated
	Gaussian modulated
	Gaussian modulated
	Gaussian modulated
	 
	Range resolution
	2
	2
	2
	2
	2
	km

	Range aliasing
	No
	Yes
	No
	No
	No
	 
	Sampling range start
	70
	75
	70
	40
	50
	km

	Sampling range finish
	314.8
	300
	314.8
	108
	158
	km

	Peak power
	7.5
	18 (one of six 18 kW tube transmitter modules)
	18 and 83 kW
	32
	92
	kW

	Coding
	4-bit Complementary
	None
	None
	None
	None
	 
	Duty cycle
	4.13
	2.97
	2.97
	0.2
	0.2
	%

	Polarization
	Linear
	Linear
	Circular
	O/X
	O/X
	 



There is a dependence of count rate [image: $$N$$] on both transmitted power and frequency, given by[image: $$N \propto \frac{{P_{\text{T}}^{1/2} G\lambda^{3/2} }}{{P_{\text{R}}^{1/2} }}$$]

 (1)

where [image: $$P_{\text{T}}$$] is the transmitted power, [image: $$P_{\text{R}}$$] is the received power, [image: $$G$$] is the system gain, and [image: $$\lambda$$] is the transmitted wavelength (McKinley 1961). This relationship was validated by McIntosh (2010) for the Buckland Park 55 MHz ST/meteor radar, which is essentially identical to the Davis 55 MHz radar.
These two variations between the radars and their operating modes combine to produce differences in the meteor count rates between them. For example, for all of 2006, the mean daily count was around 9600, with a peak mean daily echo rate of about 1700 meteor detections near 90 km for the 33 MHz radar, and a daily mean count of about 2100, with a peak mean daily count of about 390 meteor detections near 88 km for the 55 MHz radar, noting also that the meteor peak detection height decreases with increasing frequency. The height time and height distributions for the two meteor radars and the mean profiles for 2006 are shown in Fig. 1. Further discussion on Davis meteor radar count rates and their daily and seasonal variations may be found in Reid et al. (2006) and Holdsworth et al. (2008).[image: A40623_2018_861_Fig1_HTML.gif]
Fig. 12006 Davis 33.2 MHz (top left) and 55 MHz (bottom left) meteor radar detections. The line plots on the right-hand side represent the corresponding 33.2 MHz (top right) and 55 MHz (bottom right) mean echo rates for each height averaged over the year




For the observations presented here, both meteor radars used a pair of two-element gamma-matched crossed dipole antennas for transmission, with reception on five two-element folded dipoles arranged as an interferometer (see, e.g., Holdsworth et al. 2004a, b). Crossed two-element folded dipoles were added to the 33.2 MHz radar for reception in the 2007/2008 austral summer season, but results from after this upgrade are not discussed here. Typical system parameters are summarized in Table 1. Additional discussion on the calibration of these radars for angle of arrival (AoA) and other phase calibration aspects may be found in Holdsworth et al. (2004a, b), Younger et al. (2013), and Younger and Reid (2017).
There is one other point to note about these meteor radar systems. The linear antennas are aligned 45° from north in the NE and SW quadrants, and consequently, there is a low detection region associated with their end-on view. It is expected that any effects due to this would equally affect winds in both the zonal and meridional directions.
The Davis Station MF PR radar began operation in 1994 after being moved from Mawson Station, Antarctica, and it was upgraded in 2004 to a higher transmitter power. It operates in spaced-antenna mode at a frequency of 1.94 MHz and uses pulsed transmission with half-power full pulse widths of 30 μs, which corresponds to a range resolution of about 4 km. Data are taken every 2 min and oversampled at 2 km height intervals. The raw data are analyzed using the FCA method to derive the horizontal winds (see, e.g., Briggs 1984). Other relevant system parameters are summarized in Table 1.
The Davis MF radar operates alternately in two separate modes of circular polarization transmission, O-mode and X-mode. The presence of Earth’s magnetic field results in differences in the propagation characteristics of the two characteristic modes. The X-mode is affected more by absorption and group retardation in an ionized atmosphere in comparison with the O-mode (see, e.g., Tsutsumi and Aso 2005). Both modes of operation provide wind estimates over most of the height range depending upon time of year, and the results from both modes can be combined to create a measurement average (see, e.g., Holdsworth et al. 2001).
During the course of this study, it became apparent that the X-mode wind magnitudes on the Davis radar underestimated the O-mode magnitudes, and further investigation was required. This work will be presented elsewhere. This difference was not evident at the Buckland Park field site. Consequently, we will only consider the Davis MF PR radar O-mode results here. The MF radar 2-min wind estimates were averaged to produce hourly averages to match the meteor radar hourly averaged estimates.

Buckland Park
There was one meteor radar at the Buckland Park field site during the time of the observations presented here, and this was essentially identical to the Davis Station 55 MHz ST/meteor hybrid radar. Two different transmitter configurations were used over the course of the observations presented here. The first used one (of six) 18 kW section an ATRAD VTX (tube) transmitter, as used at Davis Station. The second used the entire transmitter with a measured 83 kW of peak power. Transmission was on a single high-power crossed folded dipole single reflector antenna, with reception on five crossed gamma-matched two-element antennas arranged as an interferometer. The system parameters are summarized in Table 1.
The BP MF PR radar is described by Reid et al. (1995) and by Holdsworth and Reid (2004a, b), and the system parameters for this radar for the comparisons described here are given in Table 1.


Results and discussion
We start this section by briefly outlining the approach used to compare two data sets which represent measurements of the same quantity using two different systems and follow Hocking et al. (2001). The variance ([image: $$\eta_{x}^{2}$$]) of a data set [image: $$\left\{ {\left. {x_{i} } \right\}} \right.$$] which represents measurements of a quantity [image: $$\left\{ {\left. {v_{i} } \right\}} \right.$$] is given by the sum of the signal variance ([image: $$\varSigma_{x}^{2}$$]) and a random variance ([image: $$\sigma_{x}^{2}$$]) as[image: $$\eta_{x}^{2} = \varSigma_{x}^{2} + \sigma_{x}^{2} .$$]

 (2)



Likewise, the variance ([image: $$\eta_{y}^{2}$$]) of a data set [image: $$\left\{ {\left. {y_{i} } \right\}} \right.$$] which represents measurements of the same quantity [image: $$\left\{ {\left. {v_{i} } \right\}} \right.$$] is given by[image: $$\eta_{y}^{2} = \varSigma_{y}^{2} + \sigma_{y}^{2} ,$$]

 (3)

and we can show that[image: $$\eta_{xy} = g_{0} \varSigma_{x}^{2} .$$]

 (4)

where [image: $$\eta_{xy}$$] is the covariance of [image: $$\left\{ {\left. {x_{i} } \right\}} \right.$$] and [image: $$\left\{ {\left. {y_{i} } \right\}} \right.$$]. We can also show that[image: $$\sigma_{x} = \eta_{x} \left( {1 - \frac{{g_{x} }}{{g_{0} }}} \right)^{1/2} ,$$]

 (5)

and[image: $$\sigma_{y} = \eta_{y} \left( {1 - \frac{{g_{0} }}{{g_{y} }}} \right)^{1/2} ,$$]

 (6)

where [image: $$g_{x}$$] and [image: $$g_{y}$$] are the slopes of least square regression fits to [image: $$\left\{ {\left. {x_{i} } \right\}} \right.$$] against [image: $$\left\{ {\left. {y_{i} } \right\}} \right.$$] and [image: $$\left\{ {\left. {y_{i} } \right\}} \right.$$] against [image: $$\left\{ {\left. {x_{i} } \right\}} \right.$$], and [image: $$g_{0}$$] is the actual slope if all errors are taken into account. More details related to this approach to fitting may be found in Hocking et al. (2001).
For a time series [image: $$a\left( t \right)$$], the RMS contiguous error [image: $$\gamma$$] is given by (see, e.g., Holdsworth and Reid 2004b)[image: $$\gamma = \sqrt {\mathop \sum \limits_{i = 1}^{M} \frac{{\left( {a\left( {t + 1} \right) - a\left( t \right)} \right)^{2} }}{M}} ,$$]

 (7)

and we can use this as an estimate of [image: $$\eta$$]. We now apply this approach to our meteor–meteor, and meteor–MF radar wind comparisons.
Davis 33.2 MHz meteor and 55 MHz meteor radar wind comparisons
Figure 2 shows a scatter plot for the zonal wind component of the wind vector measured by the two Davis meteor radars for 2006 for a height of 88 km. Hourly averages are plotted. Recall that there are only about 22% of detections in the 55 MHz radar results when compared to the 33.2 MHz radar results, and note the form of the height distributions, with far fewer counts toward 80 and 98 km. The correlation values, contiguous root mean square (RMS), and the number of points are shown in these plots.[image: A40623_2018_861_Fig2_HTML.gif]
Fig. 2An example scatter plot for hourly averaged zonal winds for a height of 88 km for 2006 measured with the two meteor radars (left) with the graphical solution for [image: $$\sigma_{x}$$], [image: $$\sigma_{y}$$], and [image: $$g_{0}$$] (right). In the right-hand panel, the curve is bounded by the results of the regression fits and hence shows the upper limits on the error quantities associated with the random noise variances. The horizontal blue and red lines in the right-hand panel show the bounded region of possible solutions for [image: $$g_{0}$$] that are determined by [image: $$g_{x}$$] (red solution) and [image: $$g_{y}$$] (blue solution) from the first plot. The green line in the left-hand plot is a total least squares regression fit to the data which assumes nothing about the errors in the results from each radar. It lies close to, but not on the y = x line, suggesting the errors are not equal, but similar. For further details, see the text





The regression of the 55 MHz results on the 33.2 MHz results, and subsequently the regression of 33.2 MHz results on the 55 MHz results, yields two slope estimates for the line of best fit to the data, and these are shown as the red and blue lines, respectively, in the figure. As described above, neither of these lines are correct fits to the data, as the least squares fit analysis assumes that one set of data contains no error, but the correct fit is bounded by these lines. If we assume that both sets of measurements contain equal error and apply a total least square fit to the data, then we can calculate an estimated value for the true slope estimate [image: $$g_{0}$$], and this is plotted as the green line in the figure. This then allows us to determine the values of the variance in the 33.2 MHz results ([image: $$\sigma_{x}$$]) and in the 55 MHz results ([image: $$\sigma_{y}$$]). The right-hand panel in Fig. 1 shows the relationship between [image: $$\sigma_{x}$$], [image: $$\sigma_{y}$$], and [image: $$g_{0}$$] graphically for the data shown in the left-hand panel. Note that the green dashed lines on the right-hand panel correspond to the total least square fit estimate of [image: $$g_{0}$$] shown as a solid green line in the left-hand panel. The [image: $$\sigma_{x} = \sigma_{y}$$] line (which is not plotted to improve clarity) lies halfway between the vertical dash dot black line (which corresponds to [image: $$g_{0} = 1$$]) and the vertical dashed green line in this plot.
The results of applying this process to the hourly averaged winds for 2006 winds for both wind components for 86 km are shown in Fig. 2, and Fig. 3 summarizes the results for the entire height range. The panels in Fig. 4 show (from left to right and top to bottom) the correlation coefficients, the ratio of zonal and meridional wind magnitudes measured by the 55 and 33.2 MHz meteor radars, the values of [image: $$\sigma_{x}$$] and [image: $$\sigma_{y}$$], the RMS contiguous errors [image: $$\gamma_{x}$$], and [image: $$\gamma_{y}$$], the values of [image: $$\sigma_{x}$$] and [image: $$\sigma_{y}$$], when [image: $$g_{0} = 1.0$$], the value of [image: $$g_{0}$$], assuming that [image: $$\sigma_{x} = \sigma_{y}$$], and the slopes of the standard linear regressions of the 55 MHz result against the 33.2 MHz radar, and the 33.2 MHz radar against the 55 MHz. The results for 2005 and 2007 are very consistent with these results and so are not shown but may be found in McIntosh (2010). Inspection of the first panel in this figure shows a higher correlation in the meridional wind component than the zonal component and shows that the zonal wind component correlations are more consistent over the height range than the meridional component correlations.[image: A40623_2018_861_Fig3_HTML.gif]
Fig. 3Representative examples of scatter plots of hourly averaged zonal (left) and meridional (right) winds for a height of 86 km for 2006. The red line is the slope to the linear fit when performing the regression of the 55 MHz data on the 33.2 MHz data. In this case, it is assumed that the 33.2 MHz velocity data set contains no errors and that all errors can be attributed to the 55 MHz data set. The blue line is the result when assuming that the 33.2 MHz data contain all of the error. These lines form a bounding region in which the true slope of the line lays. The green line is the slope of the fit obtained using a total least squares regression. In this case, the meridional green line slope differs from 1.0 by ∼ 0.7%, whereas the zonal differs by ∼ 6%




[image: A40623_2018_861_Fig4_HTML.gif]
Fig. 4Summary plot for all heights for 2005 for the parameters shown in Fig. 3. The panels show (from left to right and top to bottom) the correlation coefficients, the ratio of zonal and meridional wind magnitudes measured by the 55 and 33.2 MHz meteor radars, the values of [image: $$\sigma_{x}$$] and [image: $$\sigma_{y}$$], the RMS contiguous errors [image: $$\gamma_{x}$$] and [image: $$\gamma_{y}$$], the values of [image: $$\sigma_{x}$$] and [image: $$\sigma_{y}$$], when [image: $$g_{0} = 1.0$$], the value of [image: $$g_{0}$$] assuming that [image: $$\sigma_{x} = \sigma_{y}$$], and the slopes of the standard linear regressions of the 55 MHz results against the 33.2 MHz radar and the 33.2 MHz radar against the 55 MHz. In the fourth, fifth, and last panels, red and black indicate the 33.2 MHz radar and green and blue the 55 MHz radar results





We show the mean ratios ([image: $$y/x$$]) of the wind components for the zonal and meridional components of the 55 MHz ([image: $$y$$]) to 33.2 MHz ([image: $$x$$]) systems for completeness and ease of comparison with previous studies. These were calculated for each height bin using an outlier rejection scheme with a 2.5 standard deviation rejection criterion and only where [image: $$x \ne 0$$]. The results show a value consistently less than one. In addition to assuming zero error in one parameter, the mean ratio estimate is more susceptible to the influence of outliers than the regression method for determining [image: $$g_{0}$$], so additional caution must be taken when using it as a metric.
The RMS contiguous error [image: $$\gamma$$] is a measure of the error between contiguous time points of the data set. The plots for the RMS contiguous error in Fig. 4 show the results for both zonal and meridional components of both systems. The black and red curves correspond to the 33.2 MHz meteor system, and the green and blue curves correspond to the 55 MHz system. It is quite clear from the plots that this error is greater for the 55 MHz system than the 33.2 MHz system. This result is reasonable given that the meteor mode operation of the 55 MHz system is interleaved with other non-meteor experiments, increasing the time interval between detections of meteors and subsequent wind samples.
Looking at the plot of the gain factor [image: $$g_{0}$$], we see that the meridional value is closer to [image: $$1.0$$], suggesting that the assumption [image: $$\sigma_{x} = \sigma_{y}$$] is not unreasonable, despite the zonal component showing a result not as good. This enables us to estimate the error associated with the random noise components [image: $$\delta x_{i}$$] and [image: $$\delta y_{i}$$] for the 33.2 and 55 MHz systems, respectively. The results in Fig. 4 provide a means of characterizing the error associated with the meteor radar winds from each system which we can later apply to the comparisons with the MF PR radar system winds.
The plots of [image: $$\sigma_{x}$$] and [image: $$\sigma_{y}$$] when [image: $$g_{0} = 1$$] shown in Fig. 4 use the assumption that there is a [image: $$1:1$$] correspondence between the measurements of the signal component [image: $$v$$] in both data sets with variance [image: $$\varSigma_{v}^{2}$$]. This enables us to estimate the error associated with the random noise component of each of the data sets. The results are similar to those where the assumption of [image: $$\sigma_{x} = \sigma_{y}$$] was made. A point to note from this plot is that the error associated with the random noise component of the 55 MHz system ([image: $$\sigma_{y}$$]) decreases below that of the 33.2 MHz system between 86 and 90 km in the meridional direction. Recall that the RMS contiguous error contains both the signal error ([image: $$\varSigma_{v}^{2}$$]) and the noise error ([image: $$\sigma_{v}^{2}$$]). This shows a gradual increase with height which suggests that the variance ([image: $$\varSigma_{y}^{2}$$]) associated with the signal component ([image: $$\left\{ v \right\}$$]) of the meridional component must increase over this height region in order to maintain the same RMS contiguous error. Inspecting both plots for the RMS contiguous error and the plot for [image: $$\sigma_{x}$$] and [image: $$\sigma_{y}$$] when [image: $$g_{0} = 1$$], where both the zonal and meridional errors are comparable in both plots, suggests that the signal variance for the 33.2 MHz measurements ([image: $$\varSigma_{y}^{2}$$]) is consistent in both components. However, this is not the case over the entire height range for the variance [image: $$\varSigma_{v}^{2}$$] for the 55 MHz measurements. These results suggest that there is incomplete sampling of the wind field, that is, [image: $$\left\{ v \right\}$$], which increases the variance [image: $$\varSigma_{v}^{2}$$] of the signal [image: $$\left\{ v \right\}$$] as observed.
If we consider the final plot in Fig. 4, two interesting features are present. In the results of the regression of the 55 MHz data on the 33.2 MHz data (black and red curves), there is almost a constant result over the height range, whereas for the results from the regression of 33.2 MHz on 55 MHz there is more of an approach to unity at the peak height before diverging. This suggests that the echo rate at each time–height bin has a significant impact on the quality of the wind estimates produced by the radars. Given that the zonal and meridional components of the 33.2 MHz system show better agreement than the 55 MHz system, this could imply that there is some form of systematic error associated with 55 MHz system. Looking at the overall results for the 55 MHz system, it would suggest that this error would have to be associated with the zonal component of the system, which would further explain more of the observed scatter in the zonal measurements scatter plot.

Davis meteor and MF O-mode wind comparison
We compared 2 years (2006 and 2007) of meteor and MF winds, but as the results are very similar, we present only the 2006 results here in Figs. 5 and 6. In the interests of brevity, we also show only the summary results for 55 MHz meteor and MF O-mode comparisons in Fig. 7. The complete results can be found in McIntosh (2010).[image: A40623_2018_861_Fig5_HTML.gif]
Fig. 5Davis MF O-mode and 33.2 MHz meteor scatter plot. The purple line represents the slope derived using the error values from the meteor–meteor comparison when equal error between both meteor radar measurements was assumed




[image: A40623_2018_861_Fig6_HTML.gif]
Fig. 6Davis MF O-mode and 33.2 MHz meteor scatter plot comparison results. The plots above summarize the results from applying the regression analysis to the data at all heights. In the fourth, fifth, and last panels, red and black indicate the 33.2 MHz radar and green and blue the 1.94 MHz radar results. Note that the results at 80 km are of a somewhat different character




[image: A40623_2018_861_Fig7_HTML.gif]
Fig. 7Davis MF O-mode and 55 MHz meteor scatter plot comparison results. The plots above summarize the results from applying the regression analysis to the data at all heights. In the fourth, fifth, and last panels, red and black indicate the 55 MHz radar and green and blue the 1.94 MHz radar results. Note that the results at 80 km are of a somewhat different character





Scatter plots for heights of 80 and 88 km between the meteor radar winds and the MF O-mode winds are summarized in Fig. 5. These plots show the results of the regression of MF O-mode data on the meteor data (red line) and the meteor data on the MF O-mode data (blue line). The green line is the gain factor [image: $$g_{0}$$] where the equal error assumption has been made. At this point, it is not clear that this assumption is appropriate, and the result has been included for completeness along with providing an indication of the quality of this assumption in this case.
Inspection of Fig. 6, which summarizes the information from the scatter plots, shows that the meteor MF comparisons show correlations of between 0.7 and 0.8 for 2006 (and 0.7–0.9 for 2007) below 92 km. Unlike the comparison between the two meteor systems, where there was a consistent difference between the zonal and meridional results over the entire height range, there is better agreement between these components, and so in the wind directions, in the comparisons between MF O-mode and meteor data. Both zonal and meridional components show similar correlation values from 86 to 98 km in 2006 (and 88–98 km in 2007). The mean ratios of the wind components show a gradual decline with increasing height above 82 km in both 2006 and 2007 for the 33.2 MHz MF O-mode comparison, but less so with the 55 MHz MF O-mode comparison, as shown in Fig. 7.
From the comparison of the two meteor systems above, where the assumption that [image: $$\sigma_{x} = \sigma_{y}$$] was made, an ‘average’ value for [image: $$\sigma_{x} = \sigma_{y} = \sigma$$] was determined over the height range of 80–90 km, where we consider the error to be constant to a first-order approximation. Subsequently, [image: $$g_{0}$$] was determined from the substitution of the average value of σ into the regression equations described above and used in the comparison of the MF O-mode and meteor data. This result is plotted as the purple line in Fig. 5.
The slope of the purple line is close to that of the green line in Fig. 5, which suggests that the assumption of equal error between the meteor and MF O-mode observations may be a way to estimate errors and [image: $$g_{0}$$] to a first order.
In some previous MF and meteor comparisons (Hocking and Thayaparan 1997, Tsutsumi and Aso 2005), it was observed that underestimates in the MF FCA winds became larger at heights greater than about 90 km. From the results of the mean ratio of the winds and the estimation of [image: $$g_{0}$$] in the MF O-mode to 33.2 MHz meteor comparison, there is a constant decrease in mean ratio and [image: $$g_{0}$$] starting at 82 km. In contrast, the results for the 55 MHz and MF O-mode comparison exhibit more consistent values between 82 and 90 km, with a more rapid decrease in these quantities above 90 km. This result is more consistent with observations made by Hocking and Thayaparan (1997) and Tsutsumi and Aso (2005).
The results in Fig. 6 show more consistency between the zonal and meridional components between the two systems. An interesting result can be seen in the plots for [image: $$\sigma_{x}$$] and [image: $$\sigma_{y}$$] when [image: $$g_{0} = 1.0$$]. In 2006 from 88 km (and in 2007 from 92 km), the error in the meridional component drops to zero. In this case, the scatter plot indicates that the slope relating both measured data values drops well below 1.0, and as such, the result from the regression of x on y is greater than 1.0, which means upon inversion the value for [image: $$g_{y}$$] is less than [image: $$1.0$$]. This implies [image: $$g_{0} = 1.0$$] would not be a valid solution. The values for [image: $$g_{y}$$] in these cases are typically within 0.3% of 1.0, and as such in the interest of maintaining a bounded solution for Eq. (5), we have used [image: $$g_{0} = 1.0$$] as a further bounding solution and set [image: $$g_{y} = 1.0$$] in these cases. This results in [image: $$\sigma_{y} = 0$$] as observed in the plot of [image: $$\sigma_{x}$$] and [image: $$\sigma_{y}$$] for [image: $$g_{0} = 1.0$$] in Fig. 6. It is believed that this arises because of the surd relationship between [image: $$\sigma_{x}$$], [image: $$\sigma_{y}$$], and [image: $$g_{0}$$], and the inability to solve surd relations with 100% accuracy. This result would also be consistent with the 33.2 MHz winds being overestimated. Coupled with the known underestimation biases present in the MF SA winds, this would lead to a strong skewing of the scatter that results in an estimate for [image: $$g_{y}$$] less than [image: $$1.0$$].
An interesting result is evident in Fig. 5, where near the peak height we can make the assumption that both data sets [image: $$\left\{ x \right\}$$] and [image: $$\left\{ y \right\}$$] contain equal random noise error in both meteor MF O-mode comparisons. This can be seen by the stronger agreement between the green and purple lines in Fig. 5. This agreement is more evident between the 55 MHz meteor and MF O-mode comparison than with the corresponding 33.2 MHz meteor and MF O-mode comparison. This could further suggest a common bias between the 55 MHz and MF O-mode, a result consistent with observations of better agreement between zonal and meridional components of the statistical quantities from the scatter analysis of the 55 MHz meteor and MF O-mode compared with the 33.2 MHz and MF O-mode comparison. Kumar et al. (2007) found in the comparison between a 35.25 MHz meteor radar and MF radar at Thumba (8.5°N, 77°E), that below 90 km, the MF radar appeared to underestimate the wind by approximately 12% and approximately 78% above 90 km. The results for [image: $$g_{0}$$] in Fig. 6 agree with those found by Kumar et al. (2007). There is a noticeable decrease in the value for [image: $$g_{0}$$] above 90 km, but it is not as great as that observed in the 55 MHz meteor MF O-mode comparison.
Histograms of the velocity differences between the 55 MHz meteor and MF winds, and 33.2 MHz meteor and MF winds were calculated. The results were found to be Gaussian distributed with similar widths in each component and in each case. The differences between the mean meteor radar and the MF radar winds could be characterized by a shift in the mean, which suggests that a simple height-dependent correction of the mean could validly be applied to correct the MF results in these data. Dolman and Reid (2014) derived a power law correction for the wind magnitude for FCA SA winds in the boundary layer and troposphere. They did not find a height dependence in their results. In preliminary work, Reid and Dolman (2014) compared 1 year of BP 55 MHz meteor radar and MF SA radar winds for 2014 to determine a power law correction for wind magnitude that was also height dependent.

Buckland Park 55 MHz meteor MF wind comparisons
In order to better understand the representativeness of the Davis results, wind estimates from the BP 55 MHz meteor radar were compared with those obtained using a section of the colocated square kilometer array MF radar operating in SA FCA mode for 2006 and 2007. In 2006, the meteor radar was operated for a four-month period using a single VTX PA module (peak power of about 18 kW, 4% duty cycle) except during a brief time where an ATRAD STX II (peak power of about 20 kW, 10% duty cycle) transmitter was used. In 2007, the radar was operated for a three-month period by combining all six PA modules from the VTX transmitter (measured peak power of about 83 kW at a 3% duty cycle). After 2007, the VTX transmitter was replaced with 40 kW, 10% duty cycle STXII transmitter.
Unlike the Davis 55 MHz meteor system, during these observations the BP 55 MHz meteor system was operated in dedicated meteor mode. The combination of this mode of operation and the higher transmit power level resulted in a higher observed echo rate in each hour-height data bin over the observation period. Average daily values for 2006 were around 7000 with an average peak detection of 1200 near 89 km. In 2007, the average daily count was around 11,000, with a peak detection of 2000 near 88 km. This should reduce any statistical error in wind estimates associated with low echo rates for the majority of the height distribution. It should also serve to reduce any undersampling of the wind field, which could result in a smaller observed signal variance.
Figure 8 shows only the results for 2007. We note that the correlation values from the meteor and MF FCA comparison in 2006 are quite similar to the 2007 results, but there is generally a higher correlation in the upper heights in 2007. The RMS contiguous error measurements agree with the Davis meteor MF comparisons but tend to be more constant over the height range, even more so in 2007 when the radar was producing more power. Together with the Davis comparison, this suggests that the echo rate, particularly in the extremities of the height distribution, plays an important role in the statistical reliability of the wind estimates. Both techniques have approximately the same random noise error over the 80–98 km height range, with a better approximation between 86 and 90 km. The best return height for the MF radar is 86 km (where the receiver gains are optimized) which is close to the peak height of the meteor distribution. The significance of this is reflected in the correlation and mean ratio plot, where these quantities are maximized, and in the plots for [image: $$\sigma_{x}$$] and [image: $$\sigma_{y}$$], where these values are at or close to their minimum values.[image: A40623_2018_861_Fig8_HTML.gif]
Fig. 8BP 55 MHz meteor and MF PR FCA wind comparison for 2007. The plots above summarize the results from applying the regression analysis to the data at all heights. In the fourth, fifth, and last panels, red and black indicate the 55 MHz radar and green and blue the 1.98 MHz radar results





These results are in good agreement with those of Cervera and Reid (1995) where it was found that the best agreement between MF and meteor wind velocity estimates was at 86 km. Cervera and Reid (1995, 1996) do not present results for the meridional component of the wind. In addition, the meteor radar used by Cervera and Reid (1995, 1996) was the original BP narrow beam ST radar which utilized beam steering techniques (see, e.g., Hobbs et al. 2001), as opposed to the all-sky interferometric meteor system used in this comparison. The beam was steered off-zenith 60° in the zonal direction, and interferometric angle of arrival determination was not used.
In the present work for 2006, the values for [image: $$g_{0}$$] when we assume equal error are close to [image: $$1.0$$], but fall with increasing height. In 2007, these values increase slightly. Given that [image: $$g_{0}$$] is less than [image: $$1.0$$] for the majority of the height range, particularly in the 88–90 km height range where the meteor technique produces its strongest results, this indicates that the MF FCA wind estimates are underestimated, as they are for the BP observations of Cervera and Reid (1995, 1996), Holdsworth and Reid (2004a, b). Inspection of the plots for the mean ratio and [image: $$g_{0}$$] for 2006 and 2007 shows that the MF wind estimates are between 10 and 20% less than the meteor winds at 86 km.
Cervera and Reid (1996) included both slopes and ratios using a total least squares approach and effectively calculated [image: $$g_{0}$$] assuming equal errors in their work. They found that for 1 year of observations covering 1994, the MF FCA zonal wind to meteor magnitude ([image: $$g_{0}$$]) was 0.9 at 80 km and 0.6 at 98 km. Here, we find that [image: $$g_{0}$$] for the zonal components in 2006 is 0.9 at 80 km and 0.5 at 98 km and in 2007 1.1 at 80 km and 0.5 at 98 km. We note that the systems used by Cervera and Reid (1995, 1996) are both different from those we have used here, but the consistency of the results is encouraging and suggests a tentative height-dependent calibration factor for BP.
The plot of the regression results in Fig. 8 along with the results from a histogram analysis (not shown) indicates that there is better overall agreement between wind estimates from both radars in the meridional rather than the zonal direction. Similar results can be found in Tsutsumi and Aso (2005). The better agreement found in the meridional component appears to be common with the southern hemisphere comparisons presented in this study. The results of Kumar et al. (2007) do show better agreement in the zonal results as do those of Hall et al. (2005).
The histograms of velocity differences indicate that the mean difference between the two data sets significantly changes between 2006 and 2007. The standard deviation of the distribution of velocity differences, however, appears to remain the same.


Summary and conclusions
We have made several long-term comparisons of mesospheric wind measurements using different radar systems and different techniques for observing the wind field. A unique comparison of winds measured between two colocated meteor radars along with comparisons between meteor radar wind observations and MF PR SA FCA radar winds has been presented. While the latter comparison has been made previously on several occasions, the colocation of the three instruments at Davis Station provided a pathway for further understanding the differences between winds estimated by both techniques. Access to the three systems permitted a reduction in the number of unknowns in the regression analysis (i.e., [image: $$\sigma_{x} , \sigma_{y}$$] or [image: $$g_{0}$$]) and hence a further clarification and quantification of the statistical relationship between the winds measured using the meteor and MF radar techniques.
The Davis Station comparison of the winds measured by the two collocated meteor radars also provides a measure of the uncertainties associated with the meteor radar technique. It is limited in that the radars differ in their operational frequencies, powers, and observational sequences, but it is still a useful addition to our understanding. The results show very good agreement at the peak heights of the meteor distribution, with errors increasing away from the peak. The influence of using only linear transmit and receive antennas on the detectability of meteors as the distribution rotates during the day remains to be investigated. It may account for the better agreement between the meteor meridional wind components, but this is not certain. This agreement is more evident with the Davis 55 MHz meteor comparisons, possibly due to the interleaved experiment sequence run on that radar and the typically lower echo rates when compared with observations made at 33.2 MHz. Although echo rate appears to be a major contributor to the quality of meteor wind estimates over the height range of the meteor distribution, other factors such as sampling sequences, geophysical phenomena, system configuration, and seasonal variations in count rate are believed to play a strong part in the quality of these estimates.
One other limitation of the present work is related to the rotation of the peak detection region of the meteor distribution in the sky during each day. This rotation means that at times (and more so near the edges of the detection height region) the quality of the estimates of the wind velocities will vary semidiurnally. Here, we assume that the error is constant throughout the data set, and this might not be the case. This could be explored by repeating the analysis based on blocks of local time, but we leave this for future work.
The assumption of equal errors for the meteor radars seems reasonable and has allowed us to assign an error to the meteor technique in order to better understand the extent of the underestimation of the wind magnitudes in the MF radar winds. The meteor MF wind comparisons for both Davis Station and BP are consistent with the results of numerous studies and with our introductory points. The Gaussian form of the velocity differences between the techniques suggests that the [image: $$g_{0}$$] values we have determined using our assumed meteor wind errors are suitable for use as calibration values at least when applied to climatologies.
Comparisons between meteor and both MF O-mode and X-mode observations at Davis Station have served to highlight differences in the quality of wind estimates of different polarization modes for these MF radar observations, and we have not included the X-mode analysis here. It is clear from this work that MF radars need to be calibrated, and we have provided linear calibration factors for Davis Station and Buckland Park. The quality of the MF radar winds between 60 and 80 km remains to be investigated.
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