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Abstract

:

The dryline, often associated with the development of severe storms in the Southern Great Plains of the United States of America, is a boundary layer phenomenon that occurs when a warm and moist air mass from the Gulf of Mexico meets a hot and dry air mass from the southwest desert area. An accurate knowledge of the water vapor spatio-temporal variability in the lower part of the atmosphere is crucial for a better understanding of the evolution of the dryline. The tropospheric refractivity, directly related to water vapor content, is a proxy for the water vapor content of the troposphere. It has already been demonstrated that the refractivity and the refractivity vertical gradient can be jointly estimated from radar phase measurements. In fact, it has been shown that using kriging interpolation techniques, accurate refractivity maps within the coverage area of the radar can be obtained with high temporal resolution. In this paper, a detailed analysis of the time series of radar-based refractivity maps obtained during a dryline that occurred on the afternoon of 22 May 2002 during the International    H 2  O   Project (  I H O P _ 2002  ) is presented. Comparisons between the time series of radar refractivity maps, obtained with the NCAR S-Pol radar, and the refractivity measurements derived from automatic ground-based weather stations and the AERI instrument, placed at different locations within the coverage area of the NCAR S-Pol radar, demonstrate the accuracy of radar refractivity estimates even for highly variable conditions, both in time and space, in the troposphere. Correlation coefficients higher than 0.95 are obtained in all weather station locations. Regarding the RMSE, errors less than 6 N-units are obtained for all cases, being even as low as 2.92 N-units at some locations.
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1. Introduction


The dryline is a boundary layer phenomenon that occurs when a warm and moist air mass from maritime environments collides with a hot and dry air mass from dryer environments [1,2] resulting in significant variations in both time and space of water vapor concentration. The development of such a phenomenon in the Southern Great Plains of the United States is very likely during spring and early summer, as warm and moist air from the Gulf of Mexico meets hot and dry air from the southwest desert area [3]. Identification and short-term forecasting of drylines is important since they are often associated with the development of severe storms in the Southern Great Plains [4], although the simple development of a dryline does not guarantee that the convective event occurs [3,5]. In fact, it has been reported that small changes in temperature (≈  1   ∘   C) and moisture (≈  1    g · kg    − 1   ) within the boundary layer can make the difference between the initiation or not of a convective process [6,7].



Drylines have generally been identified from near-surface water vapor variability measurements [2]. Therefore, accurate knowledge of the near-surface water vapor variability with enough spatial and temporal resolution is vital to understand and forecast the evolution of such boundary layer process [7]. Moreover, a good knowledge of the near-surface water vapor variability is also essential to properly initialize numerical weather prediction (NWP) models [8,9]. Radiosondes and surface stations are the most commonly used methods to obtain water vapor measurements. However, radiosondes only provide a vertical profile of water vapor content twice a day at very distant points with moderate accuracy [10], while surface stations provide data with a high temporal resolution but with a rather poor description of the vertical profile obtained from them. Other alternatives for obtaining water vapor data include satellite-based techniques. In particular, water vapor data obtained with Radio Occultation methods have proved to be very valuable for NWP [11]. Unfortunately, these techniques do not allow obtaining near-surface water vapor measurements with enough accuracy, especially in areas with a rough orography [12]. Therefore, a good characterization of the high temporal and spatial variability of the near-surface water-vapor requires the development of complimentary measurement techniques that allow the completion of the observations of water vapor in the lower part of the atmosphere.



To advance in the study and characterization of the near-surface water vapor variability, the International    H 2  O   project (IHOP_2002) was conducted over the Southern Great Plains in Oklahoma (USA) during the spring of 2002 [13,14]. The primary objective of this experiment was to improve the understanding and the prediction of convective processes [13]. As a result of this experiment, several studies provided detailed analyses of the impact of different boundary layer processes such as drylines [15,16,17], cold fronts or horizontal convective rolls on convection initiation [18]. Among them, it is worth mentioning the detailed analyses of drylines associated with the initiation (e.g., deep convection observed on 24 May 2002 [19]) or not initiation (e.g., a double dryline observed on 22 May 2002 and 11 June 2002 [16,20]) of convective processes. During the IHOP_2002 project, moisture differences of about   3   g · kg    − 1    were observed across the drylines [16,21]. For this project, a unique set of in situ and remote sensing instruments, such as radiosondes, automatic weather stations, mobile mesonets, aircraft, interferometers and radars were deployed. The evolution of different boundary layer processes was documented and analyzed using clear-air reflectivity radar data [19,22,23], lidar-based water vapor measurements [15,16,19,21] or radiance measurements obtained from interferometer vertical profiles [21]. Additionally, considering the high correlation between the water vapor variability and the atmospheric refractivity variability, the usefulness of radar refractivity measurements [24] to predict variations of water vapor was tested. Radar refractivity estimates are obtained from measurements of the phase variations of the echoes from stationary ground-based targets [25]. Then variations of the measured refractivity allow us to infer variations in the water vapor. Though atmospheric refractivity variations are related to changes not only in water vapor but also to changes in temperature and pressure, under summertime temperatures, atmospheric refractivity variations are primarily due to water vapor variations [24].



During the IHOP_2002 project, the atmospheric refractivity was estimated from radar phase measurements obtained with the NCAR S-Pol radar [26]. The results from IHOP_2002 revealed a close agreement between radar refractivity and refractivity measurements derived from other instruments such as fixed and mobile weather stations, radiosondes and interferometers [21]. In addition, the analysis of the derived radar refractivity fields showed the water vapor variability within the boundary layer with high precision. In fact, it was found that refractivity fields may allow detection of boundary developments [16,21,23,27,28], prior to their appearance in the more traditional radar reflectivity and Doppler velocity fields [21]. Such is the growing interest in using radar refractivity to study and characterize the near-surface water vapor variability that more recent experiments have been carried out in different environments [29,30,31,32].



Despite the good performance of the radar refractivity measurements obtained during the different projects, a bias between radar refractivity and refractivity derived from ground-based weather stations was observed. In fact, in [21] it was concluded that this bias was mainly due to the difference in altitude between the radar and the stationary ground targets and to the vertical gradient of the refractivity. Though in the flat area where the IHOP_2002 project took place the bias observed was small; the need to estimate the vertical gradient of the refractivity in order to expand the applicability of radar refractivity estimation to hilly areas where the bias caused by the height difference between the radar and the stationary ground targets could be unacceptably high. Different approaches based on power measurements [33,34] and phase measurements [35,36] were proposed. Using the data collected during the IHOP_2002 project the method proposed in [33] to estimate the vertical gradient of the refractivity was tested. This method provides estimates of the vertical gradient of the refractivity by comparing the measured ground echo map with the estimated echo map for different vertical gradient values. Results showed a moderate performance of the estimates of the near-surface vertical gradient of the refractivity due to the limited accuracy in determining the radar coverage. In [34], it was proposed to estimate the refractivity vertical gradient from power measurements obtained at different elevation angles. For this case, results also showed a moderate performance of the refractivity vertical gradient estimates since significant biases were observed for very small errors of the antenna elevation pointing angle. Later, joint estimation of the refractivity and the refractivity vertical gradient from phase measurements was proposed [35,36]. Considering the model for the backscattered phase from a stationary target discussed in [33,35], it is found that the difference between the phases backscattered from two stationary targets is a linear function of the refractivity and the refractivity vertical gradient. Then, a least squares approach is used to estimate the parameters of the phase difference model from each pair of stationary targets. Once the model for all pairs of stationary targets has been obtained, measured phases from each pair of targets are compared to the corresponding model to obtain, using a non-linear least squares approach, estimates of the refractivity and of the refractivity vertical gradient for the different groups of stationary targets defined. The results presented in [36], for different radars operating in different areas with diverse orography characteristics, showed good accuracy of both estimates, of the refractivity and of the refractivity gradient. Importantly, it was also observed that the accuracy of the refractivity estimates provided by the least squares approach is not reduced despite simultaneous estimation of the refractivity gradient. Then, considering the accuracy of the refractivity estimates achieved for the different groups of stationary targets defined within the coverage area of the radar, refractivity maps using the kriging interpolation method can be obtained [37]. In particular, the joint estimation of the refractivity and the refractivity vertical gradient will allow the ability to map out a three-dimensional radar refractivity map at the surface height.



The remaining sections are organized as follows. In Section 2, the study area as well as the available data sources are presented. The radar refractivity approach and the kriging interpolation method are briefly reviewed in Section 3. In Section 4, the achieved results of the kriging interpolated radar refractivity maps during the 22 May 2002 dryline, as well as the validation of the method, are shown. Finally, the discussion of this study and some concluding remarks are presented in Section 5.




2. Study Site and Data Sources


2.1. Study Area


The International    H 2  O   Project took place in the Southern Great Plains of the United States (Oklahoma, USA) (Figure 1a). Data from different in situ and remote sensing instruments were collected between 13 May 2002 and 25 June 2002. Although the IHOP_2002 operation domain expanded over a larger area [14], this study will be performed within the NCAR S-Pol radar coverage domain (Oklahoma panhandle). The terrain profile in this area, around the radar location (   100 ∘   46 ′   58  ′ ′     W,    36 ∘   34 ′   15  ′ ′     N) and with a coverage radius of about 40–50 km (   36 ∘   10 ′   00  ′ ′     N to    37 ∘   00 ′   00  ′ ′     N,    101 ∘   13 ′   00  ′ ′     W to    100 ∘   34 ′   00  ′ ′     W), can be considered flat since the elevation varies only between 700 m (in the northern east area crossed by the Beaver river valley) and 950 m above sea level (in the southern west area) as shown in Figure 1b.




2.2. Data Sources


Radar phase data to estimate the refractivity and the refractivity vertical gradient were collected using the S-Band Dual-Polarization Doppler Coherent Radar of the National Center for Atmospheric Research (NCAR S-Pol Radar) [26,38]. In particular, surveillance scans at an elevation angle of   0 ∘   and with a temporal resolution of approximately 5 min were obtained from 14:55 UTC (Universal Time Coordinated) on 13 May 2002 to 20:30 UTC on 25 June 2002. The scanning parameters for the S-Pol radar used during the IHOP_2002 project are summarized in Table 1.



Refractivity data to estimate the phase difference function and for the cross-validation of radar refractivity estimates were obtained from different data sources. Temperature, atmospheric pressure and water vapor pressure data were provided by six ground-based weather stations (S-Pol Surface, Verle, Lincoln, Rusty, Playhouse and Homestead) and three integrated surface flux facility (ISFF) stations (ISFF1, ISFF2 and ISFF3), deployed inside the influence area of the radar (see Figure 1a,b). These data were used to derive in-situ refractivity measurements. Indeed at microwave frequencies, the refractivity can be approximately obtained as [39]:


  N = 77.6  p T  + 3.73 ·  10 5   e  T 2    



(1)




where p is the atmospheric pressure in hPa, T is the temperature in kelvin and e is the water vapor pressure in hPa. The location of the weather stations and their position with respect to the radar are summarized in Table 2.



Besides, the Atmospheric Emitted Radiance Interferometer (AERI) instrument located at the Homestead site (Figure 1b) was used to derive the vertical gradient of refractivity from the vertical structure of the temperature and the water vapor measuring the downwelling infrared radiances [40].



Additionally, the ERA5 reanalysis dataset provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) was also used [41]. ERA5 data have a temporal resolution of one hour, and a spatial resolution of thirty kilometers, and resolves the atmosphere using 137 levels extending from the surface to 80 km. Temperature, humidity, and geopotential height data obtained from the lowest ERA5 pressure levels (1000 hPa, 975 hPa and 950 hPa) of nine ERA5 cells centered in the radar location were used to calculate refractivity and refractivity gradient estimates within the coverage area of the NCAR S-Pol Radar.





3. Radar Refractivity Algorithm


Theoretical Background


The non-linear least squares method presented in [36] to estimate simultaneously the refractivity and the refractivity vertical gradient is used in this study. The data processing flowchart to obtain radar refractivity measurements is shown in Figure 2.



This method is based on the estimation of the phase difference function corresponding to every couple of stationary targets within the radar coverage area, considering as stationary targets those targets that remain practically invariant with time [42]. The phase difference function of the k-th couple of stationary targets (  T  0 k  , T  1 k   ),   Δ  Φ  T  0 k  , T  1 k     (  N ¯  ,   ∂ N   ∂ h   )   , is the difference between the phases of the backscattered signal from each one of the stationary targets of the couple. If a klystron-based radar, such as the NCAR S-Pol radar, is considered, the phase difference function for the k-th couple is well approximated by a linear function of the refractivity and the refractivity vertical gradient [33,35], as:


     Δ  Φ  T  0 k  , T  1 k     (  N ¯  ,   ∂ N   ∂ h   )  =  A k  +  B k   N ¯  +  C k    ∂ N   ∂ h       



(2)




where   A k  ,   B k   and   C k   are constants that depend on unknown parameters such as the range to the stationary targets, their height, or their backscattered phase. These constants are estimated from phase difference measurements at known refractivity conditions so that the phase difference function is estimated. Once the phase difference function has been estimated for all couples of stationary targets, the refractivity and the refractivity vertical gradient are determined as the values that minimize a cost function defined as the weighted sum of the sum of squares of residuals and a function of the variation of the refractivity and of the refractivity gradient from the previous measurement, that is


      N ¯  ,   ∂ N   ∂ h   = arg  min    N ′  ¯  ,   ∂  N ′    ∂ h     (  w a  ·  ∑  k = 1  K  [ ∠ (  e  j Δ  Φ  T  0 k  , T  1 k     (   N ′  ¯  ,   ∂  N ′    ∂ h   )        ·    e   − j Δ  Φ  T  0 k  , T  1 k     ( m )     )  ] 2          +  ( 1 −  w a  )  · f  ( Δ   N ′  ¯  , Δ ∂  N ′  / ∂ h )  )     



(3)




where K represents the number of stationary target pairs,   w a   is a weight factor,   Δ  Φ  T  0 k  , T  1 k     ( m )    is the phase difference measured for the m-th transmitted pulse corresponding to the k-th stationary target pair and   f ( Δ  N ¯  , Δ ∂ N / ∂ h )   is a function that measures the variation of the refractivity and of the refractivity vertical gradient from the previous measurement. This function is included in the cost function (Equation (3)) to avoid large errors in the estimation of   N ¯   and    ∂ N   ∂ h    that occur in noisy situations due to the "periodicities" of the sum of squares of residuals.



Using all the stationary target pairs identified within the coverage area of the radar, an estimate of the mean refractivity and an estimate of the refractivity vertical gradient over the coverage area is obtained. Figure 3 shows the mean refractivity estimated using NCAR S-Pol Radar data and the mean refractivity at the radar height estimated using the data provided by the weather stations listed in Table 2, all within the radar coverage area. The agreement between both estimates is very good, with a RMSE (Root Mean Squared Error) between both estimates of 2.18 N-units.



On the other hand, if the coverage area of the radar is divided into smaller areas or subareas, and just the stationary target pairs within each subarea are used, an estimate of the mean refractivity and an estimate of the refractivity vertical gradient over each one of the defined subareas is obtained.



Defining the subareas is not a trivial task. To ensure the accuracy and precision of refractivity estimates, these subareas must contain a sufficient number of pairs of stationary targets. They should also be as compact as possible, minimizing the dispersion of pairs of stationary targets within each subarea. Therefore, a k-means clustering algorithm has been employed to define these subareas. A total of 35 clusters have been set, so even the one with the fewest target pairs contains 94, which is a sufficient number to guarantee a good estimate of refractivity. Figure 4 shows the clusters defined.



Then, from the refractivity values estimated at each subarea radar refractivity maps can be obtained by means of interpolation. Geostatistical interpolation was used considering that the large amount of data provided by weather radars allows obtaining a good estimate of the spatial correlation of the radar refractivity. In particular, since local spatial trends of the refractivity were not observed within the area of study, Ordinary Kriging was used to produce radar refractivity maps [37]. Ordinary Kriging is a well-established and proven method, widely used in meteorology [43] as well as in other fields [44]. Assuming second-order stationarity of the data, Ordinary Kriging provides the BLUP (Best Linear Unbiased Predictor) without requiring knowledge of the mean, which, in fact, is most usually unknown [45,46].





4. Results


Radar measurements collected from 14:55 UTC on 13 May 2002 to 20:30 UTC on 25 June 2002 by the NCAR S-Pol radar are used to analyze the dryline evolution and evaluate the radar phase measurements based algorithm for obtaining refractivity maps. In particular, radar phase measurements gathered from 13 May 2002 to 22 May 2002 are used to obtain the phase difference function for each and every one of the pairs of stationary targets identified within the NCAR S-Pol radar coverage. The ERA5 reanalysis dataset is used to derive the refractivity and refractivity gradient at the time of the measurements used to obtain the phase difference function. Radar phase measurements gathered from 22 May 2002 to 25 June 2002 are used to observe the dryline development and test the algorithm. To validate the radar phase measurements based results, for the refractivity and the refractivity gradient, in-situ refractivity and refractivity vertical gradient measurements derived from the automatic weather stations, listed in Table 2, and from the AERI instrument will be used.



4.1. Kriging Interpolated Radar Refractivity Observations during the IHOP_2002 Project: Performance Analysis


Times series of refractivity data derived from the weather stations are compared with the kriging interpolated radar refractivity values at the weather stations location in Figure 5. Radar refractivity estimates have been calculated at the height of the weather station to be compared with. Additionally, the scatter plots of the radar refractivity estimates versus the refractivity derived from the weather station data are shown.



As can be observed in Figure 5, the kriging interpolated radar refractivity and the refractivity derived from weather station data obtained during the IHOP_2002 project show a good agreement. The correlation coefficient  ρ  obtained in any location of the weather stations always exceeds 0.95, reaching a high value of 0.98 at the ISFF2 weather station location. Regarding to the RMSE, its value is always less than 6 N-units for all cases, being even as low as 2.92 N-units at the ISFF2 weather station location. Note the good agreement between kriging interpolated radar refractivity and refractivity derived from weather station data taking into account the strong spatial and temporal refractivity variations reported throughout the IHOP_2002 project.



The results of the comparison between kriging interpolated radar refractivity and weather station refractivity are summarized in Table 3. RMSE, correlation coefficient and bias calculated for each pair of kriging interpolated radar refractivity and weather station refractivity show the potential of the algorithm to generate refractivity maps even for a low number of stationary targets identified in a certain area.




4.2. Kriging Interpolated Radar Refractivity Maps: The 22 May 2002 Dryline Evolution


Analysis of the kriging interpolated radar refractivity from 16:00 UTC on 22 May 2002 to 16:00 UTC on 23 May 2002 is of special interest. During these 24 h, a dryline developed, and the recorded refractivity at the weather stations ranged from below 250 N-units to 340 N-units, with variations in refractivity of over 30 N-units within an hour. The dryline evolution took place during the late afternoon and the early evening of 22 May 2002. In particular, Figure 6 shows several refractivity maps obtained from 19:52 UTC on 22 May to 02:41 UTC on 23 May.



As can be observed, the interpolated radar refractivity maps clearly show the temporal and spatial evolution of the dryline. At the beginning of the afternoon, the refractivity map shows a relatively uniform field (Figure 6a). As the afternoon progresses, approximately at 20:51 UTC, a significant refractivity gradient, oriented north to south through the radar can be observed (Figure 6b), i.e., the dryline is developing. The low refractivity levels of about 250–260 N-units to the west of the dryline are associated with the hot and dry air mass from the desert south-western states, while the high refractivity levels of about 280–290 N-units to the east of the dryline are associated with the warm and moist air mass from the Gulf of Mexico. Approximately at 22:06 UTC, the dryline previously identified has slightly moved towards the east, while a secondary dryline can be observed from northeast to southwest through the radar (Figure 6c). The double dryline reported by [16,21,22] on the afternoon of 22 May 2002 has formed. This double dryline is approximately observed from 22:06 UTC to 23:48 UTC (Figure 6c–g). During this time interval, the double dryline has moved very slowly towards the west of the radar. Refractivity variations on the order of 40-45 N-units can be observed inside the analysis area. However, it is worth highlighting the strong refractivity variation of approximately 20 and 10 N-units along the fine line defined by the dryline that separates the Homestead area from the radar location and the Playhouse area from the radar location, respectively. From 00:46 UTC to 02:11 UTC on 23 May, only the primary dryline can be identified (Figure 6h–k). In this time interval, the dryline has moved rapidly to the west. Finally, approximately at 02:41 UTC the dryline is no longer observed within the area of interest and the refractivity map shows again a relatively uniform field (Figure 6l).



It is worth mentioning that, unlike previous works, the refractivity maps generated by combining the non-linear least squares radar refractivity algorithm with ordinary kriging-based geostatistical interpolation techniques present reliable estimates even in locations with low target density as happens in the areas around Rusty and ISFF3 weather stations.



During the early morning of 23 May 2002, a sharp time gradient of the refractivity, higher than 30 N-units/hour, is observed at all weather stations (see Figure 7). It is worth noting the accuracy of the time detection of this significant drop by radar refractivity.



Additionally, the RMSE, the correlation coefficient and the bias between radar refractivity and weather station data-derived refractivity during these 24 h are summarized in Table 4. In general, the results obtained during this 24 h. period with high spatial and temporal variations of the refractivity are comparable to those obtained considering all estimated values from 22 May 2002 to 25 June 2002, demonstrating the good performance and potential of the kriging interpolation radar refractivity algorithm even in highly variable spatiotemporal conditions.





5. Discussion and Concluding Remarks


In this work, the ability to map out water vapor variability through kriging interpolated radar refractivity measurements has been presented and tested under highly variable conditions in the troposphere such as those occurring during the double dryline development on the afternoon and the evening of 22 May 2002 in the Great Plains of Oklahoma (United States). The kriging interpolated radar refractivity maps presented here provide an excellent view of the horizontal structure of the refractivity, which is related to vapor pressure, and of its temporal evolution. This high spatial and temporal resolution of radar refractivity measurements may allow detection of boundary layer extreme events even before they can be detected with the most traditional reflectivity and Doppler velocity methods.



The radar refractivity estimates obtained at the weather station heights show an excellent agreement with the refractivity estimates derived from the weather stations, demonstrating the potential of using the ordinary kriging geostatistical interpolation method to generate raised-relief refractivity maps. In Figure 8, a three-dimensional radar refractivity map at the surface height obtained during the IHOP_2002 project is shown.



The accuracy of the kriging interpolated radar refractivity estimates is heavily determined by the quality of the estimation of the phase difference function. The estimation of this phase difference function depends on the amount of data available since the noise in the estimates is averaged out. In this work, data from the beginning of the IHOP_2002 project (13 May 2002) until the day on which the dryline formed (22 May 2002) have been used to estimate the phase difference function. The amount of data recorded in these ten days is relatively small compared to the data available during the radar’s operational life. Therefore, the accuracy of the estimates could be significantly improved by extending the time to estimate the phase difference function, for example to several weeks. It is important to note that the data required for estimating the phase difference function are the data recorded during the operation of the radar, that is, there is no need to stop the radar in order to obtain more data to improve the estimation of the phase difference function. On the other hand, the phase difference function is estimated at known refractivity conditions, so that an independent source of data is necessary. In this paper, the ERA5 reanalysis dataset is used. Alternatively, data from the weather stations could have been used. Results, not shown here, show no significant differences when using the weather station data or the ERA5 dataset (see Figure 9). This fact is important given that some national meteorological services have stated that they will no longer expand their ground-based weather station networks due to their high cost of deployment and maintenance [31].



Finally, it is clear that there exists a trade-off between the number of stationary target pairs per subarea to ensure a local good estimate of refractivity and the total number of clusters to guarantee a good spatial resolution. The use of simple k-means has demonstrated a good performance both in accuracy and spatial resolution, but it would be of interest to develop a more exhaustive analysis to optimize the clustering of stationary target pairs.
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Figure 1. S-Pol radar coverage domain in the Southern Great Plains of United States (Oklahoma, United States): (a) Google Earth   TM   image centered in the S-Pol radar; (b) Topographic map of the terrain (National Elevation Dataset of the U. S. Geological Survey (USGS)). 
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Figure 2. The data processing flowchart to obtain radar refractivity measurements. 
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Figure 3. Mean refractivity estimates from NCAR S-Pol Radar phase measurements compared to refractivity estimates from WS measurements at the radar height. Blue dots represent the scatterplot of the radar refractivity estimates and the refractivity derived from the weather stations. 
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Figure 4. Clusters of stationary target pairs defined with a k-means clustering algorithm within the coverage area of the NCAR S-Pol radar. 
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Figure 5. Time series (left) and scatterplot (right) of kriging interpolated radar refractivity compared with weather station refractivity. ERA5 data are used to obtain the phase difference function. 
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Figure 6. Refractivity maps showing the evolution of the dryline on 22 May 2002. 
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Figure 7. Radar refractivity and weather station data derived refractivity at the weather station locations from 16:00 UTC 22 May to 16:00 UTC 23 May 2002. 
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Figure 8. Raised-relief refractivity map from NCAR S-Pol Radar phase measurements at the surface height. 
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Figure 9. Time series (left) and scatterplot (right) of kriging interpolated radar refractivity compared with weather stations refractivity. Weather station data are used to obtain the phase difference function. 
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Table 1. S-Pol Radar scanning parameters during the IHOP_2002 project.
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	Parameter
	Value





	Frequency
	2.8 GHz



	Wavelength
	10 cm



	Pulse-width
	0.994  μ s



	Pulse repetition frequency (PRF)
	960 Hz



	Range resolution
	150 m



	Beam width
	0.918   ∘  



	Scan-rate
	8.0/8.8/13.7   ∘  /s



	Samples
	110/100/64



	Scanning elevation angle
	0   ∘  



	Noise Power
	−114 dBm










 





Table 2. Geographical coordinates, elevation above sea level and relative polar coordinates to the S-Pol radar. Azimuth is measured with respect to the north of the radar.
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	Station
	Longitude
	Latitude
	Altitude (m)
	Distance (km)
	Azimuth (    ∘   )





	S-Pol Radar
	100   ∘  46   ′  58    ′ ′    W
	36   ∘  34   ′  15    ′ ′    N
	875
	–
	–



	S-Pol Surface
	100   ∘  49   ′  58    ′ ′    W
	36   ∘  34   ′  19    ′ ′    N
	883
	2.5
	89.44   ∘  



	Verle
	101   ∘  03   ′  50    ′ ′    W
	36   ∘  43   ′  04    ′ ′    N
	862
	29.9
	302.8   ∘  



	Lincoln
	100   ∘  58   ′  01    ′ ′    W
	36   ∘  21   ′  14    ′ ′    N
	915
	29.3
	214.1   ∘  



	Rusty
	101   ∘  11   ′  31    ′ ′    W
	36   ∘  24   ′  57    ′ ′    N
	922
	40.43
	244.5   ∘  



	Playhouse
	100   ∘  52   ′  58    ′ ′    W
	36   ∘  35   ′  02    ′ ′    N
	876
	9.05
	278.3   ∘  



	Homestead
	100   ∘  36   ′  21    ′ ′    W
	36   ∘  33   ′  28    ′ ′    N
	862
	15.88
	95.6   ∘  



	ISFF1
	100   ∘  37   ′  04    ′ ′    W
	36   ∘  28   ′  22    ′ ′    N
	872
	18.33
	126.5   ∘  



	ISFF2
	100   ∘  37   ′  37    ′ ′    W
	36   ∘  37   ′  19    ′ ′    N
	859
	15.03
	67.7   ∘  



	ISFF3
	100   ∘  35   ′  40    ′ ′    W
	36   ∘  51   ′  39    ′ ′    N
	780
	36.37
	27.5   ∘  










 





Table 3. RMSE, correlation coefficient and bias of kriging interpolated radar refractivity versus weather station data derived refractivity at the locations of the weather stations, from 22 May 2002 to 25 June 2002.
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	Weather
	RMSE
	   ρ   
	Bias





	Station
	(N-Units)
	
	(N-Units)



	Verle
	4.51
	0.96
	−0.24



	Lincoln
	5.88
	0.95
	3.24



	Rusty
	5.86
	0.95
	1.48



	Playhouse
	4.39
	0.97
	1.52



	Homestead
	3.99
	0.97
	1.20



	S-Pol Surface
	5.99
	0.95
	3.38



	ISFF1
	4.52
	0.97
	2.87



	ISFF2
	2.92
	0.98
	0.70



	ISFF3
	4.56
	0.96
	−0.89










 





Table 4. RMSE, correlation coefficient and bias at the locations of the weather stations from 16:00 UTC on 22 May 2002 to 16:00 UTC on 23 May 2002.
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	Weather
	RMSE
	   ρ   
	Bias





	Station
	(N-Units)
	
	(N-Units)



	Verle
	4.20
	0.99
	−3.67



	Lincoln
	5.48
	0.96
	−2.69



	Rusty
	6.93
	0.97
	−4.19



	Playhouse
	3.57
	0.99
	−2.34



	Homestead
	3.18
	0.96
	−0.87



	S-Pol Surface
	4.06
	0.98
	−2.48



	ISFF1
	2.69
	0.97
	0.68



	ISFF2
	3.93
	0.98
	−2.48



	ISFF3
	6.13
	0.97
	−4.69
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