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Abstract

:

Multiwavelength radar observations have demonstrated great potential in improving microphysical retrievals of cloud properties especially in ice and snow precipitation systems. Advancements in spaceborne radar technology have already fostered the launch in 2014 of the first multiwavelength radar system in space, while several future spaceborne multiwavelength radar concepts are under consideration. However, due to antenna size limitations, the sampling volume of spaceborne radars is considerably larger than those achieved by surface- and airborne-based radars. Here, the impact of these large sampling volumes in the information content of the Dual-Wavelength Ratio estimates at Ka-W, Ku-Ka is investigated. High-resolution airborne multiwavelength radar observations during the Olympic Mountain Experiment (OLYMPEx) are used to perform retrievals of ice/snow characteristic particle size, such as mass-weighted particle diameter. To mimic the different satellite sampling volumes, a moving average is applied to the airborne measurements. The radar-observed variables (reflectivity and dual-wavelength ratios) and retrieved microphysical properties at the coarser resolution are compared against those at the original resolution. Our analysis indicates that future Ka-W spaceborne radar missions should take into account the impact of the radar resolution volume on the retrieval of microphysical properties and avoid footprints larger than 2–3 km.
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1. Introduction


Multiwavelength radar observations have the potential to provide complimentary and synergistic measurements of cloud and precipitation systems [1,2]. Radars operating at  cm - and  mm -wavelengths have differences in sensitivity and ability to penetrate precipitation. Thus, the complementary of multiwavelength radar observations refers to their combined capability of detecting both cloud and precipitation. Examples of such complimentary observations are ground-based observations from the US Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) program [3,4], airborne observations from National Aerodynamics Space Administration (NASA) and coincident observations from NASA’s CloudSat Cloud Profiling Radar (CPR) and NASA’s Global Precipitation Mission (GPM) Dual-Frequency Precipitation Radar (DPR) [5,6,7].



In addition to their complementary nature, when available for the same sampling volume, multiwavelength radar observations can be used synergistically to improve the retrieval of cloud and microphysical properties. Scattering properties of  cm - and  mm -size particles strongly depend on the wavelength of the impinging electromagnetic radiation with attenuation and scattering become more and more important when moving from X- (8–12  GHz ) to W-band (75–110  GHz ) [8,9,10]. As a result, the received power at different frequencies differs because of differences in the backscattering mechanism of the targets (the so-called “non-Rayleigh effect”, Bohren and Huffman [11]) and in the attenuation properties of the medium through which the electromagnetic wave has propagated. These differential properties (differential scattering and absorption) provide additional information (beyond the sixth moment of the particle size distribution that is provided by the radar reflectivity under the Rayleigh assumption) that can be used to constrain the retrieval of key hydrometeor population properties [12,13,14,15,16,17].



Dual and triple-wavelength radar observations require matched sampling volumes to target the same precipitation microphysics and sufficient number of samples and signal-to noise ratios to reduce the error in the radar reflectivity measurements for all the radars. The matching of sampling volumes of multiwavelength radar systems requires either different antenna sizes or sub-illumination of the reflector by the higher frequency radar system. The size of the radar antenna is not a tight constraint for ground-based multi-frequency radar systems so that matched sampling volumes and very high spatial resolutions can be achieved (Kollias et al. [3], Ellis and Vivekanandan [14]). Airborne multiwavelength radar systems, though typically limited in their antenna size, also provide high-resolution matched sampling volumes due to their proximity to the precipitation system. Observations from ground- and airborne-based multiwavelength radars have been used in most past efforts to advance the development of sophisticated multiwavelength retrieval algorithms. From space, the GPM-DPR offers the first matched dual-wavelength radar observations. The antenna size constrains how narrow the antenna beamwidth can be at the lower frequency (0.7   ∘   at   13.4  GHz  ), thus resulting in matched sampling volumes   5  km   horizontal resolution. The 250 m vertical resolution is dictated by the pulse length, which is the same for both the Ku and the Ka radars. The large radar resolution volumes of spaceborne radars have two main drawbacks: first they smooth out the natural variability of the microphysical processes; second they may introduce biases induced by non-uniform beam filling (NUBF) effects. These effects are ubiquitous in space radar measurements and occur when large gradients of radar reflectivity are present within the field of view of the instrument: this can cause significant errors in the estimated microphysical properties [18,19,20,21].



Over the last ten years, advancements in radar technology have led to the development of several future spaceborne multiwavelength radar concepts with improved performance [22]. One of the challenges in accurate estimation of precipitation from spaceborne radars is to achieve adequate spatial resolution with reasonable-sized antennas. When considering multi-frequency radar observations, it is still unclear what are adequate spatial resolutions (and corresponding antenna sizes) that enable microphysical retrieval with acceptable uncertainties. Previous research focused on the impact of NUBF on rainfall rate and Doppler velocity estimation using single-frequency radar measurements [19,23,24]. Here, high-resolution airborne radar observations are used to investigate the impact of the size of the radar-sampling volume on spaceborne multiwavelength radar observations. Dual Wavelength Ratio (  D W R  ) estimates at Ka-W and Ku-Ka radar frequency pairs are estimated at different sampling volumes and their impact on ice/snow characteristic particle size retrievals such as mass-weighted particle diameter (  D m  ) [1,6,25,26] is evaluated.




2. Observations and Applied Data Post-Processing


Currently, no satellite triple-frequency radar data set is available. Thus, we selected an airborne radar data set from the Olympic Mountain Experiment (OLYMPEx) which took place on the Olympic Peninsula of Washington State from November 2015 through February 2016, as part of the NASA’s GPM ground validation program [27]. The goal of the OLYMPEx field campaign is to validate the precipitation algorithms of the NASA GPM-DPR for mid-latitude frontal precipitation systems and the characterization of precipitation over mountainous areas. The data analyzed here were acquired by the Airborne Third Generation Precipitation Radar (APR3) triple-wavelength radar system on board the NASA’s DC-8 aircraft from an altitude of 12 km [28]. APR3 has three different radars installed measuring simultaneously at the frequencies of   13.9  GHz   (Ku-band),   35.6  GHz   (Ka-band) and   94.2  GHz   (W-band). The radar data are checked for time synchronicity, matching volumes and are re-gridded to the same grid [28,29] In this paper, only measurements performed at nadir with a vertical resolution of   30  m   are used. Approximately seven hours of data from the flights on the 1st and 3rd December 2015 are analyzed for this study.



The APR3 radar data set were corrected for attenuation based on the 4D-interpolation from the Modern-Era Retrospective analysis for Research and Applications, version 2 (MERRA-2) reanalysis. Scattering-based   D W R   measurements require high radar returns from non-Rayleigh scatterers. Thus, a conservative filtering of low Signal-to-Noise (SNR) radar observations was applied to remove artifacts and radar returns with high uncertainty in the reported radar observables. The reflectivity measurements are calibrated using the sea surface return [30]. Since the focus of these study is related to ice hydrometeors data below the   0 ∘  -isotherm are deleted before being remapped on a common time-range grid.



Figure 1 shows an example of radar observations from the APR3 on 1st December during OLYMPEx. The observations depict a broad stratiform precipitation region with orographic enhancement with a bright band clearly visible at an altitude of 2 km in the Ku- and Ka-band observations, while at W-band the bright is less visible and often becomes a dark band [31]. The features inside the black contours indicate the data used in this study from this particular flight corresponding to the ice phase and to good SNR. The radar reflectivities reported by the three radars exhibit large differences mainly due to non-Rayleigh scattering. At both edges of the ground track the mountainous surface return is visible in Figure 1 between   500  km   to   550  km   and from   840  km   to   880  km   by an enhanced surface echo. Enhanced Ku- and Ka-band radar reflectivity values are observed between   520  km   to   580  km   (white box in Figure 1b). The enhanced radar returns can be attributed to the lifting of the air mass forced by the topographic barrier which leads to the formation of an environment favorable for rapid ice particle formation and growth [32]. In the region with less topographic influence (  550  km   to   840  km  ) the radar returns is less. The reflectivities depicted in Figure 1 clearly demonstrate the different sensitivities of the three radar frequencies. The least sensitive radar is the Ku-band (  Z  K u   , Figure 1a); the most sensitive radar is the Ka-band radar (  Z  K a   , Figure 1b) followed by the W-band radar (  Z W  , Figure 1c). Clearly, the W-band radar signals are particularly attenuated by hydrometeors in the melting layer and by liquid stratiform precipitation below but the three radar reflectivities show large differences already in non-attenuated regions caused by non-Rayleigh scattering. These radar reflectivity differences form the basis for the estimation of the   D W R   signals.




3. Methods


In synopsis, the methodology used to assess the impact of different sampling volumes on ice microphysical retrievals consists of the following steps. We choose to average airborne measurements because, currently, no spaceborne triple-frequency measurement data set is available, the only multiple frequencies radar in space being GPM-DPR, the frequency of which are optimized to investigate liquid precipitation microphysics. Previous studies [15,33,34] have demonstrated that triple-frequency observations are more suitable for the characterization of ice microphysics. Therefore, airborne measurements are used here to mimic satellite observations. First, the airborne resolution radar data are averaged along range and along track to simulate the dimensions of the sampling volume of spaceborne observations. Subsequently, the coarse resolution radar reflectivity at the three radar frequencies and the corresponding Ka-W and Ku-Ka   D W R   measurements are estimated. Next, a retrieval methodology is applied to retrieve mean mass-weighted diameters (  D m  ) from   D W R  s and Ice Water Contents (  I W C  ) from radar reflectivity measurements. Finally, the microphysical retrievals at coarser sampling volumes are compared against those derived directly from the airborne high-resolution radar measurements using the same retrieval methodology and then averaged with the same procedure to the assumed spaceborne radar-sampling volumes. Details about the outlined methodology are provided in the next section.



3.1. Simulation of Spaceborne Sampling Volumes from Field Campaign Data


The spaceborne radar frequency and antenna size determine the antenna 3-dB beamwidth   θ  3 d B    and together with the satellite altitude determine the Instantaneous Field of View (IFOV) in the troposphere (lowest 12–20 km of the Earth’s atmosphere). In addition to the IFOV, the satellite performs along track integration (limited to a small fraction of the IFOV), thus, the effective FOV is a smeared version of the antenna pattern. The effective FOV acts as a low-pass spatial filter, limiting the primary echo contributions to the observed received power to an area characterized by   θ  3 d B    and sets up the nominal horizontal resolution of the satellite. In addition to the horizontal resolution of the satellite, the radar pulse length determines the vertical resolution of the satellite [10].



Three spaceborne configurations (see Table 1) which we refer to as “current”, “near-future” and “ideal” are considered in this study. The “current” configuration corresponds to the sampling volume of the GPM-DPR system, which is currently the only multi-frequency system operated in space [35]. The “near-future” configuration sampling volumes considered in the past and currently in proposed multiwavelength radar missions (e.g., the Aerosols, Clouds, Convection, and Precipitation mission The Decadal Survey [36]; the Polar Precipitation Mission (PPM), [37]). The “ideal” configuration represents a desirable but challenging to achieve upper limit in the resolution of the radar-sampling volume. This type of sampling volume is attainable only at the higher radar frequencies and may require the use of signal processing techniques such as deconvolution/reconstruction [38,39] to increase the effective horizontal resolution of the spaceborne radar and, thus, allow the detection of smaller features.



To mimic the resolution of existing and proposed spaceborne radar systems a 2-D (vertical range and aircraft along track) spatial moving averaging window was used, to under-sample the high-resolved observations to the resolution of existing and proposed spaceborne radar systems


    〈  Z f  〉  u  = 10  l o  g 10   (  z f  )  ,  



(1)




where   〈  Z f  〉   is averaged reflectivity for the frequency f at the satellite configuration   u = { i = i d e a l ;  n = n e a r  f u t u r e ;  c = c u r r e n t }   of the original reflectivity   z f   in linear units (   〈  Z f  〉  u   in   d B Z  , z in mm   6  /m   3  ). The 2D spatial averaging window is shifted horizontally with a   1  km   step.



Prior to applying the 2D spatial averaging window, the time dimension in the data is converted to horizontal distance. The averaged air-plane speed (    v  e r 2   ¯  = 200  m   s  − 1    ) is used to convert time to horizontal length. The averaging procedure is illustrated in Figure 2.



Figure 2 shows results of the averaging procedure (in linear units) as applied to the original Ka-band reflectivity field (Figure 2a) within the area enclosed by the white box in Figure 1b). The procedure is repeated by shifting the 2D spatial averaging window by 1 km. The plots show that the main feature of the Ka-band reflectivity field (enhanced radar reflectivity band) is maintained in all sampling resolutions. However, higher resolution Z-structures are smoothed (compare Figure 2a–d). The horizontal and vertical stretch of the hydrometeor echoes with decreasing resolution with consistent with previous studies [40]. These NUBF effects directly impact the estimated   D W R  s (their use is discussed in Leinonen et al. [1], Battaglia et al. [6], Hogan and Illingworth [25], Battaglia et al. [26]), and microphysical parameters such as the particle size distribution characteristic size derived from them (hereafter the mass-weighted particle diameter (  D m  ) is used).




3.2. Estimation of the Dual-Wavelength Ratios


In Equation (2) the Dual-Wavelength Ratio for the different frequencies pairs is calculated using the averaged Z-fields,


    〈 D W  R   f 1  ,  f 2    〉  u  =   〈  Z  f 1   〉  u  −   〈  Z  f 2   〉  u  ,  



(2)




where   Z  f 1    and   Z  f 2    are reflectivities pairs, in  dBZ  space, at the two different frequencies   f  1 , 2    with    f 1  <  f 2   . Figure 3 shows examples of calculated and post-processed   D W  R  K a W , u     corresponding to the Z-fields depicted in Figure 2. Overall, the    〈 D W  R   f 1  ,  f 2    〉  u   fields follow the behavior of the    〈  Z f  〉  u  -fields in Figure 2, i.e., a decrease of extreme values when coarsening the resolution. In contrast to the Z-fields, the   D W  R  K a W , u     fields show more gaps towards the cloud top, as a result of the reduced sensitivity of the W-band radar in that region. Any negative   D W R  s attributed to   N U B F   and poor   S N R   conditions are discarded from further analysis. All the panels show an increase of the    〈 D W  R   f 1  ,  f 2    〉  u   with decreasing height which is obviously associated with aggregation processes and to the presence of larger particles in regions closer to the freezing level.



The effect of the radar-sampling volume on the distribution of   D W  R  K u K a     and   D W  R  K a W     is shown in Figure 4 for the entire OLYMPEx dataset. Only radar reflectivity values above   0  dBZ   are used in the estimation of the   D W R   values to ensure high quality signals. Furthermore, all points showing   D W R < 0  dB   are excluded in further analysis. The   D W  R  K a W     values exhibit higher dynamic range reaching values as high as 14–15  dB  while the   D W  R  K u K a     values reach up to   8  dB  . The increasing averaging window causes the   D W R   values to shift towards lower values. This shift is more pronounced in the case of the   D W  R  K a W     since these two frequencies are the most sensitive and NUBF is more effective in reducing the radar reflectivities especially near cloud edges. The effect is amplified for larger sampling volumes, e.g., for the 250  m –5  km  volume.




3.3. Microphysical Properties Retrieval


This study focuses on the impact of the radar-sampling volume on multiwavelength radar retrievals of ice microphysical properties such as ice water content (  I W C  ) and mean mass-weighted diameter (  D m  ). The majority of radar-based observations of ice properties is based on single radar frequency measurements. Under these conditions, a widely used relationship to estimate the   I W C   is the one proposed by [41] that is based on radar reflectivity and temperature measurements as follows:


  l o  g 10   ( I W  C  K a , u   )  = 0.000242    〈  Z  K a   〉  u     〈 T 〉  u  + 0.0699    〈  Z  K a   〉  u  − 0.0186    〈 T 〉  u  − 1.63 ,  



(3)







In Equation (3)    〈 T 〉  u   is the temperature corresponding to the    〈  Z  K a   〉  u  -volumes, and   I W  C  K a , u     the retrieved IWC based on Ka-band. The temperature profiles used in the calculation are from the MERRA-2 reanalysis data.



Hereafter we will use this relationship, to discuss the impact of the radar-sampling volume on single-frequency radar observations. In the case of multiwavelength radar observations, the retrieval of the   I W C   is performed after the   D m   is estimated. Thus, the error in   I W C   in multiwavelength radar observations is a function of the error in the   D m   retrievals.



The multiwavelength   D m   retrievals are based on pre-computed Look Up Tables (LUT) of   D m   vs.   D W R  . LUT are computed by integrating ice crystal single scattering properties (e.g., extinction and backscattering cross section, single scattering albedo, asymmetry parameter) over the particle size distribution. Ice crystals are assumed to be described by exponential size distribution and can therefore be fully characterized by two properties. The methodology is affected by the ice scattering model which is assumed. Recent studies [42,43] have shown that the distribution of the mass along the direction of the impinging radiation critically affects the backscattering properties of ice crystals. Once such a property is characterized on average for a population of “self-similar” ice crystals, then ice scattering properties are well described by the results of the self-similar Rayleigh Gans (SSRGA) approximation [44]. Depending on the morphology of the ice particles (maximum size, density, structure), the shape of the particle size distribution and the used scattering model, a number of relationships can be derived that related the   D W R   to   D m  . Each of the combination can lead to a different LUTs. The observed   D W R   is linked to   D m   by Equation (4):


    〈  D  m ,  f 1   f 2    〉  u  = L U T  (   〈 D W  R   f 1  ,  f 2    〉  u  )  .  



(4)







In this study, the relationship for the slightly rimed particles proposed by Leinonen and Szyrmer [45] is selected to demonstrate the effect of the radar-sampling volume to the   D m   estimation. Tridon et al. [28] demonstrated that this scattering model generally is the one that provides the best agreement between radar multi-frequency observations and in situ data during OLYMPEx. In Figure 4 the LUT based on Leinonen and Szyrmer [45] is shown as dashed green lines. The LUT clearly saturates at large values (i.e., points at   D W R ≈ 9  dB  ), which limit the retrieval of   D m   to   D m   smaller than 12 mm and 5 mm for the Ku-Ka and the Ka-W pairs, respectively. These plots demonstrate the complementary of the two frequency pairs here considered: the   D W  R  K a W     is optimal in retrieving particles between 1 and   5  mm   whereas   D W  R  K u K a     particles in the range between 2 and   10  mm  .



It is worth noting that the selection of a single LUT causes already uncertainty into the retrievals of the   D m   because the LUTs depend on the different particle habits as a result of different growth processes. However, this study only aims at understanding uncertainties caused by coarsening the radar-sampling volumes.



An example of   I W C   and   D m   retrievals at the airborne radar data resolution is depicted in Figure 5. The   D m   retrievals are based on the   D W  R  K a W     measurements. The dark areas in the   D m   retrievals correspond to regions where the LUT is saturated and the   D m   retrieval is ambiguous for they are available from this dual-wavelength ratio.





4. Uncertainty and Biases in Microphysical Retrievals


The impact of the radar-sampling volume on the ice and snow microphysical retrievals is evaluated in terms of uncertainty and biases. First, the microphysical retrievals of   I W C   and   D m   are estimated for the entire dataset and for all the spaceborne radar resolutions listed in Table 1. Second, the coarse microphysical retrievals are interpolated back to the finer resolution (airborne observations). The relative error,   R E  , at each high-resolution point   ( i , j )   is estimated as in Equation (5):


  R E   [ i , j ]  u  =    D  m ,  f 1   f 2      [ i , j ]  u  −  D  m ,  f 1   f 2     [ i , j ]     D  m ,  f 1   f 2     [ i , j ]    · 100 % .  



(5)







Similar equations are used for the   I W C  . Finally, the distributions of the relative errors of the   I W C   and   D m   are presented as a function of different classes (bins) of   I W C   and   D m  .



Figure 6 shows the relative errors in the retrieved   D m   based on   D W  R  K u K a     and   D W  R  K a W     for all the spaceborne radar resolutions considered in this study. Mean values and percentiles of the relative errors are binned into eight   D m  -bins from 0–1 mm to    D m  > 7  mm  .



For both   D W R   pairs, the distributions of the relative errors show considerable spread and biases that are amplified as the size of the radar-sampling volume increases. The   D m   retrievals based on   D W  R  K u K a     measurements exhibit large biases (more than 100%) and considerable uncertainty at the small   D m   sizes. This can be explained by the poor sensitivity of the   D W  R  K u K a     measurements to small particles and the considerable underestimation of the   D W R   with increasing radar resolution (see Figure 4). At medium sizes, a small underestimation (5–10%) of the   D m   is observed due to the overall small shift of the   D W R  s towards lower values with coarser resolutions. The   D m   bias become more pronounced at the very large   D m   values and for the larger sampling volumes.



The relative error distributions of the   D m   are quite different for the   D W  R  K a W     pair. The larger sensitivity of the   D W  R  K a W     to lower   D m   values, minimizes the impact of underestimation of the   D W R   with increasing radar resolution. On the other hand, the   D m   retrievals exhibit considerable biases (20–50%) at larger   D m   values. The biases are present at all radar resolutions and are enhanced for the coarser radar resolutions examined here.



The corresponding relative error distributions for the   I W C   for the three spaceborne radar-sampling volumes considered in this study are shown in Figure 7. The   I W C   retrievals are based on the Ka-band radar reflectivity and Equation (3) where the only radar input is the radar reflectivity factor. This relationship has been widely used when single-frequency radar observations are available. The impact of the radar resolution volume is small with biases within   ± 10 %   at the low and high end of the retrieved   I W C   value. However, the validity of this approach is questionable. As already mentioned, there is a large (unaccounted) uncertainty related to the scattering model to represent the interaction of the radar signal with complex shape snowflakes. The aforementioned uncertainty can be reduced using dual-wavelength radar observations. In this case, the retrieval of the   I W C   is performed after the determination of   D m   using the   D W R   measurements and the LUT. Thus, the   D m   measurement error, amplified by an exponent between 4 to 5, depending on the scattering model used, controls the corresponding   I W C   error.




5. Conclusions


Due to their differences in sensitivity, attenuation and scattering by hydrometeors, multiwavelength radar observations have the potential to provide a holistic detection of cloud and precipitation systems. At the same time, the provided   D W R   observations can be used to improve microphysical retrievals. Due to the high non-homogeneous nature of clouds and precipitation, high quality   D W R   measurements are needed which require matched sampling volumes. This is a challenging requirement especially from a spaceborne platform since the maximum size of the antenna defines the radar-sampling volume. Therefore, for the longer radar wavelength involved in multiwavelength radar measurements the antenna size determines the radar-sampling volume.



Here, the impact of the radar-sampling volume on the   D W R   estimation and subsequent microphysical parameters such as   I W C   and   D m   is evaluated. Coarser resolution radar observations are generated by using fine resolution airborne multiwavelength radar observations from NASA’S OLYMPEx field experiment. These resolutions represent existing or planned future spaceborne radar systems. In general, averaging acts as a low-pass filter and removes large   D W R   observed at the airborne fine resolution while generates also lower   D W R   values due to non-uniform beam filling. The changes in the radar reflectivity distributions are also larger with increasing radar frequency.



The impact of the radar-sampling volume on   D m   depends on the specific LUT to convert   D W R   to   D m   and the selected dual-frequency radar pair for estimating the   D W R  . The shorter radar wavelength combination   D W  R  K a W    -based estimates of   D m   exhibit robustness in the low   D m   region. On the other hand, the longer radar wavelength combination   D W  R  K u K a     exhibits robustness in the medium and large   D m   region. These difference in robustness is due to the different dynamic ranges in the relationship between   D m   and   D W R  s for different pairs of frequencies. This shows also that both   D W R  -pairs are needed to extend the range of retrieved   D m  .



The coarser resolution [vertical,horizontal] tested here   [ 250 m , 5 k m ]   corresponds to NASA’s GPM-DPR resolution. This resolution has a small impact on the   D m   retrievals based on the   D W  R  K u K a    . However, if a similar resolution is selected for a future Ka-W-band radar system in space, there will considerable biases in the   D m   retrievals. If measurements at all three radar frequencies are available, the biases and uncertainties introduced by the coarser spaceborne radar resolution can be adequately addressed with proper selection of the   D W R   pair used for the   D m  . However, achieving such triple-frequency radar observations from space remains a very challenging and costly proposition.
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Figure 1. Reflectivity measurement from the OLYMPEx campaign, 1 December 2015, for Ku-band (  Z  K u   , Panel (a)), for Ka-band (  Z  K a   , Panel (b)), and for W-band (  Z W  , Panel (c)). The black contours mark the data used for the analysis. Observations below SNR threshold and below   0 ∘  -isotherm are filtered out. 
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Figure 2. Example of the moving average window applied to the   Z  K a    data from the OLYMPEx measurements highlighted in Figure 1b (white box): (a) the original measured   Z  K a    radar reflectivity with high resolution (see Table 1), (b): the radar reflectivity field at   100  m   horizontal and   1  km   vertical resolution, (c): the radar reflectivity field at   250  m   horizontal and   2  km   vertical resolution, (d): the radar reflectivity field at   250  m   horizontal to   5  km   vertical resolution. 
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Figure 3. Example of   D W  R  K a W     at different resolutions from the OLYMPEx measurements highlighted in the white box of Figure 1b: (a) the original resolution, (b): at   100  m   horizontal and   1  km   vertical resolution, (c): at   250  m   horizontal and   2  km   vertical resolution, (d): at   250  m   horizontal to   5  km   vertical resolution. 
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Figure 4. Histogram of   D W  R  K u K a     and   D W  R  K a W     for the original and coarser resolutions. (a) shows the histograms of the   D W  R  K u K a     and (b) the   D W  R  K a W     histograms. The gray area represents the normalized histogram of the original data, the lines represent the histograms of   100  m  –  1  km   (black),   250  m  –  1  km   (red), and   250  m  –  5  km   (blue). The histograms are based on the OLYMPEx data from 1st and 3rd December 2015. The green dashed lines show the   D W R  -  D m   Look Up Tables used in this study. 
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Figure 5. (a) Retrieved   D m   from the   D W  R  K a W     and (b)   I W  C  K a     for the original data resolution in correspondence to the OLYMPEx measurements highlighted in the white box of Figure 1b. In (a) the dark areas within the cloud are filtered out because the Look Up Tables for   D m   saturates at such large   D W  R  K a W    -values 
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Figure 6. Box-plot of the retrieved   D m   as a function of relative error of   D m   for the coarser resolution to the mean   D m   on the original resolution. The   D m   is binned into   1  mm   classes from 0–1  mm  till    D m  > 7  mm  , the data ticks show the percentages of data per class. The boxes cover the area from the 25 to the 75 percentile and the red bar shows the median and the dashed lines and bars denote the 10 and 90 percentile of the data in the class. (a–c) show the data based on   D W  R  K u K a     for all the resolutions. (d–f) show the data based on   D W  R  K a W     for all the resolutions. The resolutions are   100  m  –  1  km  ,   250  m  –  1  km  , and   250  m  –  5  km  , respectively. Plots show results based on the combined OLYMPEx data. 
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Figure 7. Box-plot of the relative error of the retrieved   I W C   as a function of different classes of   I W C   from 0–1.2   g   m  − 3    . The percentage of the points in each   I W C   class (out of the entire OLYMPEx dataset) is shown at the top of the figure for each spaceborne radar resolution depicted in (a) [100 m, 1 km], (b) [250 m, 2 km] and (c) [250 m, 5 km]. The boxes cover the area from the 25 to the 75 percentile and the red bar shows the median and the dashed lines and bars denote the 10 and 90 percentile of the data in the class. 
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Table 1. Resolutions of the original dataset and of the sampling volumes of the different spaceborne configurations analyzed in this study.
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Field Campaign Dataset






	
vertical

	
horizontal

	
airborne radar dataset




	
40 m

	
400 m

	
OLYMPEx data set




	
Spaceborne configurations




	
vertical

	
horizontal

	
configuration




	
100 m

	
  1.0   km

	
“ideal” configuration




	
250 m

	
  2.0   km

	
“near-future” configuration




	
250 m

	
  5.0   km

	
“current” configuration
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