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Introduction Instrumental set-up

The Middle and Upper Atmosphere radar (MUR) was operated in range imaging (FII) mode (5 frequencies) from 01 November 2013 16:00 LT to 09 November 2013 08:00 LT at a time resolution of 6.14 s (e.g. Luce et al. 2006). The radar beam was steered into 3 directions (vertical, and 10°off zenith toward North and East). The range sampling was performed from 1.32 km to 20.37 km. The FII mode was used for imaging the turbulent and stable layers. The Doppler spectra and moments were estimated at the range resolution of 150 m.

MUR observations

Figures 1(a)-1(b): Height-time cross-section of vertical MUR echo power in range imaging mode for all the campaign. The passage of frontal zones are clearly visible. The smoothed appearance of the radar echoes in clouds and precipitations strongly differ with the appearance of the thin stratified layers in dry air. The detailed analysis of the synoptic conditions will be performed in a subsequent work.

Conclusions ε

Estimating atmospheric turbulence parameters from ST radar measurements is an important issue. The methods used in the literature are based on the hypothesis that radar echoes at oblique incidence result from isotropic turbulence within the inertial subrange (e.g. Naström and Eaton, 2005). In such a case, the width of Doppler spectrum can be related to the turbulent energy dissipation rate . When the outer scale of turbulence is smaller than the dimensions of the radar volume, depends on the background stability N 2 (e.g., Hocking, EPS, 1999). The latter parameter is usually estimated from standard balloon measurements.

Our studies aim at estimating turbulence parameters by taking advantage of the high time resolution of radiosondes (1 sec) and concurrent radar observations. Wilson et al. (JAOT, 2011) showed that detecting turbulence from PTU measurements is possible by using Thorpe analysis (Thorpe, DSR, 1977) despite the instrumental measurement noise. The method was applied by Clayson and Kantha (JAOT, 2008) but without considering the noise effects. Turbulent layers can be directly identified through the detection of overturns produced by mixing and billows in dry or moist potential temperature profiles. The instrumental noise can lead to the detection of spurious layers especially in weakly stratified regions. Wilson et al. (JAOT, 2010) proposed objective selection criteria and procedures for minimizing noise effects. Wilson et al. (AMT, 2013) considered the air saturation effects. The Thorpe analysis also provides an important length-scale, the so-called Thorpe length LT defined as the root mean square of the Thorpe displacements in a turbulent layer. This parameter is very frequently used for characterizing turbulence in oceans: most studies revealed equivalence between LT and outer scales of turbulence (Ozmidov or buoyancy scales), for fully developed turbulence with an inertial domain (e.g. Smyth and Moum, JPO, 2000). From an intensive MU radar-balloon campaign at Shigaraki MU observatory performed in 2011, Luce et al. (RS, 2014) showed that the deepest turbulent layers identified in the potential temperature profiles (typically 50-1000 m in depth) are generally associated with nearly isotropic radar echoes, consistent with the detection of turbulence by the radar. This result gives credence to the fact that it is relevant to combine radar and balloon observations for estimating turbulence parameters, at least in a statistical sense. , 2010, , AMT, 2011, , 2013)). The labels indicate the deepest layers for which turbulence parameters have been estimated (Table 1). The deepest layers are detected in the regions where turbulence was detected by the radar and was suggested by the Ri* profiles. In particular, the most significant layers, observed on both sides of the cloud base (horizontal lines), associated with SNR and variance enhancements are detected in the temperature profiles by the Thorpe analysis for the 6 consecutive flights. Some others (deeper than 1000 m above 10 km) can be seen near the cloud top in M08 and V13 and coincide with recognizable features in Figures 4 and5. On the contrary, the selected turbulent layers below 6.0 km do not appear from one profile to another and may not be significant (except perhaps below the first radar gate, around 1.2 km). 

LB1

The purpose of our investigations is to infer key parameters of atmospheric turbulence from the combination of (MU) radar and balloon data. Our approach is first based on the direct identification of turbulent layers in potential temperature profiles from Thorpe analysis with careful selection procedures. Results from two types of radiosondes (Vaisala and Meisei) were obtained with similar performances. The present studies extend the results described by Wilson et al. (JASTP 2014) obtained for a few cases only.

-For the first time, a statistical comparison between the Thorpe length and the buoyancy scale is presented for turbulent events observed from six consecutive balloons near an upper level front and within cloud could be made and for selected cases from previous campaigns. A clear relationship between LT and LB was found (i.e. LB ~LT despite an important dispersion to be more thoroughly interpreted, see Figure 6b). It is consistent with studies conducted for oceanic turbulence. This fundamental result may have dramatic impacts on the characterization of turbulence in the troposphere and may justify the estimation of energetic parameters from standard balloon data alone (Clayson and Kantha, JAOT 2008).

-Estimation of energy dissipation rates in clear air and upper level clouds could also be obtained. Preliminary results show an overall consistency of the inferred turbulence parameters. (Smyth and Moum, JPO 2000) Questions or comments? Corresponding authors: hubert.luce@univ-tln.fr richard.wilson@upmc.fr doi.org/10.1016/j.jastp.2014.01.005i) 
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 2 Figure 2: Close up of Figure (1a) between 01-NOV 20:00 LT and 02-NOV 05:20 LT . The nearly straight lines show the balloon altitude vs time (red: Vaisala, Black: Meisei). V02/M03, V04/M05 and V06/M07 were launched almost simultaneously but separately. The profiles are the moist potential temperature profiles used for Thorpe sorting. They were estimated from the numerical integration of dry N 2 when relative humidity was below the saturation thresholds defined by Zhang et al. (2010) for Vaisala sondes (and also used for Meisei sondes here) or moist N (Lalas and Einaudi, JAS, 1974) when above. Also shown are the vertical profiles of at a vertical resolution of 50 m. (The vertical dashed line correspond to N* 2 =0). The Meisei and Vaisala profiles are very similar. The N* 2 maxima generally coincide with radar echo enhancements.
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 34 Figure 3: Close up of Figure (1a) between 02-NOV 20:00 LT and 03-NOV 05:05 LT. The black curves show the moist N* 2 and the vertical dashed lines show N* 2 =0. Deep regions of weak stability can be seen in the height range 6.0-11.5 km and coincide with a smooth appearance of the radar echoes. These echoes are not aspect sensitive (see Figure 5). Their structure contrasts with the thin layering below 6.0 km and above 11.5 km where profiles of N* 2 show a succession of narrow peaks. A frontal surface (strong temperature and humidity increases) and the cloud base are indicated by the dotted blue line (and coincide with the strong peak of N* 2 . Deep (up to ~1 km) turbulent layers can be seen on both sides of the cloud base and within the clouds. The nearly vertical striations of the echoes underneath cloud can be the signature of KH billows or convective rolls as already reported from MUR observations in FII mode for such atmospheric conditions (e.g. Luce et al, MWR, 2010).

  Figure6(a) Preliminary comparisons between buoyancy and Thorpe lengths for 18 selected cases from balloon and MUR data collected in 2011 (black dots) and 2012 (red dots) using similar radar configurations. (b) Systematic comparison for the layers exceeding 100 m in depth and detected above 5.8 km (just below and within the cloud). The blue dots corresponds to the deepest layers shown in Figure6and described in Table1. The ratio LT/LB is less than a factor 2 to 3 and correlation coefficient is 0.56. A linear regression indicates LT ~LB. (p~1)

  potential energy, TKE: Turbulent Kinetic Energy, Lo: Ozmidov scale : potential energy dissipiation rates p Energetic parameters estimated for the deepest layers (labeled in Figure 6) below cloud (LB), above cloud (LA) and inside cloud or near cloud top (LT). The values for cloudy air are emphasized by gray rectangles. Note that kinetic energy dissipation rates inside clouds are always smaller than values underneath clouds.

  et al. JASTP, 2014 for more details on the mathematical derivations http://dx.