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ESTIMATION OF THE TROPOPAUSE HEIGHT USING THE VERTICAL ECHO PEAK AND ASPECT SENSITIVITY CHARACTERISTICS OF A VHF RADAR

Introduction

Enhancement of the vertical echo power of VHF radars often occurs at or above the tropopause height [START_REF] Gage | Evidence for specular reflection from monostatic VHF radar observations of the stratosphere[END_REF][START_REF] Röttger | Partial reflection and scattering of VHF radar signals from the clear atmosphere[END_REF][START_REF] Green | Observations of stable layers in the troposphere and stratosphere using VHF radar[END_REF][START_REF] Balsley | On the vertical incidence VHF backscattered power profile from the stratosphere[END_REF][START_REF] Gage | A Fresnel scattering model for the specular echoes observed by VHF radar[END_REF]. The characteristic of vertical echo peaks has been used to estimate the tropopause. The methods used for the tropopause estimation are specular reflection method [START_REF] Gage | Evidence for specular reflection from monostatic VHF radar observations of the stratosphere[END_REF][START_REF] Röttger | Partial reflection and scattering of VHF radar signals from the clear atmosphere[END_REF][START_REF] Gage | Tropopause detection by partial specular reflection using VHF radar[END_REF], Zachs method [START_REF] Westwater | Ground-based remote sensing of temperature profiles by a combination of microwave radiometry and radar[END_REF], maximum echo power method [START_REF] Vaughan | Use of MST radars to probe the mesoscale structure of the tropopause[END_REF] and maximum echo power gradient method [START_REF] Vaughan | Use of MST radars to probe the mesoscale structure of the tropopause[END_REF].

The previous methods require to set up a limit of estimated height interval and are not very efficient in estimating the tropopause height when there were more than two peaks due to cloud layer, precipitation layer, or inversion layer in the profile of vertical echo power [START_REF] Green | Observations of stable layers in the troposphere and stratosphere using VHF radar[END_REF].

In the present study a new improved method for estimating the tropopause height using VHF radar data was suggested. The method was evaluated by comparing between the tropopause heights determined from rawinsonde data and radar data.

Data and instrumentation

The data used in the present study were from two sources: VHF radar observation and rawinsonde data. The VHF radar observation was performed at La Ferté Vidame VHF radar observatory (0.88°E, 48.62°N) during the period from 0000 UTC 6 to 2400 UTC 9 February 1998. The main characteristics of this profiler radar were a 52-MHz transmitted frequency, with a 18-kW peak pulse power, an a 1,000-m pulse length. The profiler used five beam positionsone vertical and four oblique -with a one-way half-power aperture of 6.5°. The oblique beams, with an off-zenith angle of 11.5°, were disposed every 90° in azimuth.

The rawinsonde observations were performed two times a day(0000 and 1200 UTC) at

Trappes upper-air observatory (2.02°E, 48.77°N).

The improved method to estimate tropopause height from VHF radar data

The proposed method employs aspect sensitivity characteristics to distinguish the reflection echo layer due to the tropopause from other peak echo layers, and estimated the tropopause height without a limit of estimated height interval. The algorithm follows five steps to find a layer of strongest aspect sensitivity from vertical and oblique echo profiles and then to determine the tropopause height using maximum echo power gradient method (Fig. 1).

Step 1: Differences between vertical and oblique echo powers (SNR V -SNR O ) are calculated every range gate.

Step 2: Positive SNR V -SNR O value are integrated and the maximum positive layer is determined as a layer of strongest aspect sensitivity.

Step 3: The height of maximum vertical echo power in the layer is determined as H Pmax .

Step 4: The height of the first minimum value in the vertical echo power profile below H Pmax is denoted H Pmin , provided the power P max -P min1 > 6 dB.

Step 5: The height of the maximum vertical echo power gradient between H Pmax and H Pmin is determined as tropopause height TP asp . 

Comparison between tropopause heights estimated from rawinsonde data and VHF radar data

The tropopause heights estimated by the improved method are shown in Fig. 2a. According to the power ratio of vertical to oblique echo powers (not shown) and rawinsonde data, there were no layers of strong aspect sensitivity due to tropopause until 1800 UTC 6, but appeared at about 10 km and maintained its heights between 10 and 14 km. The tropopause started to descend at 0600 UTC 7 and reached approximately 5 km at 2100 UTC 7. A new tropopause appeared between 11 and 12 km and maintained its height at about 12 to 13 km and until 1800 UTC 7.

The improved method correctly estimated the tropopause heights not only when there were more than two strong inversion layers due to a tropopause folding between 0600 UTC and 1500 UTC 7 but also when there were strong echo peaks due to cloud or precipitation layer below 7 km until 0600 UTC 9. The results of the tropopause height derived from the modified method agreed well with the rawinsonde-estimated tropopause heights and also provide reasonable structure during an event of tropopause folding. This method also gives a good resolution for tropopause height detection.

(a) (b) Fig. 2. Time-height cross sections of vertical echo power (SNR v ) and the tropopause heights (black dots) estimated by (a) the improved method and (b) the method combined maximum echo power gradient method and the improved method when there is no limit of estimated height interval. White dots represent tropopause heights determined from rawinsonde observation.

But in case of period until 1800 UTC 6 of Fig. 2a, the method erroneously estimated tropopause heights between approximately 9.5 and 20 km. To improve this disadvantage, the method combined maximum echo power gradient method was introduced. The maximum echo power method without limit of estimated height applied in case that the power ratio of vertical to oblique echo power was less than 6 dB.

The tropopause heights estimated by the method combined maximum echo power gradient method are shown in Fig. 2b. The combined method also correctly estimated the tropopause height not only when there were more than two strong inversion layers due to a tropopause but also when there were more than two strong inversion layers due to a tropopause folding.

Conclusions

In the present study, an improved method for estimating the tropopause height using VHF radar data was suggested and evaluated by applying to time series of a VHF radar data.

The proposed method employed aspect sensitivity characteristics to distinguish the reflection echo layer due to the tropopause from other peak echo layers, and estimated the tropopause height without limit of estimated height interval.

The tropopause heights estimated by the method when temperature lapse rate above tropopause height was more than 6 °Ckm -1 and the tropopause sharpness was classified into intermediate or definite type. The improved method estimated reliably the tropopause height when there were more than two peaks due to cloud layer, precipitation layer, or inversion layer in the profile of vertical echo power. Therefore, the method is very useful to estimating tropopause height when tropopause breaks and slopes during the stratospheric and tropopause exchange.

Fig. 1 .

 1 Fig. 1. Schematic depiction of tropopause height estimation from vertical echo profile (SNR V ) of VHF radar by the improved method. (a) Determination of a layer of strongest aspect sensitivity and peak heights H Pmax from vertical echo profile. (b) Determination of TP asp from vertical gradient of vertical echo profile.
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