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1.  Introduction

Umkehr observations today are performed with both Dobson (WMO, 1992; Staehelin et al., 1995) and Brewer (Kerr et al., 1988) spectrophotometers measuring the ratio of diffusely transmitted zenith-sky radiance at a wavelength pair in the ultraviolet, one wavelength strongly, the other wavelength weakly absorbed by ozone. These wavelength pairs are measured in a series of zenith-sky observations with the solar zenith angle changing from 60º to 90º during sunrise or sunset.

The Brewer spectrophotometer is an automated instrument, so most of the Brewer stations report Umkehr measurements, which are inverted and archived as layer ozone amounts at the World Ozone Data Center, Toronto, Canada. Some stations have today data records exceeding 10 years, long enough to contribute at the ozone trend analysis (McElroy et al., 1996). However, the Brewer data require additional scientific effort to invert and validate before they can be used for trend studies. One of the main goals of the Izaña's team in the REVUE Project is to re-process the whole Umkehr dataset obtained at the Izaña Atmospheric Observatory, and validate it against the ECC dataset obtained at the Santa Cruz de Tenerife radio sonde station.
The Izaña Atmospheric Observatory is located at 28º18'N, 16º29'W on the island of Tenerife (Canary Islands) at 2367 m.a.s.l. The Observatory is managed by the Instituto Nacional de Meteorología (INM), Spain. The station is situated on the top of a mountain plateau on the dorsal ridge that crosses the island. The Observatory is normally above a temperature inversion layer, generally well established over the island (between 1200 and 1800 m a.s.l.), so air is free from local anthropoge​nic source influences and also from clouds resulting to be extremely clean and suitable for radiation measurements.

Continuous monitoring of total ozone started in May 1991 with a Brewer spectrophotometer (#33). In November 1998 this instrument was replaced by a double Brewer (#157) that is operating since then. The Brewer spectrophotometer has been ozone calibrated at least once a year, since 1991, against the reference Brewer from AES (Canada). The Izaña's Brewer has also successfully participated in four international UV-ozone intercomparisons: NOGIC-93 campaign, the 12th Dobson calibration and intercomparisons (1994), CASCUM-95 campaign (1995), NOGIC-96 campaign and SUSPEN campaign (1997).

The program of vertical ozone profiles (from 0 to about 34 km altitude) was initiated in November 1992 (ECC electrochemical sondes) with ozonesondes launches from Santa Cruz de Tenerife station (36 m.a.s.l.), distant 28 Km. from Izaña Observatory, on a weekly basis and more often during intensive campaigns. The main features of the ozone sonde system are the following: 

Sensor: ECC-A6

Radiosonde: RS-80 15GE

Interface: RSA 11

Balloons: TOTEX  TA 1200

Receiver: Digicora Marwin MW-11 

Wind system: GPS

Data acquisition system: Väisäla Metgraph with NASACONV.

Tenerife station has participated in annual THESEO campaigns and in field experiments carried out in the framework of different EC projects (BOA, CRISTA and TRACAS).
The ozonesondes are checked before launching with a Ground test with ozonizer/test unit TSC-1. Column ozone comparisons are done primarily using the Brewer located at Izaña, and secondarily with TOMS. Now the NDSC quality control and quality assurance requirements are fulfilled, and the ozone sonde data are routinely archived into the NILU database.

The location of the station is favorable to perform studies of chemical and transport processes in the stratosphere of the subtropics and evaluate their importance for mid-latitudinal ozone levels.

In this paper the Umkehr and ECC series obtained at Izaña Observatory in the period 1993-98 are showed and compared each other. Wind information derived from the sondes is also provided for each Umkehr layer. 

2. Experimental

Confident Umkehr profiles are obtained with the Brewer#33 at Izaña since September 1992. In August 1998 a new double Brewer spectrophotometer (#157) was installed at Izaña which was running in parallel with the older Brewer #33 until November 1998, when the Brewer#33 was moved to a new Spanish station. The complete Umkehr dataset of Izaña Observatory corresponding to the period November 1992 - December 1997 was re-evaluated using the Wave-5 Brewer Umkehr code and the first guess obtained from the ECC climatology. Details of their validation can be found in the accompanied paper by Redondas et al.(1999).Those Umkehr’s fitting the quality control criteria (number of iterations "Iter" ( 3, and root-mean-square fit between observed Umkehr and Umkehr calculated from the retrieved profile, "RSMRES" ( 1) were incorporated to the time series.  

Information concerning technical features and observation program capabilities with a Brewer Spectrophotometer can be found in McElroy et al., 1989, and in WMO/GAW, 1990. 

Concerning the ozone sondes, a constant mixing ratio above burst level is assumed for the determination of the residual ozone if an altitude equivalent to 17 hPa has been reached. The integrated ozone column, for those ozone sondes that reach a burst level of at least 17 hPa, is ratioed with the same column amount measured with Brewer (starting at 2400-m a.s.l.). Most of the Brewer/ECC coefficients fall in the 0.95-1.05 range. The complete ozonesonde dataset of Tenerife station corresponding to the period November 1992 - December 1997 was re-evaluated normalizing them, first, with the factor Brewer-O3/ECC-O3, and integrating them for the different Umkehr layers (DU). As Izaña station is at 2367 m .a.s.l., layers 0 and 1 are considered as an unique layer 1, in which the ozone integrated from sea level to Izaña’s altitude is subtracted. This amount is about 10 DU (Redondas et al., 1997). The ECC-Umkehr validation can be only performed for the first seven layers.

3. Umkehr series. Discussion 

The ozone first-guess used in the re-evaluation of the Izaña´s Umkehr dataset was obtained from the ECC climatology of Tenerife, as it is recommended by Redondas et al. (2000). This first-guess uses four climatological profiles corresponding to the ozone sondes performed in December-February, March-May, June-August and September-November periods, respectively, from 1993 to 1998 in Tenerife. These profiles (shown in Figure 1) provide information of the vertical ozone distribution from sea level to 32 km. For altitudes higher than 32 km a constant mixing ratio is assumed. An Umkehr-layer scheme in the altitude range where the ECC-Umkehr comparison is performed is shown in Figure 2. The lines correspond to the ozone and temperature vertical profiles in summertime.

A picture of the first guess for the whole period January 1993- December 1997 is shown in Figure 3. In Figures 4a and 4b, the AM and PM January 1993- December 1997 Umkher series with the quality control criteria RMSRES<1 and ITER<=3, using the Wave-5 (1991) code and the ECC-climatology First Guess are shown, respectively. The number of "good" Umkehr profiles in this period is 912, what means that about 50% of the Umkehr profiles obtained every year fit the quality control criteria and are useful to be included in the Umkehr data series of the Izaña Observatory. Finally, Figure 4c shows the ECC 1993-1998 series.

Figure 5a shows the integrated ozone (tropospheric ozone) at Layer 1 (2.4-10.3 km) for AM Umkehr (red crosses) and ECC (blue open circles). Surface ozone series (Dasibi and TECO analyzers) at Izaña Observatory in black crosses is also plotted. Integrated ozone at layer 1 shows a similar behavior to the surface ozone series at the Izaña Observatory, with a maximum in late spring-early summer and a minimum in late fall what seems to be a reasonable result. It is worth to emphasize that the positive trend observed in the surface ozone series is also detected in the Umkehr layers 3 and 4. 
In Figure 5b the integrated ozone at Layer 2 (10.3-14.7 km) for AM Umkehr and ECC is depicted. Total ozone is also plotted in black crosses. This layer, that shows a maximum in spring, is strongly influenced by the seasonal variation of the double tropopause altitude in the subtropics (Sancho et al., 2000a).

Figure 5c shows the same as Figure 5b but for Layer 3 (14.7-19.1 km). This layer shows a minimum in late summer - early fall. 

In Figure 5d is depicted the Layer 4 (19.1-23.5 km), which shows a seasonal variation similar to that of total ozone with a maximum in spring. However the annual minimum is observed earlier that in total ozone series (late summer).

Layer 5 (23.5-28.0 km), where the ozone peak is observed in the subtropics, is plotted in Figure 5e. This layer shows also a similar behavior than the total ozone series except that the annual peak is recorded later (early summer). 

Finally the Layer 6 (28.0-32.6 km) is shown in Figure 5f. This layer shows very well the "anomalous" ozone minima recorded in total ozone in the winters 1992-93 and 1994-95.

None statistically significant conclusion can be assessed concerning the ozone trends at different Umkehr layers because the data series are too short (6 years), and the negative trend in total ozone in the tropics, in the North hemisphere, is rather small: -2.4(1.5% per decade according to Bojkov y Fioletov (1995). However, an outstanding feature is that layers 3, and 4 show relative ozone recovery since 1995 as it is observed in the total ozone series. In this sense we can say that Umkehr series are sensitive enough to detect ozone trends.

As it can be derived form Figure 6, most of (Umk-ECC)/ECC errors in the period January 1993 - December 1998 are confined into the ( 10% range for the Umkehr layers 4, 5 and 6, respectively. So, a relatively good agreement between Umkehr and ECC is found in these layers where Umkehr represents very well the actual seasonal variation of ozone. More than 360 quasi-simultaneous Umkehr-ECC profiles have been used in this analysis.

In figure 7, the integrated ozone, the averaged zonal wind, the meridional motion and the wind velocity at layers 3 and 4, respectively are depicted for the period 1994-1999. It can be seen that low ozone is observed when the Eastward component of the wind is higher (around summertime). When this happens the meridional motion (positive values) is also higher, what means that the poleward transport from the equator in the lower stratosphere reduces subtropical total ozone. This fact is particularly clear in the layer 4 (19.1-23.5 km). This result agrees those obtained by Hofmann et al. (1996) who found very low ozone mixing ratio at the tropics below 25 km during poleward transport.

Main conclusions
More than 360 quasi-simultaneous Umkehr-ECC profiles have been compared in the period January 1993 - December 1997, covering all the seasons and different meteorological conditions. So, this Intercomparison and validation can be considered as representative of all type of atmospheric conditions observed in the subtropics.
A detailed analysis of the Umkehr series is out of the scope of our contribution to REVUE Project. However it has been demonstrated in this report that Brewer-Umkehr algorithm is reasonably good in layers 4, 5 and 6 to describe the seasonal variation of ozone in these layers and also to detect trends. Layers 4, 5 and 6 represent together the major part of the ozone layer, so it can be confirmed that Umkehr series, obtained with the Brewer spectrophotometer, are a powerful and helpful tool for ozone layer monitoring. The Umkehr program complements the scarce information provided by the ozonosonde program (because its weekly frequency) about the stratospheric ozone. Indeed Umkehr observations seem to be capable to detect ozone trends.
Bojkov y Fioletov (1995) report negative trend in total ozone of -2.4(1.5% per decade over the tropics. Sancho et al. (2000b), analyzing a 18-year record of radiosonde data from 1980 to 1998,  observe that stratospheric temperature trends are negative over Tenerife for all levels with a trend lower than -1K/decade between 15 km and 30 km altitude.  Sancho et al. (2000a) also report a positive trend (+131 ( 80 m (() per decade) 
of the tropical tropopause altitude. Umkehr series will play an important role in interpreting these changes observed in the subtropical stratosphere and so, efforts in Umkehr algorithm improvement will focus on layers 3, 4, 5, and 6 in order to assure an accurate monitoring of the ozone layer in this region. This job can be performed easily in this Observatory since about 50% of the total Umkehr profiles (about 182 Umkehr per year) fit the quality control criteria and are good enough to be included in the Umkehr data series for statistical analysis.

Near future work concerning ozone interpretation, in terms of atmospheric transport, will consider the regular two-daily meteorological information (temperature and wind) provided by the meteorological soundings performed in Santa Cruz de Tenerife station and the complete Umkehr daset until now.
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Figures captions

Figure 1. Averaged vertical profiles of temperature and ozone partial pressure corresponding to spring (March-May), summer (June-August), fall (September-October) and winter (December-February), respectively. These mean profiles were calculated with the ozone sondes performed in the period November 1992 - December 1997.

Figure 2; Umkehr layer scheme in the altitude range where the ECC-Umkehr comparison is performed. The lines correspond to the ozone and temperature vertical profiles in summertime.

Figure 3; Picture of the ozone first guess using the ECC climatology of Tenerife station for the period 1993-98.

Figure 4; Time-Layer cross section of AM and PM Umkher and ECC for the period 1993-98. The Umkehrs used in this plot were re-evaluated using the Wave-5 (1991) Umkehr code, the ECC-climatology ozone first guess, and all of them fit the quality control criteria (RMSRES<1 and ITER<=3).

Figure 5 (a, b, c, d and f); Plots of AM Umkehr (red crosses) and ECC (blue open circles) for Layers 1, 2, 3, 4, 5 and 6, respectively. Surface ozone (Figure a) and total ozone (Figures b, c, d, e and f) in black crosses.

Figure 6 (a and b); (Umk-ECC)/ECC errors for the Umkehr layers 4 and 5, respectively, in the period January 1993 - December 1998.
Figure 7 (a, b); Integrated ozone (Blue line). Averaged zonal wind (u - black line-; positive values mean Eastward component), meridional motion (v; - red line --; positive values mean Northward component; ) and wind velocity (V; green line) at layers 3 and 4, respectively. Period: 1994-1999.

