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Ground-based total ozone column measurements and their diurnal variability

Three Brewer spectrophotometers were set up in three tropical sites of South America (in the Bolivian Altiplano and seashore and biomass burning areas of Brazil) to measure the total ozone column (TOC). Only TOC measurements with uncertainties ≤1% (1σ) were considered. Typically, the standard deviation for the diurnal sets of measurements was predominantly ≤1% for two of these sites. The average variability in TOC ranged from 6.3 Dobson units (DU) to 16.8 DU, and the largest variability reached 54.3 DU. Comparisons between ground-based and satellite (Total Ozone Mapping Spectrometer (TOMS)) data showed good agreement with coefficients of determination ≤0.83. However, the quality of the ground-based measurements was affected by the weather condition, especially for one of the sites. Visual observation of the sky from the ground during the measurements with one of the Brewers added to the satellite data of reflectivity and aerosol index supports that statement.

Introduction

[2] The ozone in the Earth's atmosphere results from the balance between production and destruction in photochemical mechanisms fed by the solar radiation. The dynamics of the air masses contribute to the varying amounts of ozone in the atmosphere, and the interannual and seasonal variations of this gas follow patterns with latitudinal dependence [START_REF] Whitten | Ozone in the Free Atmosphere[END_REF]. The potential effects of the anthropogenic action on the atmospheric ozone have stimulated the research on ozone in the last 50 years. Measurements of the total ozone column (TOC) have been analyzed in many studies [START_REF] Silva | A quarter century of TOMS total column ozone measurements over Brazil[END_REF][START_REF] Fioletov | An assessment of the world ground-based total ozone network performance from the comparison with satellite data[END_REF].

[3] The investigation into the diurnal variability in TOC (TOC var , or the difference between the maximum and the minimum values of TOC in the period) has been made by several studies depicted in Table 1. Diurnal changes of up to ≈40 Dobson units (DU) were reported for different environments in the Northern Hemisphere. A few percent of variability in TOC (≈1%) in the diurnal period has been reported in general [START_REF] Whitten | Ozone in the Free Atmosphere[END_REF]. However, the influence of clouds and aerosols on TOC measurements leads to lower quality results and higher values of TOC var [START_REF] Brogniez | Ozone column retrieval from solar UV measurements at ground level: Effects of clouds and results from six European sites[END_REF].

[4] In this work, a monthlong campaign was conducted in three different environments in South America using three Brewer spectrophotometers simultaneously: one in central Brazil during the biomass burning season, another in the northeast coast (seashore) of Brazil, and another in the Bolivian Altiplano. One of the goals of the campaign was to measure the TOC var within the diurnal period. TOC data from Brewers and the Total Ozone Mapping Spectrometer (TOMS) were compared. In addition, TOMS data of reflectivity (R PC ) and aerosol index (AI) were used in the analysis of the influence of the weather condition on ground-based TOC measurements. The visual inspection of the sky was conducted in one of the sites in order to support the analysis.

Sites and Instruments

Site Description

[5] Ground-based measurements using Brewers were held simultaneously in Campo Grande (CG, 20.44°S, 54.65°W, 532 m above sea level (asl), 8093 km 2 , Brazil), Natal (Na, 5.79°S, 35.21°W, 30 m asl, 167 km 2 , Brazil), and La Paz (LP, 16.49°S, 68.15°W, 3640 m asl, 3240 km 2 , Bolivia). These three cities are capitals (state or national) with about 850,000 inhabitants. CG's economy is devoted to the rural activities of the agro-business in central Brazil. Its rainy and dry seasons extend from November to March and from May to September, respectively. The dry season is marked by biomass burning episodes where huge amounts of aerosols and gases are released to the atmosphere by the fire in the dry vegetation. Na is located in the Northeast coast of Brazil, where tourism represents one of the main economic activities. The breeze from the Atlantic Ocean (the Alisios winds) blows over the region and represents a source of clean air with marine aerosols. Rainy and dry seasons in Na extend from February to August and from September to January, respectively. LP is the capital of Bolivia and is located in a valley in the Andes within the region called the Altiplano. Despite its location in the equatorial zone, LP has a subtropical climate of altitude caused by the altitude of the Altiplano. Snowy mountains are seen constantly across

The Brewer Spectrophotometer

[6] The Brewer spectrophotometer (SCI-TEC Instruments Inc., Saskatoon, Canada) uses the sunbeam in a direct Sun (DS) measurement to obtain the amount of TOC. The solar radiation is admitted into the instrument's foreoptics (field of view of nearly 2°) composed of collimators, shutters, neutral density filters, focal lens, and a grating of 1200 lines/mm that selects five wavelengths (with resolution of 0.6 nm full width at half maximum) in the ultraviolet B (UVB) range to be counted by a photomultiplier tube. A routine setup in a personal computer controls the instrument's operation and processes the UVB counts to determine the TOC measurement. This value is the average of five TOC values obtained in five consecutive DS measurements (which take about 3.5 min to be completed) followed by the corresponding standard deviation (herein just called the uncertainty of TOC). The accuracy and precision of each TOC value from one DS measurement are estimated to be ±2.5% and ±0.25%, respectively [START_REF] Kerr | Total ozone measurements made with the Brewer ozone spectrophotometer during STOIC 1989[END_REF]. The TOC measurement depends on the consideration of a representative temperature for the atmosphere, which defines the effective ozone absorption coefficients of UVB radiation to be input in the Brewer's routine to obtain the amount of TOC in the atmosphere. An annual calibration based on certified UVB sources and daily procedures to check the calibration and operation of the instrument must be assured. In general, TOC measurements from Brewers are assumed to be of good quality if their uncertainties are ≤1% (1σ) [START_REF] Fioletov | An assessment of the world ground-based total ozone network performance from the comparison with satellite data[END_REF].

The TOMS Instrument

[7] The Total Ozone Mapping Spectrometer (TOMS) was an instrument carried by three satellites (Nimbus 7, Meteor 3, and Earth Probe) sponsored by the National Aeronautics and Space Administration (NASA) from 1978 to 2004. Each satellite provided TOMS with 13-14 synchronous polar orbits around the Earth daily. Measurements (35 times every 8 s by scanning in the perpendicular direction to the satellite orbit) of the solar radiation backscattered by Earth (surface and atmosphere) at wavelengths from 310 nm to 380 nm were obtained. Wavelengths at 317 nm and 331 nm were input into the TOMS routine (Version 8) to produce daily TOC values averaged within 1°× 1.25°grids (latitude × longitude, area of ≈12,500 km 2 at low latitudes). TOMS also used wavelengths in the range of 330-380 nm to produce other atmospheric parameters like R PC and AI [START_REF] Herman | UV 380 nm reflectivity of the Earth's surface, clouds and aerosols[END_REF][START_REF] Hsu | Comparisons of the TOMS aerosol index with Sun-photometer aerosol optical thickness: Results and applications[END_REF].

Methods

[8] Three Brewer spectrophotometers were set up in three South American sites to operate simultaneously in a campaign from 28 July to 25 August 1999. The campaign was sponsored by the Laboratório de Ozônio of the Instituto Nacional de Pesquisas Espaciais [START_REF] Silva | A espessura óptica de aerossóis na banda do UV-B[END_REF][START_REF] Silva | Calmness of the aerosol layer in the atmosphere during biomass burning episodes[END_REF]. Brewers were set up as follows: Brewer MKII #056 in CG, Brewer MKIV #073 in Na, and Brewer MKIV #110 in LP. The same schedule was arranged for the three instruments to provide TOC values through DS measurements at solar zenith angles (SZA) ≤60°( air masses ≤2). At noon time (≈11:00-13:00 local time), the instruments were scheduled to take other types of measurements. The diurnal set of measurements of TOC and its variability (TOC var ) were analyzed individually and in comparisons using data from the sites and TOMS. Mercury lamp calibration tests were made routinely for each Brewer during the campaign to ensure the correct alignment of the instrument's foreoptics.

[9] According to [START_REF] Herman | UV 380 nm reflectivity of the Earth's surface, clouds and aerosols[END_REF], the parameter R PC is drawn from the Lambert Equivalent Reflectivity (LER) that combines the fraction of sky covered by clouds, the optical depth of clouds, and their height to be associated with the solar energy reflected to the space. Typically, R PC is in the range of 2%-8% for land covered by green vegetation, urban constructions, and sand or water reservoirs (lakes, seas, and oceans). Above that limit and up to about 80%, R PC is proportional to the cloud cover. However, large areas covered by desert sand and snow can augment this parameter significantly, representing a false estimation of cloud cover. Another interesting parameter is the AI defined by [START_REF] Hsu | Comparisons of the TOMS aerosol index with Sun-photometer aerosol optical thickness: Results and applications[END_REF] as a measure of the reduction in the Rayleigh scattered radiation in the atmosphere from the attenuation by aerosols in relation to the amount that would be scattered in a pure atmosphere. Absorbing and nonabsorbing aerosols yield positive and negative values of AI, respectively. However, absorbing aerosols within the boundary layer can lead to negative values due to the prevalence of the Mie scattering over the Rayleigh one in this region. Both parameters, R PC and AI, were used in the analysis of TOC measurements from Brewers to provide information on the weather condition during the campaign. In addition, visual observations of the sky were conducted in CG for the DS measurements to guide the analysis of the TOC measurements. 

Results and Discussion

Weather Observation in CG

[10] According to [START_REF] Brogniez | Ozone column retrieval from solar UV measurements at ground level: Effects of clouds and results from six European sites[END_REF], clouds affect the value and the uncertainty of TOC measurements. Therefore, the observation of the weather condition (or the sky) during DS measurements represents a crucial point to understand the obtained values of TOC. In general, a successful DS measurement is obtained through a direct sunbeam free of clouds. However, the presence of clouds in the sky can affect the measurements even if the clouds are not blocking the sunbeam reaching the instrument on the ground. The observation of the sky in the 1999 campaign was provided for each and every DS measurement in CG, where the sky was described in terms of both clouds blocking the sunbeam reaching the Brewer and clouds in other parts of the sky. The presence of smoke and aerosols in the atmosphere of CG was also reported.

[11] Table 2 shows for each site the number of days of campaign (ND), the total number of TOC measurements (MDS), and the number of these measurements that resulted in TOC values with uncertainties ≤1% (MDS 1% ). For CG, 88% of the MDS were MDS 1% , where 435 measurements had occurred under cloudless skies and 370 under cloudy ones. From the latter, 103 measurements had clouds blocking the sunbeam that were generally optically thin and tiny clouds of the genera cirrus and altocumulus or the fractus form type. On the other hand, 16 measurements among the 105 ones with uncertainties > 1% occurred under cloudless skies. These numbers are summarized in Figure 1 in terms of the distribution of cloud genera during TOC measurements in CG. They are not only evidence of the interference of clouds in the measurements but also proof of the complexity of the matter. A link between TOC measurements of uncertainties ≤1% (good quality) and cloudless scenarios was also found by [START_REF] Silva | Total ozone column measurements for an urban, tropical site in the Southern Hemisphere with a Microtops II[END_REF] using a handheld ozone monitor Microtops II (MII, Solar Light Co., Inc., Glenside, U.S.). It seems that the presence of clouds can introduce variations in the amount of UVB radiation admitted into the instrument's foreoptics.

[12] There was no observation of the sky for the two other sites during the campaign. However, we can use the observations in CG as a guide in the interpretation of the data from those sites. Na had 49% of its measurements as MDS 1% , and LP made a higher amount of 75%. It was dry season for LP and CG, while Na was in the final stages of its annual rainy period. Therefore, it is reasonable to expect a higher occurrence of clouds at Na than at LP. The TOMS data of AI and R PC can help in the analysis. Figure 2 shows the daily values of AI and R PC . The AI had similar average values for CG (0.49 ± 0.57) and Na (0.47 ± 0.22), but a lower value was obtained for LP (0.15 ± 0.15). The similarity between the values for CG and Na comes out probably from the preponderant presence of aerosols in these sites in that period: CG was in the middle of the biomass burning season in central Brazil [START_REF] Silva | Calmness of the aerosol layer in the atmosphere during biomass burning episodes[END_REF][START_REF] Reid | Physical and optical properties of young smoke from individual biomass fires in Brazil[END_REF]], while Na is a seashore site in the equatorial zone where the atmosphere is abundantly fed with marine aerosols brought by the ocean breeze. On the contrary, LP is in the limits of the boundary layer tending to present a cleaner atmosphere that explains the smaller values of AI. The average R PC was smaller than 8% for CG (6.2 ± 4.2%), where many days of cloudless skies had been observed, while similar values were obtained between Na (15.6 ± 9.2%) and LP (14.2 ± 9.9%). This suggests the occurrence of similar amounts of cloud cover in that period at both Na and LP. However, there are two facts that must be taken into consideration: (i) The Bolivian Altiplano is thousands of meters above sea level; thereby, peaks and mountains surrounding the valley where LP is located can be constantly snowy, especially in the winter months of the campaign. (ii) The grid of TOMS data represents a large area (a radius of ≈63 km would be obtained if the grid were taken as a circle), and many snow-covered areas can be included within the grid referring to LP. In this case, the average R PC of 15.6% for LP is likely to be an augmented value contaminated by the presence of these areas around the site. Then, the correct value of R PC is likely to be lower than the obtained one. This argument supports the 75% of MDS 1% for LP in relation to the 49% for Na. 

The TOC Values From the Campaign

[13] Only TOC values considered as good quality measurements (uncertainties ≤1%) were adopted for the analysis herein. Figure 2 shows the daily average values of TOC for the sites, while Table 2 shows the average values of TOC for the whole period of the campaign. These values and their day-to-day variability are regular and typical [START_REF] Silva | A quarter century of TOMS total column ozone measurements over Brazil[END_REF][START_REF] Whitten | Ozone in the Free Atmosphere[END_REF]. The average TOC for LP is about 6% lower than the values for CG and Na. This difference is explained by the higher altitude of LP in relation to the two other sites.

[14] Figure 3 shows some sets of TOC measurements that were selected by taking into consideration the association between a lower standard deviation (in percentage, TOC sd% ) for the diurnal average TOC and a significant amount of MDS 1% . The values of TOC var for these cases were 1.2% (3.2 DU) in 27 MDS 1% for CG, 0.9% (2.4 DU) in 7 MDS 1% for Na, and 1.9% (5 DU) in 30 MDS 1% for LP. Note that the low number of MDS 1% for Na reflects the likely influence of clouds yielding poorer results, since the number of good quality measurements per day depends on the weather condition. TOC measurements for day of year (DOY) 218 in CG had cloudless skies in the morning and cloudy skies in the afternoon with predominance of cumulus. This scenario probably yielded the larger uncertainties indicated by the error bars in the afternoon measurements. In addition, the turbidity seen in the skies was an evidence of an atmosphere burdened by aerosols from the biomass burning fires in the region, which can also add some influence through the increase of stray light in the DS measurements [START_REF] Silva | Aerosol optical thickness from Brewer spectrophotometers and an investigation into the stray-light effect[END_REF]. However, further investigations must be conducted in relation to the effective influence of aerosols on TOC, especially because that influence can depend on parameters like the aerosol optical depth and the aerosol composition and can overlap with effects caused by clouds [START_REF] Silva | Total ozone column measurements for an urban, tropical site in the Southern Hemisphere with a Microtops II[END_REF][START_REF] Silva | Calmness of the aerosol layer in the atmosphere during biomass burning episodes[END_REF].

[15] The average period for the realization of the measurements varied from 6.5 to 7.5 h, with an interval of about 2 h at noontime. This is shorter than the elapsed time for the measurements in the works of Table 1, but it represents a significant part of the diurnal period. TOC var and TOC sd% for the sites are shown in Figure 4. TOC sd% for CG and LP was typically under 1% or the same amount as the uncertainties for good quality measurements of TOC. Therefore, it is not possible in these cases to identify whether the diurnal variability in TOC was real or simply reflected the uncertainty of the measurements. However, sets of measurements with TOC sd% > 1% occurred for two DOYs (224 and 236) for LP and six DOYs (209, 224, 226, 230, 233, and 234) for CG. On the other hand, Na had all sets of measurements with TOC sd% > 1% (the only exception was DOY 232), which represent a significant variation in TOC. TOC var ranged from 2.7 DU to 54.3 DU with an average of 9.3 ± 10.9 DU for CG, from 2.4 DU to 40.4 DU with an average of 16.8 ± 7.7 DU for Na, and from 3.4 DU to 10.3 DU with an average of 6.3 ± 1.5 DU for LP. The 54.3 DU value is higher than the values found in Table 1 and corresponds to ≈20% of the average TOC value for that DOY in CG. However, the average TOC var for LP is similar to the one obtained by [START_REF] Kerr | Total ozone measurements made with the Brewer ozone spectrophotometer during STOIC 1989[END_REF] (6.6 ± 2.4 DU) in Table Mountain, which is also a high altitude site like LP.

[16] The weather condition, or the presence of clouds in terms of cloud cover, seems to be the main aspect modulating the amounts of MDS 1% , which are shown for each set of measurements for each site in Figure 4 (top). The average values for the amounts of MDS 1% were 28 for CG, 14 for Na, and 22 for LP. These numbers support the assumption of lower amounts of cloud cover for CG and LP in relation to Na. The influence of plumes of smoke and aerosols in the measurements is a likely effect, although no direct evidence of it had been observed in CG. However, the occurrence of the 16 TOC measurements with uncertainty > 1% under cloudless skies could result from the influence of aerosols. In addition, the largest values of TOC var in CG on DOYs 209, 224, and 234 were reported with lower values of cloud cover (or no cloud cover at all) and a significant amount of smoke and aerosols in the atmosphere from biomass burning fires.

[17] In addition to many sets of measurements having TOC var similar to the uncertainties of good quality measurements, there was also no trend apparent in the variation of TOC along the day (from morning to afternoon) for CG and LP. The only significant variations were found for the three highest TOC var for CG. On the other hand, 47% of the sets of measurements for Na showed significant diurnal increases in TOC.

Comparing TOC Measurements From Brewers and TOMS

[18] The daily TOC values from TOMS (TOC T ) were compared with the diurnal average TOC values from Brewers (TOC B ) using linear fittings. The results are depicted in Table 3. There was good agreement between CG and LP with coefficients of determination (r 2 ) of fair (0.68) and very good (0.83) values, respectively, in addition to the relatively low values of ≈13% for the percentage scattering of points (SD%). These parameters reflect linear fittings (TOC T = a + bTOC B ) of good quality with coefficients a and b close to 0 and 1, respectively. On the other hand, the linear fitting for Na was of very poor quality, with low r 2 , large SD%, and values of a and b quite disconnected from the good pattern. The main reason for this is the likely influence of clouds on Brewer #073's measurements, which is supported by the low percentage (49%) of MDS 1% for the site.

Conclusions

[19] TOC measurements from Brewer spectrophotometers were obtained simultaneously at three South American sites in the tropics. Their diurnal variability was investigated taking into consideration the presence of clouds and aerosols. The most elevated site (LP) showed the lowest diurnal values of variability, with a maximum TOC var of 10.3 DU and an average of 6.3 ± 1.5 DU (1σ) for an average TOC value of 256.9 ± 6.8 DU. The site in the biomass burning area (CG) presented a TOC var of up to 54.3 DU, with an average of 9.3 ± 10.9 DU and an average TOC value of 274.1 ± 7.2 DU. The site in the seashore (Na) showed a TOC var of up to 40.4 DU, with an average TOC var of 16.8 ± 7.7 DU (the highest one) and an average TOC of 271.7 ± 5.5 DU. In general, the standard deviation associated with the diurnal variability in TOC was less than 1% for LP and CG.

[20] Apparently, clouds affect the ground-based measurements, lowering the quality of measurements, since the higher the presence of clouds, the lower the number of MDS 1% measurements. CG and LP, which were in the dry season, had 88% and 75% of MDS 1% , respectively, while Na in the rainy season had only 49% of measurements with such a status. In addition, data for LP and CG matched quite well with satellite data, while for Na, poor results were obtained in the same comparison. The advantage of obtaining TOC measurements from the ground under cloudless scenarios was evident. On the other hand, the data in this work do not provide a conclusive evidence of the influence of aerosols on the ground-based measurements of TOC, although the highest value of TOC var = 54.3 DU had been obtained in the biomass burning site, which suggests the need for a more detailed investigation.
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Figure 1 .

 1 Figure1. Occurrence of TOC measurements with uncertainty ≤1% (MDS 1% ) and uncertainty > 1% (MDS À MDS 1% ) in CG and the corresponding status of the measurements regarding the Sun as blocked or unblocked by clouds, and the presence of clouds in the sky (cloudless and cloud genera of cumulus (Cu), cirrus (Ci), altocumulus (Ac), and fractus forms).

Figure 2 .

 2 Figure 2. Daily average values for (top) TOC ± 1σ, (middle) AI, and (bottom) R PC for the three sites in the campaign.

Figure 3 .

 3 Figure 3. Sets of TOC measurements for CG, Na, and LP. Figures beside each set of data are the diurnal average of TOC and the day of year (DOY). Uncertainties are 1σ.

Figure 4 .

 4 Figure 4. (top) TOC var for the 1999 campaign. Figures at the top of the columns refer to the number of MDS 1% . (bottom) Percentage standard deviation for the average TOC.

Table 1 .

 1 Studies on TOC var

		a					
	Work	Site	Coordinates	Date	Instrument	Time	TOC var (DU)
	Subbaraya et al. [1994]	Thumba	8.52°N, 76.85°E, sea level	10/3-23/5 of 1990	Brewer	7:30-17:30 LT	4-12
	Kerr and McElroy [1995] Table Mountain 34.38°N, 117.70°W, 2286 m asl 20/7-1/8 of 1989	Brewer	7:30-18:30 LT	≈5-14
	Raj et al. [2004]	Pune	18.53°N, 73.85°E, 559 m asl	5/1998-5/2003	Microtops II	7:30-17:30 LT	≈10-18
	Ganguly et al. [2006]	Rajkot	22.30°N, 70.80°E, sea level	6/2004-6/2005	Microtops II	10:30-16:30 LT	≈20-40
	Aculinin [2006]	Chisinau	47.00°N, 28.82°E, 205 m asl	7/2003-8/2005	Microtops II	6:00-15:00 UT	15-20
	Antón et al. [2010]	Madrid	40.45°N, 3.72°W, 680 m asl	1/1999-12/2003 Brewer MKIV #070 7:00-17:00 UT	10-20
	Petkov et al. [2012]	Ny-Alesund	78.92°N, 11.93°E, sea level	31/5-6/6 of 2009	Brewer #050	Diurnal	≈40

a LT and UT stand for local and universal time, respectively.

Table 2 .

 2 Average Values of TOC ± 1σ and TOC var ± 1σ, ND, MDS, and MDS 1%

	Site	Ave. TOC (DU)	Ave. TOC var (DU)	ND	MDS	MDS 1%
	CG	274.1 ± 7.2	9.3 ± 10.9	29	910	805
	Na	271.7 ± 5.5	16.8 ± 7.7	29	840	410
	LP	256.9 ± 6.8	6.3 ± 1.5	25	749	559

Table 3 .

 3 Comparison Between TOC Measurements From TOMS (TOC T ) and Brewers (TOC B ) a Site, linear fitting equation, coefficient of determination, percentage scattering of points, and number of data points are also shown. Uncertainties are 1σ.

	Site	Linear Fit Equation	r 2	SD%	N
	CG	TOC T = (23 ± 35) + (0.91 ± 0.13) TOC B	0.68	13.0	26
	Na	TOC T = (193 ± 32) + (0.30 ± 0.12) TOC B	0.22	22.4	25
	LP	TOC T = (À12 ± 27) + (1.04 ± 0.11) TOC B	0.83	13.1	22

a