Economical Estimation of the Losses of Crops Due to High Ozone Levels

I. Dimov^∗, Tz. Ostromsky^∗, I. Tzvetanov^† and Z. Zlatev^‡

∗ Central Laboratory for Parallel Processing, Bulgarian Academy of Sciences, Acad. G. Bonchev str., bl. 25-A, 1113 Sofia, Bulgaria; e-mail: dimov@cantor.bas.bg , ceco@cantor.bas.bg Web site: http://copern.bas.bg

† Institute of Economics of the Bulgarian Academy of Sciences, 3 Aksakov str., 1000 Sofia, Bulgaria;

e-mail: ineco@iki.bas.bg

‡ National Environmental Research Institute, Department of Atmospheric Environment Frederiksborgvej 399 P. O. Box 358, DK-4000 Roskilde, Denmark; e-mail: luzz@sun2.dmu.dk, Web site: http://www.dmu.dk/atmosphericenvironment/staff/zlatev.htm

Summary

Harmful effects on crops, caused by long-term exposures to high ozone concentrations, are studied. The exposures are measured by the values of AOT40 (Accumulated exposure Over Threshold of 40 ppb). The Danish Eulerian Model has been used to calculate the AOT40 values on a square grid with step 50 km., which covers Bulgaria. When the exposure is greater than the critical level of 3000 ppb.hours, there are some losses, which can be estimated by using a statistically determined linear relationship. Localized information about the actual yield of crops and the prices is also needed in order to prepare the necessary economical estimates. The algorithm for economical evaluation of the losses can be applied with different scenarios for variation of some key parameters (the emissions, the meteorological conditions, the prices and so on). Some preliminary results, obtained by our algorithm for Bulgaria and Bulgarian regions, are presented.

Keywords: air pollution models, ozone exposure for crops, AOT40, economical estimates

1 Damaging effects of high ozone concentrations on crops

High ozone concentrations have damaging effects on crops. This is why this problem has been extensively studied during the last ten years. Leading European specialists discussed at two meetings: in Switzerland in 1993 ([5]) and in Finland in 1995 ([6]) the basic tools that can be used to evaluate the losses of crops due to high ozone pollution levels. The major conclusion of these two meetings, based on results from many experiments in different European countries, was that a specially defined parameter, called AOT40 (Accumulated exposure Over Threshold of 40 ppb), can be applied to evaluate the losses of crops. The AOT40 values for Bulgaria are used in this paper (i) to evaluate the losses of some crops in different regions of Bulgaria and for the whole country and (ii) to evaluate the price of the losses. The following input data is used in the calculations: (a) the AOT40 values for Bulgaria, (b) the relationship between the AOT40 values and the losses of crops, (c) information about the yield of crops in the different regions of Bulgaria and (d) the average market prices of the crops in the years under consideration.

2 Measuring the ozone exposures

Let c be some critical ozone concentration (measured in ppb). Then the function AOT(c) is defined by the sum:

AOT(c) = N∑ i=1 max(c_i − c,0) (2.1)

where N is the number of daytime hours in the period under consideration (for crops this period contains the months May, June and July), c_i is the calculated by some model or measured at some station ozone concentration. If a model is used, then the AOT(c) values can be calculated for each grid-square of the model domain.

The critical concentration c is often chosen to be 40 ppb. (this is done in nearly all papers in [5] and [6] as well as in the draft of the EU Ozone Directive, [1]). We shall also use the notation AOT40 when c = 40 ppb. The critical exposure level for crops is 3000 ppb.hours and AOT40 should not exceed this level. However, the truth is that in many European countries this level is exceeded by a factor of five and even more. This is also true for Bulgaria.

If AOT40 exceeds 3000 ppb.hours, then a linear relationship can be applied to evaluate the amount of losses of crops due to the high ozone exposure. This relationship is discussed in more detail in Section 5 (see equation 5.2) as well as in [8].

3 The AOT40 values for Bulgaria and the surrounding area

The Danish Eulerian Model (DEM) has been used to compute the AOT40 values for Bulgaria and the surrounding area. DEM is fully described in [12]. The numerical methods in DEM are discussed in [2, 13, 14, 15, 16]. Information about the model and results obtained by the model are also given in the web-site for the model [11].

The ability of this model to produce reliable AOT40 values has been validated in [3] and [17], where the AOT40 values calculated by the model were compared with the corresponding values at more than 90 measurement stations located in different European countries (unfortunately, no measurements made in Bulgaria were available at that time).

The values of AOT40 for 1996 and 1997, computed with DEM over a part of the EMEP grid (a square grid with step 50 km.) that covers Bulgaria and its surroundings, are shown in Fig. 1. It should be mentioned that the well-known EMEP grid is used, because the meteorological data, used as an input for DEM, has been received from EMEP.

Figure 1 AOT40 maps of Bulgarian region for 1996 and 1997, computed by DEM.

4 Yield from crops in the Bulgarian regions in 1996 and 1997

Table 1 contains data for the yield of three grain crops (wheat, corn and sunflower) in 1996 and 1997 for the nine Bulgarian regions and for the whole country. The data given in Table 1 consists of official information for the yield received from the Ministry of Agriculture and Forestry of Bulgaria.

Annual yield of some crops in Bulgaria (×10^3 tons) Region wheat corn sunflower 1996 1997 1996 1997 1996 1997 1. Sofia City 8 23 2 2 0 1 2. Burgas 365 491 64 80 61 64 3. Varna 473 960 221 434 145 117 4. Lovech 131 450 223 362 105 76 5. Montana 118 326 182 205 63 57 6. Plovdiv 122 221 75 88 15 15 7. Russe 243 590 241 408 94 83 8. Sofia 66 142 36 40 2 2 9. Haskovo 260 353 45 77 45 31 Total 1786 3556 1089 1696 530 446

Table 1 The yield (in thousand tons) of wheat, corn and sunflower in the nine regions of Bulgaria and for the whole country

5 Calculating the losses from the yield of crops in Bulgaria

The EMEP grid has to be mapped on the regional division of Bulgaria. This has been done by preparing a rectangular matrix A. The rows of A correspond to the nine Bulgarian regions, while the columns correspond to the Bulgarian cells of the EMEP grid (their total number is 143). Let V_i be the area of the ith Bulgarian region. Let v_{ij} be the part of the ith Bulgarian region contained in the jth cell (i = 1,2, . . . ,9, j = 1,2, . . . ,143). Then a_{ij} = v_{ij} /V_i. This implies that the sum of the elements in each row is equal to one.

Let us assume that the yield over each region is evenly distributed over the entire area of the region. Then it is clear that having calculated matrix A (a special program which does this has been prepared) and having the AOT40 values, we can calculate the losses by using a relationship obtained by linear regression. Provided that y is the actual yield, y + z is the expected yield without any ozone exposure, ξ is the AOT40 in ppb.hours, the following formula is actually used to calculate the losses:

100 y/(y + z) = αξ + β (α < 0 , β ≈ 100) (5.2)

where α and β are statistically determined coefficients. The values α = −0.00177 and β = 99.6 have been used to calculate the results in Table 2 and in Table 3. Similar values are used in Pleijel [8]. They are determined by analyzing a large amount of experimental data, which is representative for Europe ([4]).

Instead of using the experimental data from [4], one can use the data from the Nordic countries. This leads to a slightly different regression function (see again [8]), based on North European countries’ statistics, which gives a little bit lower losses.

Estimated yield losses in 1996 in Bulgaria Region Losses (in thousand tons and %) of wheat corn sunflower 1.Sofia City 7 (46.0%) 2 (46.0%) 0 2.Burgas 292 (44.4%) 51 (44.4%) 49 (44.4%) 3.Varna 310 (39.6%) 145 (39.6%) 95 (39.6%) 4.Lovech 110 (45.7%) 188 (45.7%) 88 (45.7%) 5.Montana 89 (43.0%) 137 (43.0%) 48 (43.0%) 6.Plovdiv 115 (48.5%) 71 (48.5%) 14 (48.5%) 7.Russe 169 (41.0%) 168 (41.0%) 65 (41.0%) 8.Sofia 58 (46.7%) 32 (46.7%) 2 (46.7%) 9.Haskovo 238 (47.8%) 41 (47.8%) 41 (47.8%) Total 1388 (43.7%) 834 (43.4%) 402 (43.1%)

Table 2 Yield losses for 1996 computed for the nine regions of Bulgaria and for the whole country

Estimated yield losses in 1997 in Bulgaria Region Losses (in thousand tons and %) of wheat corn sunflower 1.Sofia City 14 (37.9%) 1 (37.9%) 1 (37.9%) 2.Burgas 351 (41.7%) 57 (41.7%) 46 (41.7%) 3.Varna 511 (34.8%) 231 (34.8%) 62 (34.8%) 4.Lovech 283 (38.6%) 227 (38.6%) 48 (38.6%) 5.Montana 190 (36.9%) 120 (36.9%) 33 (36.9%) 6.Plovdiv 154 (41.0%) 61 (41.0%) 10 (41.0%) 7.Russe 320 (35.1%) 221 (35.1%) 45 (35.1%) 8.Sofia 88 (38.1%) 25 (38.1%) 1 (38.1%) 9.Haskovo 266 (43.0%) 58 (43.0%) 23 (43.0%) Total 2176 (38.0%) 1001 (37.1%) 270 (37.7%)

Table 3 Yield losses for 1997 computed for the nine regions of Bulgaria and for the whole country

6 Runs with the scenario for 2010

There exist several scenarios for the variations of the emissions in the future (scenarios for years 2000, 2005, 2010 can be found in the EMEP report [7]). The scenario for 2010 has been used in this study. Results are given in Table 4. The results do not change too much (comparing with the corresponding results in Table 3). The reason for this can be explain as follows. The scenario 2010 have been created by using some assumptions for emission reductions related to the emission levels in 1990. However, in many countries the emissions in 1996 are already on the level which have been assumed for 2010 (and sometimes even below the level for 2010). As a matter of fact, the NO_x emissions in Bulgaria (according to the EMEP inventories) are 376 in 1990 and 259 in 1996, while the figure is expected to be 290 in 2010 (the units being 1000 tons per year).

The results indicate that the harmful effects from long-term exposures to high ozone concentrations will remain in the future unless some measures are urgently taken.

It should be mentioned that the results for Scenario 2010, which are used in Table 4, are calculated by using the meteorological data for 1997. The meteorological conditions vary significantly from one year to another.

7 Calculating the price of the losses

The annual crop losses in a given country can be very significant. It has been estimated that the losses due to high ozone pollution levels in the rural areas of USA are more than a billion dollars [10]. That is why it is quite important for each country to study its own losses. An evaluation of the price of the losses shown in Table 2 - Table 4 can easily be calculated by using the results from these tables and the prices in 1996 and 1997.

Total prices (the sums of the prices for the wheat, corn and sunflower) corresponding to the losses given in Table 2 - Table 4 are shown in Table 5. The results for Scenario 2010 are calculated

Estimated yield losses in 1997 for Scenario 2010 Region Losses (in thousand tons and %) of wheat corn sunflower 1.Sofia City 13 (36.9%) 1 (36.9%) 1 (36.9%) 2.Burgas 336 (40.6%) 55 (40.6%) 44 (40.6%) 3.Varna 487 (33.7%) 220 (33.7%) 59 (33.7%) 4.Lovech 272 (37.7%) 219 (37.7%) 46 (37.7%) 5.Montana 183 (35.9%) 115 (35.9%) 32 (35.9%) 6.Plovdiv 148 (40.2%) 59 (40.2%) 10 (40.2%) 7.Russe 304 (34.0%) 211 (34.0%) 43 (34.0%) 8.Sofia 84 (37.3%) 24 (37.3%) 1 (37.3%) 9.Haskovo 256 (42.0%) 56 (42.0%) 22 (42.0%) Total 2084 (37.0%) 959 (36.1%) 258 (36.7%)

Table 4 Yield losses in 1997 computed under Scenario 2010 for the nine regions of Bulgaria and for the whole country

by using the yields and the prices for 1997. If the results are to be used by decision makers, then much more careful analysis of the future development of the agriculture and of the prices in Bulgaria is needed.

The prices of the losses given in Table 5 are obtained by using the advanced procedure based on linear regression of large sets of carefully prepared experimental data. One can use a much more simplified approach in which it is assumed that all losses are always equal to 10% when the AOT40 values exceed the critical exposure of 3000 ppb.hours. Under this assumption the results for the three scenarios are: 55.000, 72.046 and 70.908 millions US dollars for 1996, 1997 and Scenario 2010. These numbers should be compared with the numbers given in the last line of Table 5; i.e. with 236.501, 266.571 and 255.269 respectively. Of course, this is a very optimistic estimation, but also the figures obtained by using such a simplifying assumption are very high. It should also be mentioned that estimation of about 10.5% for the losses in Bulgaria, which are due to the exposures to high ozone levels, can be found in [9].

8 Plans for future work

• It would be better to use the data for the counties instead of the data for the regions (which are perhaps too large in comparison with the grid used in DEM. This can be done by using the same principles. Matrix A from Section 5 will now have larger dimensions. The task of preparing this finer mapping will be solved in the near future.

• The basic ideas used to obtain the results in this paper can be applied for other European countries (or even groups of countries). This is another task which will be solved in the next two-three years.

• The AOT40 function could (and probably should) be adjusted for the countries in Southern Europe. The growing period for the crops in these countries starts earlier than the growing period for the crops in the countries in Central and Northern Europe. Therefore the period which is used

Price of losses for crops Region Prices in million US dollars 1996 1997 2010 1.Sofia City 0.519 0.958 0.921 2.Burgas 29.894 32.861 31.481 3.Varna 49.712 62.022 59.070 4.Lovech 42.512 47.047 45.270 5.Montana 28.116 28.529 27.399 6.Plovdiv 15.833 16.135 15.548 7.Russe 38.805 47.724 45.476 8.Sofia 6.498 7.191 6.931 9.Haskovo 24.613 24.103 23.173 Total 236.501 266.571 255.269

Table 5 Price of losses for crops (wheat, corn and sunflower) for the nine regions of Bulgaria and for the whole country (the results for Scenario 2010 are calculated with meteorological data for 1997)

in the definition should be shifted (for example, April-May-June could be used instead of May- June-July). Moreover, it may be worthwhile to adjust the length of this period in connection with the specific growing period of the sorts of crops, typical for the countries in Southern Europe (the loss occurs precisely in the growing period).

• An attempt to evaluate the price of the loss due to high AOT40 values has been described in this paper. It is also important to evaluate the prices that have to be paid to perform the needed reductions of the emissions by which the loss will be avoided (or, at least, reduced). Having this two estimates a cost-benefit analysis can be carried out in an attempt to find an optimal solution of the problems. Such a study has to be carried out by multidisciplinary teams from many European countries.

Acknowledgments

This research was supported by the NATO Scientific Programme under projects ENVIR.CGR 930449 and OUTS.CGR.960312 as well as by the EU ESPRIT Programme under projects WEP- TEL (#22727) and EUROAIR (#24618) and by NMR (Nordic Council of Ministers) under a common project for performing sensitivity studies with large-scale air pollution models in which scientific groups from Denmark, Finland, Norway and Sweden are participating. A grant from the Danish Natural Sciences Research Council gave us access to all Danish supercomputers. The Bulgarian participants were supported by the Ministry of Education and Science of Bulgaria (Grants I-811/98 and MU-MM-2/96).

The data for the yields of crops for 1996 and 1997 has been received from the Agricultural Statistics Department of the Ministry of Agriculture and Forestry of Bulgaria.

Bibliography

[1] ”Amended draft of the daughter directive for ozone”. European Commission, Directorate XI: ”Environment, Nuclear Safety and Civil Protection”, Brussels, 1998.

[2] Alexandrov, V., Sameh, A., Siddique, Y. and Zlatev, Z. (1997), Numerical integration of chemical ODE problems arising in air pollution models, Environmental Modeling & Assessment, 2, pp. 365- 377.

[3] A. Bastrup-Birk, J. Brandt, Z. Zlatev, Studying cumulative ozone exposures in Europe during a 7-year period,Journal of Geophysical Research, Vol. 102, No D20 (1997), pp. 23,917-23,935.

[4] J. Fuhrer, The critical level for effects of ozone on crops, and the transfer to mapping, UN-ECE Workshop Report ”Critical Levels for Ozone in Europe: Testing and Finalizing the Concepts” (L.Karenlampi and L. Skarby, Editors), Printed by University of Kuopio, Department of Ecology and Environmental Science, 1996, pp. 28-43.

[5] J. Fuhrer and B. Achermann (eds.) Critical levels for ozone. A UN-ECE workshop report, Schriftreihe der FAC Libefeld, 16, 1994, pp.4-19.

[6] L.Karenlampi and L. Skarby, Critical Levels for Ozone in Europe: Testing and Finalizing the Concepts, Proceedings of the UN-ECE Workshop on Critical Levels for Ozone, University of Kuopio, Department of Ecology and Environmental Science, 1996

[7] S. Mylona, Emissions, Chapter 2 in ”Transboundary Acidifying Air Pollution in Europe”, MSC- W Status Report 1998 - Part 1, Meteorological Synthesizing Centre -West (MSC-W), Norwegian Meteorological Institute, P. O. Box 43 - Bindern, N-0313 Oslo, Norway, 1998.

[8] H. Pleijel, Statistical aspects of critical levels for ozone based on yield reductions in crops, in Kärenlampi, L. and Skärby, L. (eds.) Critical levels for ozone in Europe, 1996, pp. 138-150.

[9] S. Semenov, B. Koukhta, Ozone influence on tree and crop growth: modeling the effects and estimating critical levels, UN-ECE Workshop Report ”Critical Levels for Ozone in Europe: Testing and Finalizing the Concepts” (L.Karenlampi and L. Skarby, Editors), Printed by University of Kuopio, Department of Ecology and Environmental Science, 1996, pp. 96-107.

[10] S. Sillman, J. A. Logan and S. C. Wofsy, A regional scale model for ozone in the United States with subgrid representation of urban and power plant plumes, J. Geophys. Res. 95, 1990, pp. 5731-5748.

[11] ”WEB-site for the Danish Eulerian Model”,

http://www.dmu.dk/AtmosphericEnvironment/DEM, 1999.

[12] Z. Zlatev, Computer treatment of large air pollution models, Kluwer Academic Publishers, Dordrecht- Boston-London, 1995.

[13] Z. Zlatev, J. Christensen and A. Eliassen, Relationship between Emissions Studying High Ozone Concentrations by using the Danish Eulerian Model, Atmos. Environ., 27A, (1993), pp. 845-865.

[14] Z. Zlatev, J. Christensen and Ø. Hov, An Eulerian model for Europe with nonlinear chemistry, J.

Atmos. Chem., 15, 1992, pp. 1-37.

[15] Zlatev, Z., Dimov, I. and Georgiev, K. (1994), Studying long-range transport of air pollutants, Computational Science and Engineering, 1, pp. 45-52.

[16] Zlatev, Z., Dimov, I. and Georgiev K. (1996), Three-dimensional version of the Danish Eulerian Model, Zeitschrift für Angewandte Mathematik und Mechanik, 76, pp. 473-476.

[17] Z. Zlatev, J. Fenger and L. Mortensen, Relationships between emission sources and excess ozone concentrations, Computers Math. Applics., Vol.32, 11, 1996, pp. 101-123.