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Abstract. The objective of this study is the analysis of dam- 1 Introduction
aging frost events in agriculture, by examining the relation-
ship between the daily minimum temperature in the lower
atmosphere (at an isobaric level of 850 hPa) and crop proACCOl’ding to a recent literature review (GObln et al., 2013),
duction losses. Furthermore, the study suggests a methodgcientific interest in weather-related risks in agriculture has
ological approach for estimating agriculture risk due to frostincreased to a great extent in the last two decades, fol-
events, with the aim of estimating the short-term probability /owing the concern about the relationship between climate
and magnitude of frost-related financial losses for differentchange and extreme weather and climate events, the impact
levels of 850 hPa temperature. Compared with near-surfac€f such events and the strategies to manage the associated
temperature forecasts, temperature forecasts at the level ks (IPCC, 2012). In the climate change scenarios, crop
850 hPa are less influenced by varying weather conditions oProduction is expected to become more vulnerable due to the
by local topographical features; thus, they constitute a morddrojected increase in the frequency and magnitude of weather
consistent indicator of the forthcoming weather conditions. €xtremes. Acknowledging the crop growth sensitivity to tem-
The analysis of the daily monetary compensations for in-Perature, global increase and higher extremes of temperature
sured crop losses caused by weather events in Greece shof@Present a threat to crops (Ruiz-Ramos et al., 2011), and
that, during the period 1999—2011, frost caused more damMay cause important yield changes and production losses.
age to crop production than any other meteorological phe- Among the weather risks, frost is responsible for seri-
nomenon. Two regions of different geographical latitudesOUS agriculture production losses. The Food and Agricul-
are examined further, to account for the differences in theture Organization reports that more economic losses have
temperature ranges developed within their ecological envieen caused by freezing of crops in the USA than by any
ronment. Using a series of linear and logistic regressionsother weather hazard (Snyder and de Melo-Abreu, 2005),
we found that minimum temperature (at an 850 hPa |eve|),while the ultimate cause determining cold hardiness, namely
grouped into three categories according to its magnitude, anée plants’ freezing tolerance, remains uncertain (Rodrigo,
seasonality, are significant variables when trying to explain2000). The extent of crop damage depends on several fac-

crop damage costs, as well as to predict and quantify the likelOrS, such as the minimum temperature record, the duration
lihood and magnitude of damaging frost events. of the frost event and the state of development of plants

exposed to low temperatures, while frost risk also varies
according to the regional topographic, morphological and
geographic features. The probability and risk of damaging
temperatures changes with the season of the year and, for
some crops, sensitivity to damaging subzero temperatures
also changes (Snyder et al., 2005). Also, greater tempera-
ture variance could increase the risk of frost damage as much
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as rising average temperatures decrease it. Overall, freezingxposure to frost at present than in the past, and probably ei-
temperatures in combination with plant growth timing deter- ther constant or slightly lower risk in the future. Likewise,
mine frost damage (Eccel et al., 2009; Rigby and PorporatoRigby and Porporato (2008) apply a model of phenology and
2008; Rodrigo, 2000). Thus, the relation of low temperaturedaily minimum temperature, and conclude that spring frost
to the observed agricultural losses can give valuable infor+isk to vegetation is as sensitive to increases in daily temper-
mation when trying to estimate the probability of financial ature variance (which increases frost risk) as to increases in
losses. the mean temperature (which decreases frost risk).
Quantification of agriculture risks is very importantinun-  The above literature review on the relationship between
derstanding the extent of risk and planning for its effec- weather-related variables and crop damage indicates a dearth
tive mitigation (Gobin et al., 2013). A literature review on of empirical work on the examination of the short-term
weather risk in agriculture showed that most of the studiesfrost risk as measured by the observed agricultural financial
discuss the relation between climate change and the assodbsses. Thorough examination of the relationship between
ated risks (IPCC, 2012). Several studies investigate the efmeteorological variables related to frost and the observed
fects of climate change on the frequency and severity of excrop damage can provide valuable tools for the quantification
treme weather events like hailstorms (Berthet et al., 2011 pf frost-related risk. That said, this paper explores the rela-
Changnon, 2009), flooding, drought and subsequent cropionship between the daily minimum temperature at the low
yield changes (Gobin, 2012) or economic losses due to crofevels of the atmosphere, and more precisely at the isobaric
damage (Botzen et al., 2010; European Commission, 2009gvel of 850 hPa, and monetary compensations for crop dam-
Moonen et al., 2002; Rosenzweig et al., 2002), while someage attributed to frost. In this context, the paper suggests a
work has also been done to link climate change to monetarynethodological approach for estimating agriculture risk due
compensations for crop losses. Botzen et al. (2010) examin& frost events, with the aim of defining damaging temper-
the relation between normalised agricultural hailstorm dam-ature thresholds and estimating the short-term probability
age and a range of indicators of temperature and precipitaand magnitude of frost-related financial losses for different
tion for the Netherlands. The authors apply long-term climateranges of 850 hPa temperature. Risk assessment, apart from
change scenarios and discuss the response of hailstorm dartite analysis of potential hazards, furthermore refers to the
age due to extreme events. In Saa Requejo et al. (2011), haélvaluation of the existing conditions of vulnerability, such
damage in Spain is correlated with summer minimum tem-as the physical, social, health, economic and environmental
peratures. In that context, hail insurance data between 198dimensions (UNISDR, 2009). However, the intention of the
and 2007 were considered to represent good estimates of hailirrent study is to address only the economic risk from frost
damage intensity. events in crop production, while the subsequent environmen-
As it concerns Greece, most studies are about changes ital or social problems are not discussed.
climate elements due to the enhanced greenhouse effect. To- The use of temperature at the isobaric level of 850 hPa
lika et al. (2008) assess statistical downscaling models in(T850, hereafter) as an explanatory variable of crop losses
estimating future changes in the extreme temperature andue to frost events has a nhumber of advantages and limita-
precipitation conditions, and Giannakopoulos et al. (2011)tions. A significant advantage is that 850 hPa is a standard
develop future climate scenarios and explore the implica-Hevel of model analysis fields, and thus there is a high avail-
tions, caused by changing climate, in urban and forest arability of gridded data time series covering the entire period
eas. Results show that agriculture may be strongly affectedinder examination. Also, T850 presents lower spatial vari-
by changing future climate conditions and indicate impor- ability compared to near-surface temperature. Furthermore,
tant changes in the number of frost nights, as well as in thecompared to the near-surface temperature forecast, which
length of the growing season. Nannos et al. (2013) use insuris more influenced by conditions such as cloudiness and
ance compensations to estimate the environmental change phenomena related to local topographical features, the fore-
Greece through the economic losses caused by the crop praasted T850 constitutes a more consistent indicator of forth-
duction damage. The authors go into a statistical trend analyeoming weather conditions. On the other hand, crop dam-
sis of annual damage announcements and compensation dage is directly connected to local ground conditions, while
provided by the Greek Agricultural Insurance Organisationthe relation to temperature at the highest altitudes is cer-
(GAIO) for the period 1986—-2009, and show that in most of tainly weaker. However, near-surface air temperature is mea-
the cases (regions and meteorological risk types), there is aured at a height of between 1.25 and 2.0 m above soil level,
statistically significant trend. thus representing the very local conditions and accounting
In a few cases, future climate scenarios have been applietbr the very local agricultural damage. Furthermore, near-
to perform analysis of long-term frost risk in specific crop surface temperatures present a high local scale variability, es-
species. Eccel et al. (2009) examine the long-term risk ofpecially in complex terrain (Scheifinger et al., 2003). Conse-
spring frost to apple production in Trentino (ltaly), apply- quently, only a very dense and long-term operating network
ing a phenological model of apple flowering to a 40-year pe-of meteorological stations could provide consistent time-
riod temperature series. The authors observe a lower risk oferies observations. However, the existing meteorological
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network in Greece is currently inadequate for such an analy- 494 0%
sis. ¥
The remainder of this paper is structured as follows. Sec-
tion 2 provides information about the data sources, method-
ological issues related to data processing, and the spatial and
temporal distribution of frost events that occurred in Greece
during the period 1999-2011. Section 3 presents the methods
developed and the results of the statistical analyses used to

investigate the relationship between the daily minimum tem-

perature at the level of 850 hPa and the observed daily dam-

age cost caused by frost events, as well as an estimation of

the damage probability and its magnitude relative to different ® frost wmhail mrainfall mheat

temperature ranges. Section 3 also presents the method and 2 windstorm = flood wnovefall

outcomes of the validation of the logistic model. Section 4
discusses the results and their significance, and Sect. 5 CoRrjgyre 1. Distribution of insured crop losses by meteorological phe-
cludes the analysis. Finally, the Appendix includes additionalnomenon (1999-2011).
methodological and statistical information, complementary
to Sect. 3.

2 Data and methodological issues Cost(2011 pricg = Cost(yearX price)

21 Sources of data x GDPdef(2011 price)/GDPdeftyearX price). Q)

Data provided by GAIO consist of the total crop damage an- GAIO is a public insurance company t-hat COVETS In a com-
nouncements per day and the respective monetary compeli?—UISOry way every Greek producer, while private Insurance
sations by municipality and meteorological risk, namely hail, companies cover only a small part of the total agricultural

frost, windstorm, flood, excessive heat, and excessive or outr—'SkS' T_he orga_nl_satl_on oper ates on the baS's of a number of
of-season rainfall and snowfall, for the period 1999-2011 Fegulations defining in detail the covered risks, the extent of

Thus, the aggregated daily monetary compensations includ e coverage, the loss evaluation and compensation method,

the totaled insurance damage payments of the actual day tH ellevel of the (farmers’) special insuranpe contribution, the
damaging event took place, at municipality level. Informa- various procedures, etc. (EC, 2006). With respect to com-

tion on the duration of each event is not available. Therefore,pensat'ons’ GAIO covers only the direct losses of crop pro-

in frost risk analysis, duration cannot be used as an explanaqucuon’ and compensates for a specified percentage of to-

tory variable of the magnitude of crop damage cost. tal damage rather than 100 %, due to some legitimate deduc-

For the purposes of this study, the provided data have beeHc’nS of the level of 15 %. Damage levels less than 20 % are

further aggregated to account for each one of the 51 prefecr-‘Ot paid and, thus, are not included in the insurance damage

tures of the country still in daily analysis. At prefecture level, payments. The organisation covers all crop species systemat-

116 957 announcements in total have been recorded, havin'ﬁa"y cuItivat_ed in the country. A_critical parameter goncern-
an associated cost of EUR 2.8 billion in the entire examined"'9 the consistency of data provided by the Greek insurance

period. Actual values have been changed to standardised Va?_rgar?isation Is that “insurance rule.of _the rural production”
ues based on the year 2011, so that the impact of inflatiorﬁem""Ined unchanged from the beginning of GAIO’s opera-

L : tions until now (Nannos et al., 2013).
over time is taken off. According to Botzen et al. (2010), '
it is a common practice to normalise historical losses for The T850hPa data have been extracted from the ERA-

socio-economic developments before climate conditions antj.ime”m reanalysis database (Dee et al., 2011). ERA-Interim

change impacts are analysed (Nannos et al., 2013; Barthé the latest global atmospheric reanalysis produced by

and Neumayer, 2012; Changnon, 2007). Specifically, stanine European Centre for Medium-Range Weather Forecasts

dardised values of monetary compensations are calculateF CMWF), with a spatial resolution ot 80km and a time

according to the annual GDP deflator, based on the yeal;esolution of 6 h. From these gridded data, points representa-

2005=100, as reported by the Hellenic Statistical Authority :'r\]’e of nortttw_ernt_and sogthef:rnt(sreece hatvefbeter:w sellecttedd, and
(www.statistics.gr. To further readjust the values of yer € respective ime series for these points, for the selected pe-

costs in prices of the year 2011, the following formula was r!od, are analysed. The minimum daily T850 yalue ofthe 6h
used: time intervals was used in the present analysis.
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Figure 2. Annual distribution of insured crop losses due to frost
events, for the period 1999-2011 (in millions of euros).

2.2 Spatial and temporal distribution of S
frost-related damage Damage cost(in millions of etsfog), 19992011
100

, 10 - 100 . C,E?
Monetary compensations have been aggregated at prefectu 1-10 w-r_-j’

level in order to examine the spatial and temporal distribution <1
of the costs of frost events in Greece for the period 1999—

2011, and the percentage of frost in total crop losses causelg9ure 3. Insured crop losses due to frost events by prefecture
by all insured meteorological risks. The distribution of dam- (1999-2011).

age costs by meteorological phenomenon shows that, overall,

during the period 1999-2011, frost is the most damaging one, 400

accounting for 34.5 % of the total insured crop losses (Fig. 1), 330

followed by hail (26.2 %) and heavy rainfall (22.4%). The 300

total cost of frost events is EUR 970 million. As illustrated in 250

Fig. 2, insured crop losses due to frost vary widely between 200

years, with damages being as low as EUR 2 million in 1999 150

and as high as EUR 290 million in 2003. The annual variabil- 100 |

ity, however, cannot be assessed statistically, considering the so L . E
short time period examined. o . |

In the context of frost risk analysis, statistical analyses aim
to examine the effect of the daily minimum temperature at
an isobaric level of 850 hPa on the financial cost of crop pro-
duction damage, for two different regions of the country, lo- Figure 4. Monthly distribution of insured crop losses due to frost
cated in northern and southern Greece. Therefore, two reevents, for the period 1999-2011 (in millions of euros).
gions of quite different latitudes and, consequently, tempera-
ture ranges and crop species cultivated within their ecologi-
cal environment, have been examined. Furthermore, the tw®f Pella and Imathia, which are the most affected areas of
selected regions consist of some of the most affected prefedhe country, as well as the prefectures of Florina, Kastoria,
tures, in which 70 % of total crop losses due to frost eventsKozani, Pieria and Grevena. The southern region includes the
occurred, as measured by the monetary compensations. $€ven prefectures of Peloponnese (Corinth, Argolida, Arca-
should be noted, as also mentioned in Sect. 2.1, that losse#ia, Messinia, Laconia, Achaia and Elia).

covered by GAIO represent approxima’[e|y 85 % of total di- The monthly distribution of frost events is presented in
rect crop losses. Fig. 4, for the entire country and the two examined regions. It

The spatial distribution of damage costs caused by frosiS obvious that, between June and September, frost events do

events is depicted in Fig. 3, showing the overall damage cosfot occur in Greece. Overall, during the period 1999-2011,
that occurred to each prefecture. For presentation purpose§)e northern region, where mostly deciduous trees are culti-
the costs have been grouped into four ranges. As can be seeYated, suffered mostly from spring frost events, while in the
the selected regions in northern and southern Greece, markeég@uthern part, where citrus trees and olives are very common,
with a rectangle, include some of the most affected prefecWinter was the most costly season.

tures. Specifically, the northern region is located between

central and western Macedonia, and includes the prefectures

1 2 3 4 5 6 7 & 9 10 11 12
m Greece mNorth South
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Table 1. Descriptive statistics for the period 1999-2009.

Variable Region N Min Max Mean SD
Tmin (°C) North 523 -18.16 14.14 —-2.12 5.42
South 534 -13.15 17.69 0.49 5.70

Cost (EUR) North 523 1019 1.09010F 6.90x 10°  5.89x 10°
South 534 1017 6.1510° 5.41x10° 3.417x 106

Table 2. Levels of minimum temperature for the two regiofi€}. Table 3.Levels of damage severity for the two regions (in thousands
of euros).
tmin_c levels North South
- DS levels North South
tmin_1 (upper 25%) > (2.1) > (4.6)
tmin_2 (middle 50%) €6.2)—(2.1) ¢4.1)-(4.6) DS1 (lower 50 %) 1.0-14.1 1.0-23.4
tmin_3 (lower 25%) < (—6.2) <(-4.1) DS2 (middle 40%) 14.1-329.0 23.4-674.9

DS3 (upper 10%) > 329.0 >674.9

Regarding the crop species cultivated in the two regions,

data on the areas cultivateavw.statistics.gr and crop  represent 17 % of the total frost events that occurred in the
production bittp://epp.eurostat.ec.europg.éwdicate that no  two regions, are considered to be extremely localised and re-
significant changes have occurred during the last decadeated mostly to special near-surface weather conditions. Con-
Specifically, in the northern part of the country, peach andsequently, it is very unlikely that T850 relates to the specific
apple trees still account for the major part of the deciduousfrost events.

trees cultivated (approximately 65 % and 10 %, respectively), In order to investigate the relationship between tmin and
and in Peloponnese orange trees dominate by approximatebyosts caused by frost events in each region, tmin data
65 %. Thus, overall, the sensitivity of the examined regionshave been allocated to three groups of different tempera-
to frost events, as measured by the sensitivity of the specifigure ranges, with the aim of identifying possible tempera-
crop species to the occurrence of low temperatures, has natre thresholds. Two groups represent the lowest and high-
changed. In the following statistical analyses, the type of cropest values, and specifically the lowest 25% and the high-
species damaged by the examined frost events has not beest 25 % of the data series, while the third group includes
taken into account. the medium (50 %) temperature range (complementary argu-
mentation is given in the Appendix). Thus, we created a cat-
egorical variable, named “tmin_c", which consists of three
temperature levels that are further assessed for their signifi-

For the following analysis, data of the 13-year period 1999—Cance in explaining the crop damage severity. The three min-

2011 have been used. More specifically, data of the 11-yealum temperature levels, tmin_1, tmin_2 and tmin_3, corre-
period 1999-2009 were used to set the statistical modelsSPONd to the highest, medium and lowest temperature ranges,

while data of the 2-year period 2010-2011 constituted the/ ©SPectively, and specifically to the ranges presented in Ta-

validation sample used to evaluate the statistical outcomedl€ 2 for each region.

The period of 2 years allows for an acceptable validation Another important parameter included in the statistical
sample size, equal to 13 % of the main statistical data size. analyses is seasonality, which is considered indicative of the
growth stages of crops in each region. Seasons 1, 2 and 3

3.1 Measures correspond to winter, spring and autumn months (excluding
September). Months between June and September were ex-
Table 1 presents descriptive statistics for damage costs (costjuded, as the number of damaging frost events attributed to
and the respective minimum T850 (tmin, hereafter) data sethese months is of minor importance (1.3 % in total, consid-
ries for each region (“North” for the northern region and ering both regions).
“South” for the southern region examined). The number of Consistent with the previous methodological approach, the
observations ) refers to the amount of damaging frost estimation of the damage probability and its magnitude rel-
events that occurred in each region at a daily level betweerative to the temperature levels required the grouping of the
1999 and 2009, and is derived as the aggregation of theeal damage costs into three categories that represent dif-
respective total daily damage records at prefecture levelferent damage severity (DS) levels. Specifically, the DS1,
Frost events with damage costs below EUR 1000 have beeBS2 and DS3 levels refer to the lower 50 %, the middle
excluded from subsequent analysis. These events, whicl0 % and the upper 10 % of the cost data series, respectively

3 Methods
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www.statistics.gr
http://epp.eurostat.ec.europa.eu

2380

Table 4.Linear regression analysis for each region.

ture.
Variable Nortt Soutt?
- Probability of damage cost occurrfhg
intercept 9.05*** (0.18) 9.00*** (0.25)
tmin_2vs1 —0.03 (0.20) 0.80** (0.23) North South
tmin_3vs®  0.84%*(0.19)  1.92*(0.22) All seasont
tmin_3vs1 0.81*** (0.24) 2.72**%(0.29)
season_2vsl  2.44**(0.19) 0.51* (0.22) tmin_1 0.08***(0.01) 0.10*** (0.01)
season_3vd2 —2.29%+(0.27) 0.13(0.28) tmin_2 0.26**(0.02)  0.23**(0.01)
season_3vsl  0.15 (0.25) 0.64* (0.28) tmin_3 0.62***(0.04)  0.63*** (0.04)
)
Adj. R 0.25 0.16 Winter
F value 43.22%** 26.84***
tmin_1 0.17***(0.02) 0.09*** (0.02)
@ Damage cost is the dependent variable. Values are unstandardised tmin 2 0.31**(0.02)  0.23*** (0.02)
regression coefficients, with standard errors in parenthBsee beta L ’ ’ ’ ’
coefficients for these variables are derived when repeating the analysis tmin_3 0.65***(0.04)  0.68***(0.04)
to include the omitted categoriesp < 0.10, * p < 0.05, ** p < 0.01, -
o ) 0,001, Spring
tmin_1 0.06*** (0.01) 0.11***(0.01)
o ) ) tmin_2 0.25*** (0.03)  0.25*** (0.02)
(complementary argumentation is given in the Appendix). tmin_3 0.73**(0.09) 0.38*** (0.10)
The produced ranges of damage costs for the two regions AUt
are shown in Table 3. ufumn
tmin_1 0.05***(0.01) 0.07*** (0.01)
3.2 Analyses tmin_2 0.24***(0.04) 0.20*** (0.03)
tmin_3 0.89*** (0.10) 0.86*** (0.13)

K. Papagiannaki et al.: Agricultural losses related to frost events

Table 5. Probabilities of cost occurring for each level of tempera-

To examine the relationship between tmin_c and cost, ordi-
nary least squares (OLS) regression analysis was performed.
Two models were assessed, one for each region. Prior to
the analysis, we transformed the dependent variable (cost)
to its natural logarithm to normalise its distribution. Temper-
ature levels were entered into the regression by means of two
dummy variables, namely tmin_2 and tmin_3 (tmin_1 waslevels (tmin_2), as well as between low levels (tmin_3) and
set as the baseline group). To evaluate the effects of seasohigh levels (temp_1) of temperature. Differences between
ality, two additional dummy variables, namely season_2 andmedium and high levels of temperature are statistically sig-
season_3 (season_1 was set as the baseline group), were atsficant only in the case of the southern region. Concerning
entered into the regression. To assess possible variations bthe season variable, the analyses show that, overall, season-
tween the second and third categories for both the tmin_ality affects damage costs. Specifically, for both regions, two
and season variables, regressions were re-run with differeraf the three pairs of groups produce different effects on cost
groups as baselines. In these repetitionsilad R squared  at a statistically significant level.
values as well as the significance of the variable coefficients We furthermore propose a methodological approach of
remained unchanged. Table 4 shows the output of the regresisk analysis, with the aim of predicting (a) the likelihood
sion analysis for each region. that a frost event will occur at each temperature level, and
F values for both models (North and South) are signifi- (b) the probability that a certain level of damage cost will
cant at the 0.1 % level, indicating a very good fit of the data.occur at each temperature level.
The adjustedr square of the two models is 25 and 16%, To produce the probability of a frost event occurring, we
respectively, showing, thus, higher explanatory power in theused a dichotomous variable DSi as the dependent variable.
model corresponding to the northern region. To assess multibSi takes values of 0 (no damage cost was recorded on a
collinearity, we computed the variance inflation factor (VIF) certain day) or 1 (any cost was recorded). The categorical
scores. All values were well below the accepted cut-off of 10tmin_c was used as the explanatory variable, based on the
(Hair et al., 2006), ranging from 1.14 to 1.71. temperature thresholds that were derived from the grouping
The coefficients of the dummy variable tmin_c inform us of tmin when only days with damage cost were included (Ta-
about how (direction) and how much (significance) the dam-ble 2). Thus, tmin_c levels represent the same temperature
age cost is expected to change when the temperature changemges as the ones presented in Table 2, but with different
from one level to the other. Accordingly, the two mod- proportions. Specifically, when all days of all the examined
els, North and South, indicate significantly different effects seasons (winter, spring, autumn) are included, the tmin_1,
on damage cost between low levels (tmin_3) and mediuntmin_2 and tmin_3 levels correspond to the upper 59 %, the

@ Damage severity level (dichotomous DSi) is the dependent categorical
variable. Standard errors in parentheses. The probability of no cost
occurring equals * probability of cost occurrind? Autumn, winter and
spring. * p < 0.05, ** p < 0.01, ** p < 0.001.
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medium 34 % and the lower 7 % of tmin data in the case ofTable 6. Probabilities of different damage severity (DS) levels oc-
the northern region, and to the upper 50 %, the medium 42 %urring for each level of temperature.
and the lower 8 % of tmin data in the case of the southern

region. Nortt®  All season8 DS1 DS2 DS3
For the initial analysis, seasonality was controlled with the tmin_1 0.57**(0.04)  0.35**(0.04) 0.08*** (0.02)
inclusion of the associated categorical variable. Due to the :m!”—g 8-291’:: Eg-gi; 8-22:: Eg-gig 8‘1’? Eg-gg
. . . min . . . . . .
nature of the dependent variable, two logit regressions (one i
for each region) were performed. To investigate variations winter
between the different seasons further, we run a separate logit tmin_1 0.76**(0.04)  0.23**(0.05) 0.01(0.01)

: : " - tmin_2 0.61**(0.03) 0.37**(0.03) 0.02* (0.01)
regression f_or gach 'season and region (additional statistical tmin_3 0.447(0.04) 0.52° (0.04) 0.04* (0.02)
information is given in the Appendix, Table Al). -

spring

To obtain the predicted probabilities of a cost occurring :
at each level of temperature, we used a margin analysis af- tmin_1 0.17+(0.05)  0.50**(0.07) ~ 0.33**(0.06)

i formi h logit ion. Th touts for th tmin_2 0.23**(0.04)  0.43** (0.05) 0.34** (0.04)
er performing each logit regression. The outputs for these tmin_3 0.30%*(0.09) 0.34*(0.10)  0.36** (0.09)
analyses are presented in Table 5.
. A autumn
After producing the probabilities of a damage cost occur-
tmin_1 0.65** (0.08) 0.34***(0.08) 0.01 (0.01)

ring (i.e. the presence of a damage cost), the next set of anal- tmin 2 0555 (0.07) 042 (0.07) 0.03 (0.03)
yses aims to predict the probability of a certain level of dam- tmin_3 045 (0.13) 0.32*(0.14)  0.23(0.13)
age cost occurring (i.e. magnitude of damage cost) at each
temperature level. Note that days with no damage cost occur _ — — -
rence were eliminated from the analysis. Thus, the produced :2:2—; 8'23*** 28'83 8'22*** Eg'ggg 8'8%**£0('81())1)
probabilities refer to the days with damage costs. tmin_3 0.27** (0.04)  0.44**(0.04)  0.29*** (0.04)
For the specific analysis, DS was used as the depen-

Sout?  All season8

winter
dent variable. ConS|stent.W|th the previous analy3|§, we per- — 087 (004) 0127 (004 00L(0.0D)
formed an overall analysis by controlling seasonality while tmin_2 0.57%* (0.04) 0.37%*(0.04) 0.06* (0.02)
also running a separate analysis for each season. DS consists tmin_3 0.22***(0.04)  0.54**(0.04)  0.24*** (0.04)
of three groups that indicate low, medium and high levels of spring
damage cost. Due tq the ordm_al nature of the var|at_>le, agen- min_1 0.617(005) _0.37°°(005) 0,02 (0.01)
eralised ordered logit regression methodology (using maxi- tmin_2 0.53** (0.04) 0.40%*(0.04) 0.07** (0.02)
mum likelihood estimation) was employed. The advantage of tmin_3 0.45*(0.09) 0.29**(0.11)  0.26*(0.11)
this method is that it relaxes the proportional odds assump- autumn
tion underlying ordered logit regression, according to which tmin_1 0.70%* (0.07) 0.29"*(0.07) 0.01 (0.01)
the relationship between each pair of outcome groups is the tmin_2 0.44*+(0.08)  0.46**(0.08) 0.10* (0.05)
same (additional statistical information is given in the Ap- tmin_3 0.21*(0.11)  0.23(0.14) 0.56* (0.16)
pend iX, Table A2) :23{3;9:’ jv?\nlf;tgrfjvg:)lnsngepdjF:fg:yigt ;aie(?g;l’cil*vinitgzoit.andard errors in parentheses.

To obtain the predicted probabilities of a certain level of
damage cost occurring at each level of temperature, we used
a margin analysis after performing each generalised ordered
logit regression. The outputs for these analyses are presentgmbrformed, setting as a validation sample the data of the pe-
in Table 6. riod 2010-2011.

To illustrate how the output of Table 6 is interpreted, the The results of the logistic regression analysis, presented
first row of the table shows the probabilities of different lev- in Sect. 3.2, have been used to establish the dichotomy of
els of DS occurring at each temperature level. Therefore, forisk/no risk of frost events occurring. It was considered that
the northern region, if on a certain day the temperature fallgprobabilities under 50 % correspond to events for which no
into the first category (i.e. high temperature), then the proba<cost is expected, while probabilities over 50 % permit a warn-
bility of low DS (DS1) occurring is 57 %, the probability of ing for a damaging frost event (Lopez et al., 2007). Based on
medium DS (DS2) occurring is 35 %, and the probability of this criterion and the results shown in Table 5, a warning for
high DS (DS3) occurring is 8 % (the sum of the probabilities possible crop damage in the cases of high and medium tmin
is 100 %). levels (tmin_1 and tmin_2) has been considered not appli-
cable, due to the particularly low estimated probabilities of
events with costs occurring for both regions. Regarding the
tmin_3 level, the logistic model predicts 61 and 63 % prob-
abilities of damaging events in the north and south, respec-
Validation of the logistic model developed for predict- tively, which permit a warning when the expected tempera-
ing probabilities of a cost occurring (Table 5) has beenture at the 850 hPa level is lower than the tmin_3 threshold.

3.3 Validation of the logistic model

www.nat-hazards-earth-syst-sci.net/14/2375/2014/ Nat. Hazards Earth Syst. Sci., 14, 227386 2014



2382 K. Papagiannaki et al.: Agricultural losses related to frost events

4 Discussion 200
130
The first objective of the present study was to answer theZ 160 -
guestion of whether and how the level of the minimum tem-& 140 1
perature at the isobaric level of 850 hPa relates to crop prog 120 -
duction damage. This is a critical issue before moving for-% 100 1
ward, because it defines the importance of all the next step= % -
of the analysis. According to the results of the regressionz 60 1
analyses (Table 4), the level of tmin (minimum T850) ex- 407
plains a considerable part of the produced damage cost, i
both the northern and southern regions under examinatior , . , ,
Therefore, T850 is proven to be a parameter that can be di S e ot
rectly linked to the development and magnitude of damaging
frost events. This is a promising result, considering the factFigure 5. Number of days with low tmin observations (tmin_3
that T850 is less influenced by cloudiness and local topogral€Vvel) by region, associated or not with crop damage (1999-2009).
phy and morphology compared to the near-surface tempera-
ture, and its forecast is highly reliable. Consequently, it could
be used in the context of an information tool, with the aim of Concerning the predicted probabilities of a cost occur-
providing warnings for frost risk with potential crop damage. ring at each level of tmin, the analyses show that, as tmin
A more analytical examination of the regression resultsfalls from higher to lower levels, the likelihood of crop dam-
(Table 4) shows that the different tmin levels are associatedge occurring increases significantly, regardless of the sea-
with quite different magnitudes of damage costs. Especiallyson (Table 5). Predicted probabilities of a damage cost oc-
when moving from the middle or high ranges of tmin (tmin_2 curring, taking seasonality into account, are differentiated
and tmin_1) to the lowest one (tmin_3), the associated cost islightly between north and south (Table 5), with the excep-
expected to be significantly higher in both regions examinedion of springtime low temperature records, for which the
(northern and southern). For the northern region, it seemgrobability of damages is expected to be much higher for
that the critical threshold is only one, and in particular the the north. In the low tmin level, autumn involves the great-
low tmin level, while for the southern region, the cost is dif- est risk in both regions compared to the other seasons; that
ferently affected by all three tmin levels. The season effect isis, the probability of any cost occurring is high, specifically
also significant, but divergence is observed between the twavhen tmin falls to the tmin_3 level. This outcome depends
regions. In the north, results indicate significantly increasedof course on the selected tmin thresholds (Table 2) and the
damage costs when comparing spring (season_2) with wintefrequency of tmin_3 observations recorded in the season ex-
(season_1) and autumn (season_3). The outcomes imply thamined. It is interesting to observe in Fig. 5 the number of
spring frost events may damage crops considerably, dependiays that correspond to the tmin_3 level, for the period 1999—
ing apparently on the growth stage of the plants at this time2009, and associated or not with crop damage (cost or no
of the year. Indeed, as the Food and Agriculture Organizatiorcost). More specifically, the number of days with tmin_3 ob-
reports, deciduous fruit trees, which are the most commorservations is very low during autumn in both regions, and
plants cultivated in the northern region, are more sensitivealmost all of them (8 out of 9 days in the north, and 6 out
in spring and autumn (Snyder and de Melo-Abreu, 2005).7 days in the south) are associated with the occurrence of
Likewise, Rodrigo (2000) reports that in temperate climates,crop damage. This analogy is obviously responsible for the
losses due to frosts during bloom are more important tharhigh probability of any cost occurring in the low tmin level.
those due to low winter temperatures. For the southern reAccordingly, the respective proportions for spring and winter
gion, though, results are not statistically significant with re- lead to lower or much lower probabilities of crop damage.
spect to the effect of spring versus the effect of autumn, thus The damage severity (DS) of frost events, as measured by
spring is not by definition expected to be associated withthe expected cost due to crop losses, is shown in Table 6.
higher costs. According to Rodrigo (2000), freezing injuries Depending on the tmin level, winter exhibits probabilities
to fruit trees can be associated with low temperatures prior tdiigh enough to be considered warnings only for low and
dormancy in the autumn, in midwinter during dormancy, or medium DS. Spring in the north also gives noticeable prob-
during and after budbreak in the spring. According to the re-abilities of high DS (DS3), which, though, lie between 30
gression results, in the period 1999-2009, spring and autumand 36 %, according to the tmin level. However, medium as
in the southern region exhibited approximately the same ratevell as low tmin are both expected to associate mostly with
of financial losses and similar rates of daily losses due tomedium DS. In the south, during spring, low DS is more
crop damage during frost events (EUR 41 and 45 million for likely to occur in the case of a frost event. The severity of
spring and autumn frost events, respectively), which partlya damaging frost event during autumn is expected to be con-
explains the regression analysis outcomes. siderably high in the south only for low tmin records, with a

20

M cost

3 days(1999

Mno cost

m

tm
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400 5 Concluding remarks

In this study, analysis of the agricultural losses of the period
1999-2011 has been performed. It was found that frost is the
most damaging weather-related phenomenon, accounting for

E 200 = tmin_3 34.5 % of the total insured crop losses in Greece. This find-
N = tmin_2 ing motivated the investigation of the relationship between
130 =tmin_] the daily minimum temperature at the 850 hPa level (tmin)

and the observed damage cost caused by frost events. Results
have been found to be statistically significant, indicating that
the level of tmin explains a considerable part of the produced
North South damage cost. Moreover, the statistical analysis aimed at pro-
viding estimates of the damage probability and its magnitude
Figure 6. Distribution of frost-related insured crop losses by tmin relative to different temperature ranges. Overall, results are
level (1999-2009). better for the northern region. Specifically, regression anal-
ysis of the relationship between tmin and cost resulted in a

. L ) higher explanatory power (the adjust&dsquare is 25 %),
probability of over 50 %. Significant damage is not expectedyng eftect of tmin levels indicated one specific temperature

in the case of high tmin. However, crop damage has Occurreij‘nreshold (the low tmin level) under which the cost is signif-

even when T850 is high. Actually, 25% of frost events in joo iy higher, and spring was also clearly linked to higher

both regions relate to high tmin values and correspond 19y, age cost. Surprisingly, autumn has been found to involve
13 % of total insured crop losses (Fig. 6), which confirms thatthe greatest risk in both regions compared to the other sea-

T850. i_s not always rep.regentativg of the near-surface weath ons concerning the probability of any cost occurring when
conditions, where radiative cooling and, subsequently, M5 tmin records occur. This outcome, however, relates to the

perature inversions (i.e. temperature increases with height%elected tmin thresholds and the low frequency of days with
may oceur. - N _ . low tmin observations, most of which presented damaging
The evaluation of the logistic model — which provides frost events

predictions of the probability of the occurrence of a cost- gy the logistic model that provides predictions for the
damaging event —has been performed, as already rnent'oneﬂrobability of the occurrence of a cost-damaging event was

only for events belonging to the low tmin_3 level. OVer- ¢4 ated on an independent 2-year validation sample only
all, in the period 2010-2011, 140 daily frost events with ¢ o\ents belonging to the low tmin_3 level. The analysis
crop damages amounting to EUR 26.8 million occurred in ¢ yhe cost-damaging events in the southern region showed
the two regions examined, 22 of which relgte to the low tMiN 1ot if the tmin 3 threshold was used to issue a warning,
threshold (tr_nm_3). Indeedl, 65 events with a total COSt_Ofthere would have been a successful alert for the events that
EUR 24.4 million occurred in the south, and 75 events with ., ,sed 79 % of the total damages in the validation period.
The outcomes of the statistical analyses provide valuable

a cost of EUR 2.4 million in the north. As the events in the
information regarding the qualitative and quantitative char-

north mainly had low daily costs during the period 2010—
2011, the validation will be restricted in the south and for the ;... istics of frost-related risk in agriculture that may con-
tribute to the research into agriculture risk assessment and

events with daily costs exceeding EUR 100 000.
During the validation period, 16 events with costs exceed'management. To a large extent, the potential for frost dam-
age depends on local conditions, and thus it is difficult to as-

ing EUR 100000 occurred in the southern region, 6 of which

(accounting for 37 % of the cases) were in the tmin_3 cateaqq e to the uncertainty included in weather forecasts. It
gory. Although only for 37

. % of the events would a warning s i, the future plans of the authors to assess the outcomes of
have been issued, these events accounted for 79 % of the tg5e resent analysis further, while frost events and agriculture
tgl costs in the south for the examlned_ period. The aforemendamage will keep on being systematically observed as part of
tioned percentages show that the tmin_3 threshold could bg,q 5 ;thors' research into weather-related risks in Greece and

used at least as a threshold for issuing successful warningﬁ;]e subsequent socio-economic impacts (Papagiannaki et al.,
for the high damaging events. 13)

Focusing again on the southern region, the false alarm20
ratio (FAR), which represents the fraction of the predicted
events that did not actually occur, has been calculated for the
same validation period and equals 0.44. This FAR value is
quite high, but it should be viewed under the light of the cost
of mitigation strategies, which is a factor not considered in
our study.
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Appendix A: Sensitivity analysis and Table ALl. Fit statistics for logit regressions.
supplementary output

Models N LR chi2 Prob>chi2 Pseudo R2
To enhance the robustness of our methodology and to check
for methodological consistency, statistical analyses were also North
performed for different groupings of tmin, setting in all cases Allseason§ 2676 439.96 <0.00 0.17
equal percentages for defining the lower and upper tmin_c Winter 993  106.85 <0.00 0.09
levels (from 20 to 35 %). In all cases, the analyses produced Spring 1012 104.64 <0.00 0.14
consistent results. Autumn 671 64.11 <0.00 0.15

Accordingly, the analyses have also been performed for a sguth
different grouping of damage severity, where the DS1, DS2

and DS3 levels correspond to the lower 50%, the middle Alseasons 2676 312.92  <0.00 0.12
30% and the upper 20% of the data series. As expected Winter 993 160.39  <0.00 0.13
) ' Spring 1012 37.48 <0.00 0.04

when the DS3 level included the upper 20 % instead of the A \t,mn
10 % of the cost data, results of the analyses for both regions
showed a consistent increase in DS3 probabilities, as well as* Autumn, winter and spring.
a respective decrease in DS2 probabilities. The direction of
these changes is in line with the main findings of the study,

671 3754 <0.00 0.08

and further supports their validity. Table A2. Fit statistics for generalised ordered logit regressions.
Logit regressions fit statistics. _ _
Table Al provides fit statistics for the logit regressions. ~ Models N LRchi2z Prob>chi2 Pseudo R2
The prob> chi2 for all models is significant at the 5 % level, North
indicating a perfect fit of the data. Al s 515 2704 0.00 0.03
Table A2 provides fit statistics for the generalised ordered WinstZ?son 326 15.56 io'oo 0'03
logistic models. In all models, except one, the prothi2 is Spring 124 1 %9 0 41 'O 01
significant at the 5 % level, indicating a perfect fit of the data. A ,yumn 65 6.44 0.04 0.06
South
All season$ 528 78.83 <0.00 0.08
Winter 285 54.36 <0.00 0.10
Spring 170 9.23 <0.01 0.03
Autumn 73 18.54 <0.00 0.14

* Autumn, winter and spring.

Nat. Hazards Earth Syst. Sci., 14, 23752386 2014 www.nat-hazards-earth-syst-sci.net/14/2375/2014/



K. Papagiannaki et al.: Agricultural losses related to frost events 2385

AcknowledgementsThe authors acknowledge the Greek Agricul- Gobin, A., Tarquis, A. M., and Dalezios, N. R.: Preface “Weather-

tural Insurance Organisation (GAIO) and particularly the Director  related hazards and risks in agriculture”, Nat. Hazards Earth Syst.
of Research and Application J. Ghizlis, as well as J. Chrysanthakis Sci., 13, 2599-2603, ddi0.5194/nhess-13-2599-2Q1313.

for the provision of crop damage announcements and the respectivdair, J. F., Tatham, R., and Anderson, R. E.: Multivariate Data Anal-

monetary compensations for the period 1999-2011. The European ysis, Academic Internet Publ., 2006.

Centre for Medium-Range Weather Forecasts is acknowledged fotPCC: Managing the Risks of Extreme Events and Disasters to Ad-
making available the ERA-Interim reanalyses fields. We would vance Climate Change Adaptation, A Special Report of Work-

finally like to thank Michalis Sioutas and the anonymous referee ing Groups | and Il of the Intergovernmental Panel on Climate

for their helpful suggestions that considerably improved the Change, edited by: Field, C. B., Barros, V., Stocker, T. F., Qin,

manuscript. D., Dokken, D. J., Ehi, K. L., Mastrandrea, M. D., Mach, K. J.,

Plattner, G.-K., Allen, S. K., Tignor, M., and Midgley, P. M.,
Edited by: M.-C. Llasat Cambridge University Press, Cambridge, UK, and New York,
Reviewed by: M. V. S. Sioutas and one anonymous referee NY, USA, 582 pp., 2012.

Lépez, L., Garcia-Ortega, E. and Sanchez, J. L.: A short-
term forecast model for hail, Atmos. Res., 83, 176-184,

References doi:10.1016/j.atmosres.2005.10.02007.

Moonen, A. C., Ercoli, L., Mariotti, M., and Masoni, A.: Climate

Barthel, F. and Neumayer, E.: A trend analysis of normalized in-  change in Italy indicated by agrometeorological indices over 122
sured damage from natural disasters, Climatic Change, 113, 215— years, Agr. Forest Meteorol., 111, 13-27, d6i1016/S0168-
237, 2012. 1923(02)00012-62002.

Berthet, C., Dessens, J., and Sanchez, J. L.: Regional and yearijannos, N., Bersimis, S., and Georgakellos, D.: Evaluating climate
variations of hail frequency and intensity in France, Atmos. Res., change in Greece through the insurance compensations of the
100, 391-400, dol0.1016/j.atmosres.2010.10.0@811. rural production damages, Global Planet. Change, 102, 51-66,

Botzen, W. J. W., Bouwer, L. M., and van den Bergh, J. C. J. M.: " d0i:10.1016/j.gloplacha.2013.01.00813.

Climate change and hailstorm damage: Empirical evidence antbapagiannaki, K., Lagouvardos, K., and Kotroni, V.: A database
implications for agriculture and insurance, Resour. Energy Econ.,  of high-impact weather events in 5 Greece: a descriptive impact
32, 341-362, doi10.1016/j.reseneeco.2009.10.004, 2010. analysis for the period 20012011, Nat. Hazards Earth Syst. Sci.,

Changnon, S.: Catastrophic winter storms: an escalating problem, 13, 727-736, doi:0.5194/nhess-13-727-201213.

Climatic Change, 84, 131-139, 2007. Rigby, J. R. and Porporato, A.: Spring frost risk in a changing cli-

Changnon, S.: Increasing major hail losses in the US, Climatic mate, Geophys. Res. Lett., L12703, d6i:1029/2008g1033955
Change, 96, 161-166, 2009. 2008.

Dee, D. P, Uppala, S. M., Simmons, A. J., Berrisford, P., Poli, Rodrigo, J.: Spring frosts in deciduous fruit trees — morphological
P., Kobayashi, S., Andrae, U., Balmaseda, M. A., Balsamo, G., damage and flower hardiness, Sci. Hortic., 85, 155-173, 2000.
Bauer, P., Bechtold, P, Beljaars, A. C. M., van de Berg, L., Bid- Rosenzweig, C., Tubiello, F. N., Goldberg, R., Mills, E., and
lot, J., Bormann, N., Delsol, C., Dragani, R., Fuentes, M., Geer, Bloomfield, J.: Increased crop damage in the US from excess
A.J., Haimberger, L., Healy, S. B., Hersbach, H., HOIm, E. V.,  precipitation under climate change, Global Environ. Change, 12,
Isaksen, L., Kallberg, P., Kéhler, M., Matricardi, M., McNally, 197-202, doit0.1016/S0959-3780(02)00008AD02.

A. P., Monge-Sanz, B. M., Morcrette, J. J., Park, B. K., Peubey, Ruiz-Ramos, M., Sanchez, E., Gallardo, C. and Minguez, M. I.: Im-

C., de Rosnay, P., Tavolato, C., Thépaut, J. N., and Vitart, F.: The  pacts of projected maximum temperature extremes for C21 by an
ERA-Interim reanalysis: configuration and performance of the  ensemble of regional climate models on cereal cropping systems
data assimilation system, Q. J. Roy. Meteor. Soc., 137, 553-597, in the Iberian Peninsula, Nat. Hazards Earth Syst. Sci., 11, 3275—

doi:10.1002/qj.8282011. 3291, doi10.5194/nhess-11-3275-2QPD11.
EC: Agricultural Insurance Schemes, European Commission, Joinggg Requejo, A., Garcia Moreno, R., Diaz Alvarez, M. C., Burgaz,
Research Centre, modified 2008, 2006. F., and Tarquis, M.: Analysis of hail damages and temperature se-

Eccel, E., Rea, R, Caffarra, A., and Crisci, A.: Risk of spring frost  ries for peninsular Spain, Nat. Hazards Earth Syst. Sci.,11, 3415—
to apple production under future climate scenarios: the role of 3422 doi10.5194/nhess-11-3415-2Q2011.
phenological acclimation, International J. Biometeorol., 53, 273—Scheifinger, H., Menzel, A., Koch, E., and Peter, C.: Trends of
286, doi10.1007/s00484-009-0213-3009. spring time frost events and phonological dates in Central Eu-
European Commission: Regions 2020 — the Climate Change Chal- rope, Theor. Appl. Climatol., 74, 41-51, db@.1007/s00704-
lenge for European Regions, European Commission, Directorate 002-0704-62003.
General for Regional Policy, Brussels, 2009. Snyder, R. L. and de Melo-Abreu, J. P.: “Frost Protection: funda-
Giannakopoulos, C., Kostopoulou, E., Varotsos, K., Tziotziou, K.,  mentals, practice and economics” Volume 1., Food and Agricul-
and Plitharas, A.: An integrated assessment of climate change tyre Organization of the United Nations, FAO, 2005.
impacts for Greece in the near future, Reg. Environ. Change, 11gnyder, R. L., de Melo-Abreu, J. P., and Matulich, S.: Frost Protec-
829-843, doit0.1007/s10113-011-0219-3011. tion: fundamentals, practice and economics, Volume 2. Food and
Gobin, A.: Impact of heat and drought stress on arable crop produc- Agriculture Organization of the United Nations, FAO, 2005.
tion in Belgium, Nat. Hazards Earth Syst. Sci., 12, 1911-1922,
doi:10.5194/nhess-12-1911-2Q12D12.

www.nat-hazards-earth-syst-sci.net/14/2375/2014/ Nat. Hazards Earth Syst. Sci., 14, 227386 2014


http://dx.doi.org/10.1016/j.atmosres.2010.10.008
http://dx.doi.org/10.1002/qj.828
http://dx.doi.org/10.1007/s00484-009-0213-8
http://dx.doi.org/10.1007/s10113-011-0219-8
http://dx.doi.org/10.5194/nhess-12-1911-2012
http://dx.doi.org/10.5194/nhess-13-2599-2013
http://dx.doi.org/10.1016/j.atmosres.2005.10.014
http://dx.doi.org/10.1016/S0168-1923(02)00012-6
http://dx.doi.org/10.1016/S0168-1923(02)00012-6
http://dx.doi.org/10.1016/j.gloplacha.2013.01.006
http://dx.doi.org/10.5194/nhess-13-727-2013
http://dx.doi.org/10.1029/2008gl033955
http://dx.doi.org/10.1016/S0959-3780(02)00008-0
http://dx.doi.org/10.5194/nhess-11-3275-2011
http://dx.doi.org/10.5194/nhess-11-3415-2011
http://dx.doi.org/10.1007/s00704-002-0704-6
http://dx.doi.org/10.1007/s00704-002-0704-6

2386 K. Papagiannaki et al.: Agricultural losses related to frost events

Tolika, K., Anagnostopoulou, C., Maheras, P., and Vafiadis, M.: UNISDR: Terminology on disaster risk reduction, United Nations,
Simulation of future changes in extreme rainfall and temperature  2009.
conditions over the Greek area: A comparison of two statistical
downscaling approaches, Global Planet. Change, 63, 132-151,
doi:10.1016/j.gloplacha.2008.03.00%08.

Nat. Hazards Earth Syst. Sci., 14, 23752386 2014 www.nat-hazards-earth-syst-sci.net/14/2375/2014/


http://dx.doi.org/10.1016/j.gloplacha.2008.03.005

