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Católica Argentina, and Consejo Nacional de Investigaciones Cientı́ficas y Técnicas, Buenos Aires, Argentina
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ABSTRACT

Mendoza Province is the major Argentinian vitivinicultural region, and its grape production is fundamental

for the national vintage. The 1979–2009 climate–annual grape yield relationships are analyzed, and total grape

yield is shown to depend significantly on regional ‘‘summer’’ (October–March) precipitation. Precipitation

negatively affects yields through plant disease and damage/destruction by hail. At interannual scales, summer

regional precipitation variability can explains 25% of the yield variance. Summer precipitation modulates

yield with a 6–8-yr period: wet (dry) summers can be associated with larger (smaller) grape damage/loss

probability during the summer preceding the vintage, as well as lower (higher) grape yields in the subsequent

annual campaign because of bud damage. With respect to monthly mean precipitation at Mendoza Observatory,

wetter Novembers/Decembers can lead to lower yields. Hail during the summer of the previous harvest and

during December could lower yields. Winter, late spring, and early summer mean maximum temperatures can

impact current and subsequent annual yields: warmer (colder) months are linked to enhanced (decreased)

yields. These relationships can be associated with circulation and SST conditions in the equatorial and extra-

tropical Pacific Ocean basin and southern South America: SSTs within the southeastern South Pacific are re-

lated to western equatorial Pacific SSTs and convection, which modify circulation and water vapor transport

over southern South America. Statistical multilinear modeling shows that the observed relationships among

yield, precipitation, and temperature can explain at least 60% of the observed interannual yield variability. It is

thus possible to quantitatively estimate, some months in advance, the upcoming vintage’s yield.

1. Introduction

The climate in central-western Argentina (CWA), be-

tween 288 and 368S and between 658 and 708W (Fig. 1),

known as the Cuyo region, is arid to semiarid, under the

rain shadow of the high western Andes mountains, whose

peaks reach between 5000 and 6000 m above mean sea

level on average. The mean lower-tropospheric circu-

lation is characterized by the interaction between moist

and warm northeasterly winds from the quasi-stationary

subtropical South Atlantic anticyclone (SAA), centered

at about 308S over the South Atlantic Ocean basin,

the continental thermal–orographic–dynamic chaco

low, and the westerlies at higher latitudes (Agosta and

Compagnucci 2012). Such a climate favors grape pro-

duction under irrigation to such an extent that this is the

main grape-growing region in Argentina, and grape pro-

duction and industrialization are major components of the

regional economy. Within Cuyo, Mendoza Province car-

ries nearly 70% of the national vineyard area, with over

65% of the total national grape production. Hence, the

province leads the national wine agribusiness in produc-

tion of both total grapes and wine [Instituto Nacional de

Vitivinicultura (INV); online at http://www.inv.org.ar].

Agosta and Cavagnaro (2010) recently found that to-

tal grape yield variability is partly related to summer
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(October–March) precipitation interannual variability

in CWA. The CWA summer precipitation variability

shows interannual to multidecadal variability through-

out the past century, with prominent low-frequency quasi

cycles (Compagnucci et al. 2002; Agosta and Compagnucci

2012). The quasi-bidecadal oscillation with a period of

about 18 yr is a strong feature of the CWA summer pre-

cipitation; it resulted in alternating wet and dry spells,

lasting approximately 9 yr each, until the 1970s. Since

then, the CWA region has undergone a prolonged wet

spell that has lasted more than 30 yr. The loss of the quasi-

bidecadal signal in precipitation can be attributed to im-

pacts on the regional atmospheric circulation resulting

from the 1976/77 climate transition (Agosta and Com-

pagnucci 2008a). This climate transition is linked to

warmer sea surface temperature anomalies in the central

Pacific Ocean (Mantua et al. 1997; Alexander 2010). Grape

yield records, however, are available in Mendoza only since

1979, corresponding to the long-term wet period in CWA.

In the current climate change context (Solomon et al.

2007; Parry et al. 2007), in which adaptation strategies

need to be designed to ensure the continuity of the ac-

tivity [e.g., Organization Internationale de la Vigne

et du Vin (OIV) Strategic Plan; see online at http://

www.oiv.int], the analysis of the temporal evolution of

Mendoza’s grape production with respect to current re-

gional climate variability can provide research-supported

baseline information for decision-making processes at

medium and long-term scales. Studies such as Jones and

Davis (2000), Jones et al. (2005), Grifoni et al. (2006),

Hall and Jones (2008, 2010), and Makra et al. (2009) have

looked at climate–production relationships for grape-

and wine-producing regions in Australia, Europe, and

North America. Very few studies have analyzed these

issues for South American production, however. In the

case of Argentine vitivinicultural regions, Barbero et al.

(2008) have looked at the regional climate evolution and

associated changes in phenological indicators since the

early 1970s for northern and central Patagonia, where

there is a growing grape and wine industry. They also

considered future implications using regional climate

model runs with Intergovernmental Panel on Climate

Change scenarios for 2070–80.

The aim of this study is to examine in detail the re-

lationship between the CWA interannual climate var-

iability, as given by precipitation and temperature, and

Mendoza’s total grape production for the period 1979–

2009. Mendoza’s vintage takes place most commonly in

April. It would be possible in principle, by determining

the relative contributions of these climate variables, to

quantitatively estimate the impact of regional climate

on the province’s annual grape yields. Section 2 intro-

duces the datasets used in the study, both direct ob-

servations and reanalysis products, as well as statistical

and atmospheric dynamics diagnostics tools applied.

Section 3 introduces first the overall relationship be-

tween summer precipitation in Cuyo and annual grape

yield. A low-frequency variability analysis is subse-

quently carried out to further understand the observed

precipitation–grape yield relationships. Monthly pre-

cipitation and temperature retrievals are then consid-

ered to understand these relationships within the grape

FIG. 1. Map of the CWA region showing the location of the operational weather surface

stations the data of which are used in this study; see Table 1 for the station list and geographic

coordinates. A dashed line encircles the meteorological stations within Mendoza Province.
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growth cycle. A climate dynamics diagnostic is then

applied to determine possible circulation mechanisms

driving the observed variability and statistical re-

lationships. A backward-stepwise model is then used to

define the main climate predictors that can be used to

explain the grape yield variability. A three-variable

model is obtained that optimizes yield prediction by

early December. This analysis shows that it is possible

to use regional South Pacific SSTs from August, pre-

cipitation from January of the summer of the previous

harvest, and the November maximum temperature of

the current growth cycle to reach such a prediction.

2. Data and method

The required grape production data are provided by

the INV statistics office, that is, Mendoza’s total annual

grape production in metric quintals (100 kg) and total

implanted surface area, in hectares, for the period 1979–

2009. These statistics are used to estimate the annual

total grape yield (or, simply, yield) as the ratio of

the total grape production to the total implanted area.

Meteorological data from 11 stations operated by the

Servicio Meteorológico Nacional in the Cuyo region

(Table 1) are used. Monthly mean maximum and mini-

mum temperatures and total monthly precipitation

data are considered in this study. In addition, the total

vineyard area damaged by hail (SDG), in hectares,

in Mendoza Province, as surveyed by the Dirección de

Agricultura y Contingencias Climáticas (http://www.

contingencias.mendoza.gov.ar), is also considered for

the summers between 1994 and 2006 according to avail-

ability.

The precipitation’s interannual variability during sum-

mer (defined here as the warm season extending from

October through March, that is, equivalent to the South-

ern Hemisphere grape-growing season) has been studied

in detail by Agosta et al. (1999) and Compagnucci et al.

(2002). They established an annual regional index (CWAP)

for summer precipitation in CWA that is used in this

study. The CWAP index is calculated as the seasonal

percentage ratio of the precipitation with respect to the

sampled period’s mean averaged for all stations avail-

able each year and subsequently standardized. First, an

intermediate P(t) index is estimated as the percentage

ratio between total (October–March) summer rainfall

at each station and the station mean, averaged over all

of the stations:

Yj(t) 5 [Xj(t) 3 100]/xj, 1 # j # n, (1)

where Yj(t) is the summer rainfall annual series for

station j, given as a percentage of its 1961–90 long-run

average xj, corresponding to the October–March warm

period, and n is the total number of stations considered

(11 in this study).

Hence,

P(t) 5 �
n

j51

Yj(t)/n and (2)

CWAP(t) 5
P(t) 2 P(t)

s[P(t)]
, (3)

where P(t) is the P(t) time mean over the period sam-

pled and s[P(t)] is the P(t) standard deviation. Thus,

a positive (negative) CWAP index signals a wet (dry)

summer in Cuyo. Because summer precipitation in CWA

is frequently convective and accompanied by hailstorms

(Saluzzi 1992), here a wet (dry) summer implies more

(less) precipitation, which can be due to rain, hail, or

both, as will be discussed. The CWAP index is used here

to analyze CWA summer precipitation variability and the

relationship with Mendoza’s annual yield.

To study the interannual relationship between yield

and both local precipitation and temperature within

the annual cycle, monthly total precipitation (PPP) and

monthly mean maximum and minimum temperatures

(Tmax and Tmin, respectively) for the Mendoza Observa-

tory weather station (MZA; Table 1) are used. In par-

ticular, MZA is used as a reference for the interannual

monthly comparison between yield and temperature/

precipitation. This choice was made for the following

reasons: 1) the station’s long, almost gapless data record

with very good quality observations and 2) the station’s

closeness to the Eastern Zone oasis, which remains the

most important grape-growing region within the prov-

ince, with nearly 50% of the province’s grape yield.

Monthly mean atmospheric and oceanic variables

required for the analysis, such as precipitable water

TABLE 1. Meteorological stations that are used for the construction

of CWAP (Fig. 1).

Station

Height

(m)

Lat

(8S)

Lon

(8W)

Record

length

La Rioja (LRJ) 516 29.42 66.87 1904–2010

San Juan (SNJ) 634 31.32 68.57 1900–2010

Chepes (CHE) 658 31.33 66.60 1930–90

Mendoza (MZA) 769 32.88 68.82 1900–2010

San Luis (SNL) 734 33.03 66.32 1905–2010

Villa Mercedes (VMC) 514 33.68 65.48 1900–2010

San Carlos (SCR) 940 33.77 69.01 1938–79

Rama Caı́da (RMC) 713 34.67 68.40 1927–2010

Colonia (COL) 465 35.00 67.69 1935–79

Malargüe (MAL) 1425 35.50 69.58 1953–2010

Victorica (VTR) 312 36.23 65.43 1905–2010
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(PRWTR; kg m22), streamfunction (PSI; m2 s21) at

sigma levels 0.85 and 0.21, surface temperature (AIR; K),

outgoing longwave radiation (OLR; W m22), and sur-

face skin temperature [monthly Reynolds’s sea surface

temperature (SST); K] are obtained from the National

Centers for Environmental Prediction–National Center

for Atmospheric Research (NCEP–NCAR; Kistler et al.

2001) reanalysis dataset, available from the National

Climatic Data Center (online at http://www.ncdc.noaa.

gov). These data are provided at pressure levels on a

2.58 3 2.58 latitude–longitude grid. Reanalysis data at

sigma levels are provided in a triangular spectral T62

Gaussian grid (192 3 94).

Correlation and regression maps between the yield in

Mendoza and PRWTR, PSI, AIR, OLR, and SST are

estimated to identify possible large-scale circulation

patterns over southern South America and the Southern

Hemisphere that can have an impact on the yield. Sta-

tistical time series analysis is carried out using multiple-

regression analysis between grape production, as given

by the yield, and the precipitation index (CWAP) for the

current year’s harvest (lag 5 0) and the previous one

(lag 5 21). To isolate different time scales of variability

and to examine the changes of variance in both the yield

and CWAP time series, the complex Morlet wavelet

transform is used to estimate wavelet power spectra for

each time series. Further details on wavelet analysis can

be found in Torrence and Compo (1998). To reduce

edge effects, each time series is padded with zeros. To

identify the frequency bands within which yield and

CWAP time series are covarying, the cross-wavelet

power spectrum is used (Torrence and Webster 1999).

Wavelet coherence is also estimated as a measure of the

intensity of the covariance of the two time series in time–

frequency space, since cross-wavelet power is a mea-

sure of common power (Jevrejeva et al. 2003, 2005). A

Markovian red-noise process (lag 1) is used to identified

significant variances at a 5 0.05. The CWAP time series

was smoothed using a nine-term Gaussian low-cut filter

to highlight interdecadal variability of perturbations

with periods over 9 yr. Last, a backward-stepwise mul-

tiple regression between grape yield and selected cli-

mate variables is applied to identify the best predictive

model for the annual grape yield.

To diagnose the observed quasi-stationary wave ac-

tivity observed in the climatological analysis in section 3d,

the Plumb quasi-stationary wave activity flux (Plumb

1985) is calculated. Flux calculations provide information

about wave sources and sinks necessary to understand

the dynamics of the processes under study. For small-

amplitude waves on a zonal mean flow, the conservative

relationship for stationary wave activity is given by flux

Fs, which in this particular case is introduced only on the

horizontal plane:

Fs 5 p cosu

"
y*2 2

1

2Va sin2u
›(v*f*)

›l
, 2u*y* 2

1

2Va sin2u
›(u*2f*2)

›l

#
, (4)

where p is the pressure; u* and y* are the eddy zonal and

meridional geostrophic wind components, respectively; a is

the earth’s radius; f is the geopotential; and 2V sinu is the

Coriolis parameter, with V being the earth’s rotation rate

and u being latitude. In addition, overbars represent a time

average and the quantities with asterisks denote departures

from the zonal average. Flux Fs is parallel to the wave’s

group velocity.

3. Results

a. Annual grape yield and summer precipitation
in Cuyo

Figure 2 shows the CWAP index (vertical bars) for the

period 1901–2010, with respect to the 1979–2010 base-

line. The smoothed curve, using a nine-term Gaussian

filter (curve with triangles), is also shown to highlight

the bidecadal quasi cycle that was present through

the mid-1970s according to Compagnucci et al. (2002).

Figure 2 shows that since then, over the period under

study, the state of the regional climate essentially is

a long-lasting wet period. Agosta and Compagnucci

(2008a) have shown that the CWA summer precipitation

variability change, which took place in the mid-1970s, is

associated with regional atmospheric circulation changes

over southern South America, linked to the El Niño–like

variability phase change that was observed in 1976/77

(Ebbesmeyer et al. 1991; Zhang et al. 1997; Mantua

et al. 1997; Huang et al. 2005). It is well established

that the El Niño–like variability, also known as Pacific

decadal oscillation (PDO; Mantua et al. 1997) results

in associated SST spatial structure changes approxi-

mately every 20–30 yr (Bond et al. 2003; Alexander

2010). This periodicity would appear to be absent in

CWAP. Agosta and Compagnucci (2012) have recently

shown that the CWA precipitation shift of 1976/77 is

linked to Southern Hemisphere atmospheric circulation

teleconnection changes associated with regional station-

ary anomalies found over the midlatitude southwestern
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South Atlantic (Agosta and Compagnucci 2008b). Pacific

SST changes and other climate perturbations in the late

1990s suggest another reversal in the PDO phase (Bond

et al. 2003; Grassi et al. 2012). The lack of a comprehen-

sive mechanism explaining the El Niño–like variability

and its persistence over extended periods, however,

makes it impossible to determine true PDO reversals

soon after they occur (Huang et al. 2005; Alexander

2010). Note that CWAP (Fig. 2) shows a slight decline

after the early 2000s that may suggest, as yet incon-

clusively, a possible end to the prolonged wet period that

started in the mid-1970s (Agosta and Compagnucci

2012).

Figure 3 shows yield and CWAP for 1979–2009. Yield

exhibits a positive trend with a 0.40 correlation (98%

significant). Part of this positive trend can probably be

attributed to improvements in vineyard and strain

selection practices, implemented in recent decades.

Precipitation in the Cuyo region, on the other hand,

shows an overall negative trend, with a weakly signifi-

cant correlation of 20.20. Between 1979 and 1993 pos-

itive CWAP values were more frequent, but, as noted

above, negative values have now become a somewhat

more frequent occurrence: despite positive CWAP values

in 2007 and 2008, the overall trend remains negative for

the latter part of the sample.

Since only the time series’ stationary components

are relevant for examining the year-to-year CWAP

and yield covariability, both time series are detrended.

The unlagged correlation (lag 5 0) between detrended

CWAP and yield time series is 20.35, significant at the

95% confidence level. With a negative lag (lag 5 21)—

that is, correlating yield with respect to the summer

precipitation of the previous year—the correlation is

FIG. 2. CWAP summer precipitation index for CWA (vertical bars) together with the CWAP

index smoothed with nine low-pass terms (CWAP FTR; line with squares), to emphasize the

quasi-bidecadal cycle present until the mid-1970s.

FIG. 3. Annual grape yield in Mendoza (metric quintals per hectare) (‘‘Yield’’; line with

squares), together with CWAP summer precipitation index (vertical bars). The corresponding

linear trends for each series are also shown, together with their linear equations and explained

variance. Gray vertical bars show positive (wet) CWAP values, and white vertical bars show

negative (dry) CWAP values.
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20.36, significantly different from zero at the 95% level.

Note that summer precipitation has no memory of the

previous summer since the CWAP autocorrelation func-

tion at lag 5 21 shows a null correlation. Thus, year-to-

year summer precipitation variations are independent.

Both the current summer precipitation and that of the

previous summer (that which occurred during the pre-

vious growth–vintage cycle), contribute independently

and inversely to similar fractions in the annual yield’s

variance. This is in agreement with the fact that bud

differentiation and subsequent development–growth

in grapevines have a 2-yr cycle (e.g., Mullins et al. 1992;

Jones 2003).

Since the precipitation amounts during two consecu-

tive summers prior to vintage contribute independently

to the grape yield, it is possible to estimate a standard

linear regression between detrended grape yield Y

and detrended CWAP time series at both lag 5

0 (DT CWAP lag 5 0) and lag 5 21 (DT CWAP lag 5

21), as independent variables or predictors. The linear-

regression analysis results in a determination coefficient

R2 5 0.25, significant at the 98% confidence level. Re-

siduals point to the high degree of independence be-

tween the raw residuals and the multiregressional

predictors, confirming the validity of the analysis (not

shown). Thus, the combined effect of the precipitation

during the two summers before the grape harvest ex-

plains about 25% of annual variance in yield.

This result can also be seen from a regional circulation

perspective. Figure 4 shows the regression map between

the yield index and PRWTR as given by the NCEP–

NCAR reanalysis for both the summer of the year pre-

ceding the current cycle of grape growth and harvest

(Fig. 4a) and the summer immediately before the har-

vest (Fig. 4b). PRWTR spatial anomalies patterns are

similar for both summers, providing statistically signifi-

cant reduced (enhanced) available moisture conditions

over the CWA region, associated with high (low) grape

yield. Other significant regions showing the ‘‘flip flop’’

relationship between yield and PRWTR are present over

the eastern South Pacific, the South American conver-

gence zone, and northeastern Brazil as well, suggesting

possible links with large-scale circulation variability.

To verify whether the detrended CWAP index, which

includes both liquid and solid precipitation, can further-

more adequately represent variations in the occurrence

of hail events, it was correlated with the hail-damaged

area SDG series for all of Mendoza’s productive oases,

for the period with available hail damage data (1994–

2006; years N 5 13). It ideally would have been better to

have observed hail data, but no such data are available at

a reasonable number of sites in the region with both ad-

equate quality and sufficient temporal continuity. The

SDG series has a slightly negative trend in recent years

that could be attributed to hail-damage prevention ac-

tivities, such as sustained increases in the deployment

of antihail nets over vineyards—in particular, premium

ones. There is a significant linear relationship with

CWAP, as given by the correlation coefficient r 5 0.56,

significant at the 95% level. This implies that precip-

itation changes can explain more than 30% of the vari-

ance in the hail-damaged area. Thus, summers, with more

(less) precipitation are significantly associated with the

occurrence of more (less) hail damage in vineyards.

Figure 5 shows the SDG series for the Eastern Zone

oasis productive region only, which is the most con-

vectively active area in Cuyo (Agosta et al. 1999), and

the accumulated summer precipitation (PPPacum), be-

tween October and March. The period under analysis

FIG. 4. PRWTR regressed on Mendoza’s yield for (a) the sum-

mer during the year before harvest and (b) the summer immedi-

ately before the harvest. Units represent the fraction of PRWTR

change (kg m22) per one standard deviation in grape yield. Sig-

nificant values at the 90% (95%) confident level are shown in light-

gray (gray) shading.
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corresponds to the 1994–2006 harvests. The correlation

coefficient between the two series is now 0.64, significant

at the 98% level. Note that PPPacum shows enhanced

variability prior to 2000 with a positive trend and re-

duced variability, and it shows a negative trend since,

extending at least through 2006. The significant direct

relationship between summer precipitation and hail

damage in the eastern oasis is noteworthy and is slightly

higher than in the analysis that uses the regional CWAP

and total SDG.

The explanation for such relationships, as well as the

link with severe weather, can be understood by analyz-

ing plant state and response in the different phenological

stages. Underlying causes that inversely couple summer

precipitation with grape yield can be found in a number

of processes. Yield can be affected, in the first place, by

leaf area loss from defoliation that results from heavy-

rain or hail events (i.e., direct damage) and, in the sec-

ond place, by root suffocation resulting from prolonged

flooding caused by water excesses during heavy summer

rains (i.e., indirect damage; Gil and Pszczólkowski 2007).

Nevertheless, the latter situation is a rare occurrence in

Mendoza’s arid-to-semiarid climate. At the same time,

excess rainfall in general can have negative effects when

it fosters the development of fungal diseases, mainly Per-

onospora, mildew, and Botrytis. These fungal diseases

impact the photosynthetically active leaf surfaces and may

affect the grapes as well, both as green berries and during

the ripening stage (Gil and Pszczólkowski 2007). Thus, the

current harvest’s warm-season precipitation conditions

can have a significant impact on yields.

Plant damage is relevant at any phenological stage,

but it can have particularly significant consequences

during the early development stages taking place during

the summer of the preceding vintage. During this time,

plant damage can cause the loss of full outbreaks, espe-

cially during flowering and cluster fruit setting. During

these stages, severe storms and hail can dramatically re-

duce the amount of floral or fruit-setting clusters or leave

injuries that result in a direct decrease in the plant pro-

duction during the subsequent growth cycle (Sotés Ruiz

2011). Thus, humidity/precipitation conditions in the

previous summer are also relevant, in agreement with the

above results.

b. Low-frequency variability analysis

To understand further the observed links between

CWAP and grape yield in the low-frequency range, time-

period power analysis was carried out using wavelet

techniques. Both yield and CWAP series time-period

plots (Fig. 6a, top and bottom panels, respectively) show

that the two variables have statistically significant sig-

nals (at least 90% significant) in the 6–8-yr period range.

This period range remains statistically significant at least

during the early 1990s for yield and throughout the 1990s

and well into the 2000s for CWAP. Furthermore, yield

appears to have significant variability in the 4-yr-period

range in the mid-1980s and at periods close to 2 yr at

higher frequencies during the late 1990s. This latter pe-

riod range also appears in CWAP, although it is some-

what delayed in time and is less than 90% significant.

Figure 6b shows the cross-wavelet transform, which

provides information on the phase–time covariability

between yield and CWAP. The grayscale shows where

cross correlation is strong, and the arrows provide the

phase difference between the two signals. Thus, in the 6–

8-yr period range, the yield and CWAP are in antiphase

during the first half of the 1990s. In the higher-frequency

range, there would appear to be a significant cross cor-

relation, 908 out of phase. As the wavelet squared co-

herence shows (Fig. 6c), however, the area where the

higher-frequency perturbations occur in Fig. 6a does not

coincide in time (i.e., around and after 1995), and hence

the processes are not related. The wavelet analysis thus

FIG. 5. Area damaged by hail in Mendoza’s Eastern Zone oasis (SDG, ha), and October–

March PPPacum, given as a percentage of the 1978–2008 summer average precipitation. The E

on the SDG y axis indicates multiplication by 10 raised to the factor that follows it.
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further points to an inverse relationship between grape

yield and CWAP in the 6–8-yr period range during the

first half of the 1990s.

The effect of precipitation associated with severe

weather during the previous growing season together

combined with the effect of preharvest summer precip-

itation and resulting water excesses leads to a smoothed

modulation of the interannual variability in yield through-

out the decade, effectively strengthening yield’s decadal

modulation. This kind of cause–effect process of precip-

itation upon grape yield, which is observed at decadal

scales, probably could also be easily active throughout

longer multidecadal scales such as the typical quasi-

bidecadal oscillation that is present in earlier years in

precipitation (Fig. 2).

c. Impacts of monthly temperature and precipitation
variability

The relationship between yield and monthly precipita-

tion and temperature, both maxima and minima, during

the months preceding the annual grape harvest is another

important feature of the climate–yield relationship. The

vintage period usually begins in mid-February and lasts

until the end of April. The bulk of the grape harvest

is carried out around March. In consequence, the annual

grape cycle will be considered to extend, for current

purposes, from May until March of the following year.

The correlations between detrended yield (YdT) and

PPP are shown in Table 2. For months during the year of

the preceding vintage (i.e., during the previous grape

growth and harvest cycle: lag 5 21), significant negative

correlation values are obtained for January and March.

During the current growing season (lag 5 0), November

and December are the only months with significant

negative correlations with YdT. For the other summer

months prior to the beginning of the harvest, correla-

tions remain negative but are not significant. In all cases

an inverse relationship between monthly precipitation

and YdT is found, in agreement with CWAP results. The

current, more time specific, analysis of the impact of

the previous growing season’s precipitation pinpoints

January and March as the months with relevant pre-

cipitation impacts that contribute significantly to the

CWAP lagged-correlation result. For the current vintage,

FIG. 6. Wavelet analysis of grape yield and CWAP time series showing the period–time space evolution of their variability. (a) Wavelet

analysis plots of (top) grape yield and (bottom) CWAP. The thick lines highlight the areas where the variance is statistically significant, at

least to the 90% level. (b) Cross-wavelet transform plot between grape yield and CWAP, showing their covariability. Arrows show the

phase relationship between variables: in-phase behavior is shown by arrows that point to the right, and antiphase behavior is shown by

arrows that point to the left. As before, the thick lines highlight significant areas. (c) Wavelet squared coherence plot that highlights the

only significant relationship between grape yield and CWAP in the 6–9-yr range (see the text).
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summer (December) precipitation appears to be the

main contributor to the CWAP correlations.

The correlations between YdT and Tmin (detrended

monthly mean minimum temperature) or Tmax (de-

trended monthly mean maximum temperature) are

shown in Table 3. For Tmin, a significant, positive cor-

relation was found only for December. In contrast, Tmax

has significant and positive correlations during January

of the previous growing season and during June, July,

November, and December within the current growth

period. The warm months within the growth period (i.e.,

November and December) appear to be decisive—in

particular, the latter, which contributes to the yield both

through Tmin and Tmax. If the monthly temperature

range (Tmax 2 Tmin) is correlated with YdT, then cor-

relations are significantly positive for June (r 5 0.36),

November (r 5 0.46), and December (r 5 0.39), again

the latter two months being within the warm season.

This suggests the need for significant diurnal thermal

amplitudes at this time of the growth cycle.

Surface air temperature is a relevant variable, given

its incidence upon cluster growth during different phe-

nological stages. Both cluster growth and productivity

depend on carbon uptake during photosynthesis and

its subsequent processing, all of which is regulated

by temperature (Sotés Ruiz 2011). Monthly Tmax during

November and December is important because it de-

cisively influences berry setting and growth. This in-

fluence directly affects the final weight of the bunch and

the total yield. Temperature range is important during

these months because it primarily influences the fruit

quality and the quantity and quality of polyphenolic

compounds. The latter are relevant to the quality of the

wine production, whereas the number of clusters ob-

tained is not (e.g., Pszczólkowski et al. 2002; Santibáñez

2002; Rosier et al. 2004). Note also that thermal ampli-

tude correlates with yield in November and December,

because it primarily follows Tmax, which is what really

seems to be influencing the fruit development.

The Tmax during June and July may influence cluster

formation, both in quality and quantity. During these

months the buds are in a state of ecolatency (or the

ecodormition phase), and numerous authors (e.g., Kang

et al. 1998; Wolf and Cook 1992; Wolf 2004; Ferguson

et al. 2011) have noted the damage that very cold tem-

peratures can have upon bud tissues during this de-

velopment stage. Buds are capable of sprouting at this

time, but they will not do so until the first warm spring

temperatures trigger their opening and growth process

and ensure the normal development of the new shoots

(Pinto et al. 2009). The damage due to the very low

winter temperatures will become evident in a deficient

budburst in spring. Laboratory studies by Mills et al.

(2006) evaluated the damage in the cane phloem and

buds that can result from different winter conditions and

showed that excessively low temperatures can result in

significant damage and that enhanced humidity may

increase injury. Note that in the Cuyo region the desert

conditions result in monthly Tmax with larger variance

than that seen for Tmin (i.e., 28 and 1.48C, respectively)

because of a greater sensitivity to cold-air intrusions

during winter (June–August). The above positive cor-

relations between Tmax during winter months and YdT

are thus in agreement with these results.

d. Large-scale tropospheric circulation and yield

Section 3c shows that local monthly precipitation and

temperature have a direct impact on the interannual

grape yield variability. In this section, tropospheric cir-

culation variability associated with grape yield is ana-

lyzed to determine potential remote influences leading

to such behavior. Tropical global SSTs are common

forcing mechanisms of the extratropical tropospheric

circulation—in particular, through the propagation of

barotropic Rossby waves associated with SST-induced

deep convection (Lau and Nath 1996).

An initial correlation analysis shows significant trop-

ical SST association with yield, with correlations over

0.40 in the western equatorial Pacific (close to 58N–58S

and 1408–1608E) during June, that is, during early win-

ter when the vines are in dormancy state (Fig. 7a). Sig-

nificant correlations over this equatorial ocean area can

also be found beginning in March and maximizing

in June. The June SST anomalies can be associated

with anomalous deep convection over the area, to the

northeast of Papua New Guinea, as inferred from the

TABLE 2. Correlations and statistical significance values (in pa-

rentheses) between YdT and precipitation for months during

which these are statistically significant.

PPP

previous

Jan

PPP

previous

Mar

PPP

Nov

PPP

Dec

YdT 20.59 (99%) 20.35 (90%) 20.36 (90%) 20.49 (99%)

TABLE 3. As in Table 2, but between YdT and Tmin or Tmax.

Tmin Dec Tmax previous Jan Tmax Jun Tmax Jul Tmax Nov Tmax Dec

YdT 0.37 (99%) 0.33 (90%) 0.42 (95%) 0.46 (98%) 0.51 (99%) 0.48 (99%)
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significant and negative June OLR anomalies regressed

upon yield (Fig. 7b), generating barotropic quasi-stationary

wave propagation into the southern extratropics (Fig. 7c).

Figure 7c also shows Plumb’s Fs wave activity flux, which

highlights the quasi-stationary wave propagation across

the South Pacific from the source region in the western

tropical Pacific. The anomalous wave pattern observed

over South America in the lower troposphere favors the

occurrence of surface warm (cold) advection over the CWA

during winter (figures not shown), which is propitious for

high (low) yields (see section 3b).

During subsequent winter and spring months, sig-

nificant negative SST anomalies associated with yield

can be observed over the southeastern South Pacific

(SEPAC), centered at 308–458S and 1208–1008W. In this

region correlations are strong, with peak values above

0.50, which are maintained there over several months

from July to November (Fig. 8a). These correlations,

averaged over the area of maximum correlation be-

tween 358 and 458S and between 1158 and 1058W reach

a maximum value in August. There is a strong and in-

verse relationship between the August SEPAC SST

time series and yield that may serve as a potential tool

for seasonal forecasting of annual yield in the next vin-

tage in March–April. The prevalent negative seasonal

SEPAC SSTs associated with grape yields during winter

FIG. 7. (a) Correlation map between June SSTs and the Mendoza grape yield. (b) OLR

anomalies regressed on the grape yield (fraction of OLR change in watts per meter squared per

one standard deviation in yield). (c) Upper-troposphere (sigma level 0.21) PSI anomalies re-

gressed on the yield (fraction of PSI change in meters squared per second per one standard

deviation in yield). The overlaid vector field shows the quasi-stationary wave activity flux Fs

(m2 s22). Values that are significant at the 90% (95%) confident level are shown by light-gray

(gray) shading.
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and spring appear to respond to the early-winter quasi-

stationary Rossby wave propagating from the equatorial

western Pacific (Figs. 7a and 7c). Figures 8b and 8c

show the lower- and upper-troposphere streamfunction

fields, respectively, for June regressed upon the August

SEPAC SST time series. Similar wave patterns (not

shown) can be obtained for other regressions using spring

SEPAC SST time series. Note the good agreement

between Figs. 7c and 8c. These results point out that

early-winter (June) extratropical wave propagations as

well as oceanic thermal inertia appear to be responsible

for the generation of prevalent stationary midlatitude

SEPAC SST anomalies during late winter and early

spring, which in turn influence yield at the end of summer.

Thus, the question is how can these late winter–early

spring SST anomalies over the SEPAC influence grape

FIG. 8. (a) Correlation between yield and July–November mean SSTs. (b) June lower-

troposphere (sigma level 0.85) PSI anomalies regressed upon SEPAC SST time series in

August, multiplied by 21. (c) As in (b), but for the upper troposphere (sigma level 0.21). The

values are the fractions of PSI change in meters squared per second per one standard deviation

in yield. Overlaid vector field shows the quasi-stationary wave activity flux Fs (m2 s22). Values

that are significant at the 90% (95%) confident level are shown by light-gray (gray) shading.
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yield during the harvest of the following year? In section

3b, it has been established that local precipitation and

temperature in November and December have a cru-

cial influence on yield. Lower- and upper-troposphere

streamfunction anomaly fields regressed on yield for the

period of November–December are shown in Figs. 9a

and 9b. Note that tropospheric circulation anomalies

regressed upon the August SEPAC SST time series

for the November–December yield have comparable

anomaly patterns in the lower and upper troposphere

(Figs. 9c and 9d) The regional barotropic tropospheric

circulation anomalies in late spring associated with

yields imply a weakening (enhancement) of the SAA

together with weakening (strengthening) of the mid-

latitude westerlies for high (low) yields at the end of

summer. The imposed tropospheric circulation anoma-

lies, according to section 3b’s results, lead to warmer

(colder) airmass advection from the SAA toward the

CWA, which can be deduced from the positive surface

air temperature anomalies over central Argentina in the

regression map (Fig. 10a) and the advection of lower

(higher) moisture masses from the midlatitude South

Atlantic toward the CWA region, as can be observed by

the negative PRWTR anomalies on the regression map

(Fig. 10b). Therefore, the link between the SEPAC SST

time series and yield must be found in the tropospheric

circulation anomalies that are imposed in late spring/

early summer, resulting from the early-winter baro-

tropic quasi-stationary wave propagation whose source

in found in the western equatorial Pacific. These re-

sulting circulation anomalies strongly influence vintage

yields at the end of summer because of the phenological

responses that were analyzed in section 3c.

e. Climate-based yield predictions

The current analysis has shown that for the climate

variables under study there are potentially 11 predictors

with a direct and local, quantifiable impact on Mendoza’s

FIG. 9. November–December mean (a) lower-troposphere (sigma level 0.85) and (b) upper-troposphere (sigma level 0.21) PSI

anomalies regressed on yield. Fractions of PSI change are in meters squared per second per one standard deviation in yield. (c),(d) As in

(a) and (b), respectively, but for regression on August SEPAC SST (SEPAC). Values that are significant at the 90% (95%) confident level

are shown by light-gray (gray) shading. The rectangles approximately indicate the location of the CWA region.
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annual grape yield. These are precipitation during the

months of November and December prior to vintage,

precipitation during the January and March prior to the

previous vintage, the maximum temperature during

January of the previous year, the maximum temperatures

during June and July (winter), the maximum tempera-

tures during November and December (late spring and

early summer), and the December minimum tempera-

ture. The potentiality of SEPAC SST time series in

August as an external forcing predictor, adding quality to

the model, can be further considered. Thus, a linear

multiple regression using these variables can be obtained

to describe their combined effect on the yield. When all

12 climate variables are considered together, the variance

explained by the model is 76% (r 5 0.874) at the 99%

significance level.

On the other hand, the best possible fit, using a

backward-stepwise selection method that is based on

an automatic procedure of variable inclusion/exclusion

(P # 0.05 and P $ 0.10, respectively), is obtained when

only three variables are considered: SEPAC SST in

August, precipitation in January of the summer of the

previous harvest, and the November maximum tem-

perature of the current growth cycle. Figure 11 summa-

rizes the statistical multilinear model. Figure 11a

compares the observed yield time series with that pre-

dicted by the three-variable model. The explained var-

iance is 63% (r 5 0.795) at the 99% confidence level

(Fig. 11b). Note that the model’s b coefficients are 95%

significant. The detrended normal probability plot (Fig.

11c) shows residuals from a normal distribution that are

clustered around without a distinct pattern. This is evi-

dence of the overall goodness of fit of this three-variable

model. Furthermore, the scatterplots of the regression

residuals versus predictors (Figs. 11d–f) do not show

apparent problems with missing important predictors, as

reflected by the fact that none of these plots shows

a distinct pattern (Wilks 2006). In addition, the Durbin–

Watson test yields a statistic d 5 2.174 and a serial

correlation of 20.17, which allows the rejection of the

null hypothesis that the residuals are serially correlated

at the 99% significance. This means that the residuals

follow a stochastic process in time. The fact that August

SEPAC SST is considered in the three-variable model,

rather than other variables, confirms that, as discussed in

section 3d, it is a good predictor of local climate vari-

ables in winter and spring, given its relationship with the

observed regional circulation anomalies that are asso-

ciated with yield.

Thus, the multiregression analysis shows that more

than 60% of the interannual variability of the vintage

yield depends on interannual climate variability. The

almost 60% explained variance optimum predictive

model for the grape harvest occurring in March–April

can be applied by early December, at the beginning of

the final berry development stages, to estimate harvest

yields. The usefulness of this model is in that it requires

only observed climatological information up to No-

vember. It would thus be possible to have a reasonable

yield estimate taking into account climate and remote

forcing variables 4 months before vintage.

4. Conclusions

Grape yield in Mendoza is significantly and inversely

coupled throughout the sampled period to the summer

precipitation in central-western Argentina. This could

be due to two distinct climate processes that can affect

grape yield every year, establishing distinct coupling

processes: one process is due to extreme-precipitation

events (i.e., hail damage on buds during the summer

FIG. 10. (a) November–December mean surface air temperature

(SFC AIR) anomalies regressed on yield; values are in fraction of

SFC Air change in kelvins per one standard deviation in yield. (b)

As in (a), but for PRWTR. Values that are significant at the 90%

(95%) confident level are shown by light-gray (gray) shading. The

rectangles approximately indicate the location of the CWA region.
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prior to the current growth–vintage cycle) and the other

is damage caused by excess water in the crop (de-

foliation by intensity of rainfall, disease proliferation,

etc.) during the summer months just before vintage. This

results in alternating periods of roughly 3–4 yr with high

(low) grape yields due primarily to precipitation decadal

variability. Because precipitation also shows multi-

decadal variability, the grape yield could in principle

FIG. 11. Backward-stepwise model results, showing the three-variable model output. (a) Observed yield time series and model-predicted

yield time series. (b) Linear relationship between raw predicted values and yield values. (c) Detrended normal probability plot showing

residuals. This is evidence of the overall goodness of fit of this three-variable model. Scatterplots of raw residuals vs (d) January precipitation

(PPJan-1) anomalies (mm), (e) November Tmax (TmaxNov-1) anomalies (8C), and (f) August SEPAC SST (SEPACAug-1; 8C).
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also be affected over longer time scales. Likewise, given

that precipitation in recent years has experienced an

overall negative trend, it could be inferred that this trend

could be responsible for part of the positive and signif-

icant trend in the province’s yield, in addition to im-

provements resulting from the new varietal/clone

selection and vineyard technologies implementation.

Distinct climate change scenarios, from coupled

atmosphere–ocean general circulation models (GCM)

using different greenhouse gas (GHG) thresholds, show

an increase in summer precipitation within the CWA

region by the end of the twenty-first century (Nuñez

et al. 2008). For this reason if the low-frequency cause–

effect process between precipitation and yield were to

remain in the future, then negative grape yield anomalies

would be expected. GCMs, however, are not currently

capable of reproducing interdecadal teleconnection

changes that can affect CWA summer precipitation,

such as the climate change of 1976/77 (Agosta and

Compagnucci 2012), since they are adjusted to a specific

climate regime (Grimm et al. 2004). The analysis of

grape yield evolution should be guided by both current

GHGs scenarios and the understanding and monitoring

of the dominant low-frequency climate basic states

linked to precipitation in the CWA. Given the impacts

of the Andes on Mendoza’s climate and, in particular,

upon the broad mountain valleys in which activity has

been expanding in recent years, regional climate models

with finer resolution are needed to better assess the fu-

ture scenarios in the province and hence the potential

impacts on vitiviniculture.

The analysis of the interannual precipitation vari-

ability within the annual cycle and its relationship with

Mendoza’s grape production has pinpointed during

which months the two processes that negatively affect

yield can have significant impacts. On the one hand,

excess precipitation, which affects the flowering and

setting of the clusters, is important during November

and December. On the other hand, the impact of hail/

severe weather upon this crop is such that it can generate

partial or total damage/destruction of buds in entire

parcels for the next harvest. This primarily occurs in

January and March of the previous summer and partly

during December of the current harvest, the latter di-

rectly affecting the clusters.

Furthermore, temperature during different pheno-

logical stages also plays an important role in the final

yield. Results show that the maximum average monthly

mean temperature in winter (June–July) along with the

late spring (November) and early summer (December)

during the growth cycle has an important and direct role

in the yield in the subsequent harvest. These last two

months show the greatest positive correlation, explaining

approximately 25% of observed variance. The average

maximum temperatures in November and December are

important for the grape yield because of their importance

in the setting and growth of berries. Although thermal

amplitude is an essential parameter for determining cul-

tivar fitness as used in various phenological indices, in-

terannual variation of the average monthly thermal range,

however, does not appear to play a role that is as well

defined, but rather appears to follow the Tmax behavior

in relation to the crop in June and in November and

December.

The analysis of the fields of various relevant atmo-

spheric variables over the Pacific and Atlantic basins has

highlighted possible climate processes that can affect

CWA temperature and precipitation, with the conse-

quences discussed above. A strong relationship between

yield and late winter/early spring SSTs in the SEPAC

region (308–458S, 1208–1008W) has been shown. SEPAC

persistent anomalies can be linked to changes in tropical

SSTs and deep convection over the eastern tropical

Pacific during early winter. Indeed, this tropical SST

anomaly and the associated convective activity become

a source of quasi-stationary Rossby wave propagation

into the extratropics, generating the observed seasonally

persistent SEPAC SST anomalies. Last, the anomalies

in the SAA, which influence the late spring and summer

precipitation and temperatures over CWA, can them-

selves be traced back to the SEPAC SST anomalies.

This relationship is so significant that the SEPAC SST

in August is one of the three variables considered in

the optimal best-fit model capable of predicting 60% of

the yield’s interannual variance, together with January

precipitation and November Tmax.

This analysis thus shows that Mendoza’s regional cli-

mate variability and SST forcing can explain almost

60% of the interannual variance in the province’s grape

yield. Other climate/meteorological contributions to

yield could arise when specific oases and/or varietals are

considered because here the provincial bulk yield has

been studied. Nevertheless, current results provide an

observational basis necessary for improving the meth-

ods used to quantitatively assess yields at least 4 months

before the March–April vintage period. These may also

be useful in assessing the impacts of climate change

scenarios upon the grape and wine industry.
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