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General framework

The hypothesis is that yield variations due to an extreme event (cold temperature, high
temperature or water deficit) is mediated by a change in Harvest Index (HI), while the
main effect of weather on crop performance is already captured by existing crop models.

Before anthesis:
the main effects over LAI or biomass. Considered for frost (see "Response to frost")

Response to extreme water stress

Our hypothesis is that the extreme stress is better represented by the cumulative
reduction in transpiration since transpiration (Ep) becomes limited. The water content
when this happens is equivalent to the concept of Allowable Depletion (AD); the table for
different crop types provided by FAO (Doorenbos and Pruitt, 1977) may be fitted to the
following expression where AD5 is a specific parameter:
𝐴𝐷 = 0.04 𝐴𝐷5 (5 − 𝐸𝑇0 )

0.1 < 𝐴𝐷 < 0.8

Around anthesis:
the main effects of cold temperatures are related to pollination, while frost or very high
temperature may kill flowers or seeds. Water deficit may reduce seed set.

For a given value of relative transpiration (r=Ep/Epmax), the cumulative reduction in
transpiration since the onset of water deficit is calculated as:

For each day of the time window of duration dA, response functions ranging from zero to
one, are calculated for temperature (FT), as a function of mean crop temperature, and
water stress (FW). The overall value of the response function will be:

As the maximum transpiration reduction is 0.5, the fraction of transpiration not reduced
is:
𝑓𝐸 = 1 − 1 − 𝑟 2 (1 − 𝐴𝐷)
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The value of FA represents the fraction of maximum HI that may be attained after
anthesis is completed (HIAA):
𝐻𝐼𝐴𝐴 = 𝐹𝐴 𝐻𝐼𝑚𝑎𝑥
From anthesis to maturity
the model assumes that HI increases linearly during this period from zero to HIAA:
𝐻𝐼𝐴𝐴
𝐻𝐼 =
𝑡
𝑑𝑃𝐴
where t is time after anthesis, and dpa is duration of the phase (both in calendar days).
Any event of frost or heat occurring during this period (e.g. at time t1) will have an
impact calculated as:
𝑡1
𝐻𝐼 = 𝐻𝐼𝐴𝐴 1 − 𝐹
+𝐹
𝑑𝑃𝐴

The response function to extreme water stress will be:
𝑓𝐸
𝐹𝑤 =
𝑓𝐸𝑐𝑟𝑖𝑡

Response to heat

FHT is one whenever maximum crop temperature does not exceed a temperature
threshold (Txc). For higher values, FHT decreases linearly down to zero at Tx0.
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Figure 1: Schematic action
of the functions considered
in this framework
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Response to frost

The simulation approach uses two response functions for frost damage that are computed
daily. The response function to frost that has its impact on harvest index (FF1) and
another response function that impacts on LAI (FF2).

𝐹𝐹1 =
Figure 2: Example of the
effect of response functions
for frost and heat over
wheat. The lines represent
the
average
response
functions for HI over the
real climate of Córdoba,
Spain, from 1964 to 2013.
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Calculation of maximum canopy temperature
We compute maximum canopy temperature as:
𝑇𝑐 = 𝑇𝑎 +

0
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where Tc and Ta are canopy and air temperature (ºC), fG is the fraction of net radiation
invested in soil heat flux (taken as 0.1 during the daytime), LE is latent heat flux, raH is
aerodynamic resistance for heat exchange, ρ is air density and Cp is specific heat of air.
This equation is evaluated at the time of maximum temperature (assumed 3h after solar
noon). Both LE and Rn are assumed to follow a sine function, thus they can be estimated
from daily integrals:
𝜋 106 𝑅𝑠𝑑
𝑅𝑛 = 1 − 𝛼 0.84 × 𝑥
−𝐿
2 3600 𝑁
𝜋
2.45 𝐸𝑇
𝐿𝐸 =
𝑥
2
10−6 3600 𝑁
Calculation of raH for unstable conditions may be performed using the simplified equation
of Thom and Oliver as a function of wind speed:

Which is set to unity if fE exceeds the parameter fEcrit, which is crop dependent.
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𝑑𝐴

In addition, the effect of frost (function of minimum crop temperature) or extreme heat
(function of maximum crop temperature) is overlapped by corresponding functions (FF
𝑑𝐴
and FH).
𝐹𝐴 = 𝐹
min 𝐹𝐹 , 𝐹𝐻

HI
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𝑇𝑁 ≤ 𝑇100

𝑇100 ≤ 𝑇𝑁 ≤ 𝑇0
𝑇𝑁 ≥ 𝑇0

where TN is minimum daily temperature, and the critical temperatures (T0 and T100) relate
to number of flowers or grains (replaced by harvest index, HI).
The calculation of FF2 , uses a formula that is formally equal to the previous, but the
critical temperatures are different because they relate to number of leaves or whole
plants (replaced by canopy LAI)
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Calculation of minimum canopy temperature
We compute minimum canopy temperature as:

1 − 𝑓𝐺 − 𝜀𝑣 𝑎 + 𝜀𝑎 𝑎 + 𝜀𝑎 𝑏 𝑇𝑎𝑤 𝑟𝑎 𝛾 ∗ + 𝜌 𝐶𝑝 𝑇𝑎 ∆ + 𝛾 ∗ − 𝐷
𝑇𝑐 =
𝜌 𝐶𝑝 ∆ + 𝛾 ∗ + 1 − 𝑓𝐺 𝛾 ∗ 𝑟𝑎 𝜀𝑣 𝑏
with:
γ = 0.067 kPa K-1
γ* = γ (1+rc/ra)
D = vapor pressure deficit (kPa)
Taw : air temperature measured at weather station (ºC)
Δ = slope of saturation vapor pressure versus temperature (kPa K-1)
Δ’ = slope of Δ versus temperature (kPa K-2)
rc ; canopy resistance (700 s m-1 for dry canopy, 0 for wet canopy)
εv : emissivity of vegetation (0.98)
εa : emissivity of the atmosphere (see below)
a : coefficient of the linear form of the Stefan-Boltzmann equation (see below)
b : coefficient of the linear form of the Stefan-Boltzmann equation (see below)

The fluxes of downward and upward long wave radiation are calculated using the
equation of Stefan-Boltzmann in a linearized form:
𝐿𝑑 = 𝜀𝑎 ( 𝑎 + 𝑏 𝑇𝑎 )
𝐿𝑢 = 𝜀𝑣 𝑎 + 𝑏 𝑇𝑐
The atmospheric emissivity is calculated as:
𝜀𝑎 = 𝑐 + 1 − 𝑐 1.72

𝑒
273 + 𝑇𝑎𝑤
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