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1.0 Introduction

Climate change creates both risks and opportunities for Ontario agriculture. Growing
seasons are becoming longer and warmer in many parts of the province, suggesting
potential for northward expansion and southern contraction, changing geographic
distribution of some crops and creating opportunities for new varieties. Conversely, weather
extremes, including hail, wind, intensive or prolonged rain, and drought have caused
immense damage to production systems in the past, and are expected to occur more
frequently and with greater intensity in the future.

In order to better secure and enhance agricultural productivity in Ontario, government

policies and programs need to consider environmental trends, projected climate changes,

and related agricultural risks and opportunities. Thus, the purpose of the Ontario Climate

and Agriculture Assessment Framework (OCAAF) is to support regional-level assessments

of baseline and future agroclimatic risks and opportunities. The overall goal of the OCAAF is

to inform policy, program and management choice
food sector so as to maintain or enhance agricultural productivity in a changing climate.

The initial design, development and testing of the OCAAF was informed focussing on two
distinct production system types in two different geographic regions of Ontario, but the
framework is general in nature and extendable to other regions and production systems,
contingent on compatibility of Global Climate Models (GCM) outputs with the data
requirements of crop-specific models; all at the appropriate spatial and temporal resolution.
The initial development and the content of this document will focus on:

1) Forage-basedbeef production in Ontariobds Great CIl ¢
timothy; and
2) Corn production in southwestern Ontario, specifically looking at eco-district 7E-1.

The OCAAF prototype provides information that characterizes the opportunities and risks
associated with these two agricultural system-region pairings in the present day and under a
range of projected future climate scenarios. The goal was to designthe OCAAF O s mai n
components in ways that best ensure it is transferable across regions, translatable for use

with different commodity types and production systems, and scalable for climate change
analytical and data management requirements.

1.1 About this Report

This document focuses on conveying the computational aspects of the framework that
generate estimates of physical agricultural productivity and loss. Outlined in the following
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sections are the criteria and indicators that are included in the framework, the functional
relationships that link the components, and the data sources from which information has
been obtained. Also described are the tabular and mapped outputs that are produced for
each of the criteria and indicator elements (e.g. maps, charts, graphs and tables that
demonstrate the eventual impacts of climate change on production).
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2.0 Main Elements of the Framework

Managing for increased agricultural productivity and to reduce risks under climate change
requires consideration of climate and climate change (climate conditions, climate indices
and climate scenarios), crop physiology (phenology-linked sensitivities), as well as
landscape conditions (soil composition and moisture, and land use). These three main
elements of the framework are used to assess agricultural risks and opportunities with
respect to climate change, and are described below.

2.1 Climate and Climate Change

2.1.1 Climate Conditions

Using the specified region and crop type, the OCAAF provides a list of predetermined (crop-

type driven) and validated (location-filtered) climate conditions for inclusion in the risk and

opportunity assessment. The set of climate conditions was expanded to include conditions

related to moisture availability and drought, severe heat, and other hazards which are

specific to the crops being considered, such as severe rainfall. Some climatic measures

(e.g. Growing Degree Days) were used as direct input to the Land Suitability Rating System

(LSRS) evaluation described in Section 4.0 Methodology for Combining Indicators; while

other measures that are not a directly part of the LSRS calculations (e.g. winter thaw events

for the Clay Belt study and drought events for the southwestern Ontario study) were

included as supplementary input to the LSRS and arereferred t o as Ocl ibmat e mod ]

2.1.2 Climate Indices

For the purpose of the OCAAF, climate indices can be thought of as simple diagnostic
guantities used to characterize a specific period of time or a particular climate condition,
such as heat or rainfall amounts.* Within the OCAAF, indices of favourable and hazardous
climatic conditions are fundamental to the assessment of agricultural risk (loss) and
opportunity (productivity).

1 This definition has been adapted from the definition of climate indices provide by the University Center for
Atmospheric Research: www.climatedataguide.ucar.edu/climate-data/overview-climate-indices.
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2.1.3 Climate Scenarios

Climate index values, such as the estimated average annual number of Crop Heat Units
(CHU) or Growing Degree Days (GDD) in the assessment region, depends on the projected
rate of climate change in the region and the time horizon(s) of the assessment. Climate
scenarios provide OCAAF with a baseline (current condition) and future period condition
(2020s, 2030s, 2040s and 2050s). Research has shown that the use of multi-model
ensembles is preferable to the selection of a single or few individual models, since each
model can contain inherent biases and weaknesses (IPCC-TGICA, 2007; Tebaldi and
Knutti, 2007).For the future time periods, climate index values were calculated based on the
outputs of an ensemble of 40 Global Climate Models (GCMs) forced by the RCP 8.5
(business as usual) emission scenario.

2.2 Crop Physiology

2.2.1 Phenology-linked Sensitivities

While the OCAAF is intended to accommodate a range of agricultural production systems,
its initial focus was on timothy in the Clay Belt and corn in southwestern Ontario. The
OCAAF6s represent at i o builds dipondhe celptionshipg smbadiemimgtlye
climate components of the LSRS which include climate, soil and landscape factors to
develop measures of crop suitability. The OCAAF builds upon the basic LSRS framework by
updating moisture and temperature with measures derived from GCM scenarios,
supplementing LSRS scoring with phenologically based models specific to each crop type.
At project-end, OCAAF users will be able to select between two crops whose suitability can
be largely simulated using heat and moisture inputs alone, with the influence of land use
change, soil improvements, drainage, and other management activities most likely
addressed through the use of scenarios, applying multipliers or other simple relationships to
appropriately scale yield or loss estimates. Ultimately, the OCAAF could eventually be
expanded to accommodate crops of other types as well (e.g., tree crops, vineyards, and
vegetables). Similarly, by building on its capacity for forage-related analyses, the OCAAF
could be expanded to provide direct measures of estimated livestock productivity.

2.3 Landscape Conditions

2.3.1 Soil Conditions (Composition and Moisture)

The OCAAF prototype provides outputs for two regions: the Great Clay Belt and eco-district
7E-1 in southwestern Ontario. We had hoped that these two study areas would contain sub-
regions which reflected criteria applied and documented in the OCAAF with respect to key

physiographic, climate, and/or jurisdictional parameters. However, at the time of the scoping
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phase of the project we were unable to locate digital maps of soil/landscape components for
the Clay Belt area.? As a result, the Clay Belt assessment and calculations incorporate
climate change projections and do not consider soil properties or any changes in
soil/landscape. The southwestern Ontario study area does have available electronic
landscape and soils data, and these components are incorporated within the assessment.
Subsequent sections of the Design Document describe how land use, soil properties, crop
yield and phenology, and climate information (current and projected) are included; including
the geographical coverage, spatial scales, and compatibility of related datasets/map layers,
where available.

2.3.2. Land Use

As mentioned above, there is no digitized land use data for the Clay Belt area, but this data
is available for southwestern Ontario. The main application of land use data for the southern
study is to consider the existing soil classifications and conditions to identify areas that
could be cropped, and their suitability. These factors are then incorporated within the LSRS
rating system (along with the climate component). A key assumption of the analysis for both
the Clay Belt and southern study areas is the assumption that there is no change in arable
land area or conditions. On the time-scale being considered, land conditions are expected
to remain constant; however, they will be affected by changing climate conditions. Thus,
factors such as land zoning, land improvement through tiling, irrigation, re-grading, are not
explicitly considered in the scoring, since these factors are not predictable.

2 After initial scoping and Clay Belt calculations had been completed, OMAFRA staff completed
digitization of soil data for the Clay Belt, located here:
www.javacoeapp.lrc.gov.on.ca/geonetwork/srv/en/main.home?uuid=86302406-ddff-4505-b3af-
39c¢293a6702a. In future enhancements to OCAAF, this new soil data could be incorporated into the
assessment process.
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3.0 Data Layers, Indices, Algorithms and
Point Rating Methods

3.1 Crop Data

Biological data relevant to the OCAAF includes analyses of crop yield and phenological
stages to infer relationships with climate variables. All these kinds of data are at least
partially available in the Clay Belt and the southern study area. In the past this research has
largely been undertaken by OMAFRA, and it is anticipated that OMAFRA will continue to
provide emerging science to update relationships for the OCAAF. Using relationships
between historical climate and yield data (see Figure 1), future climate scenarios were used
to extrapolate future crop yield potential. Year to year variations in crop yield and climate
parameters were considered.

Timothy DM Yield (kg/ha) of Cut 1 vs GDD5
Kapuskasing Farm 1984-2000
6000
5000 e o oo ..
o 4000 s ° .
© 3000 .
” 2000 y =5.2716x + 819.76
1000 R?=0.2433
0
500 600 700 800 900
GDDS5 (°C)

Figure 1: Location of the Great Clay Belt and historical yield data for timothy. The Great Clay Belt falls
mostly within the Cochrane District (left panel). The right panel shows historical data which were used to
analyze relationships between climate and yield data from Kapuskasing Experimental Farm.

3.2 Landscape Data

In addition to climatic input to the crop productivity and vulnerability indicators, information is
also required for key landscape and plant growth characteristics. This could include
information on land availability for future cultivation, basic soil characteristics (silt/clay/loam)
and quality (in terms of nutrient content), soil moisture, and management options. Research
suggests that many of these parameters may not be well documented, that datasets for
certain parameters may be out of date, and that some information may not exist at the
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preferred scale, location or format (e.g. only existing in paper format as opposed to
electronic). These limitations were especially evident in the Clay Belt study region and
therefore many of these parameters were not incorporated within the OCAAF. Conversely,
in the southwestern Ontario study region, electronic data was available and these
components were incorporated into the analysis. Where available, the intention of the
project is to use digitized output (see Figure 2) which can be represented as a GIS layer, so
that available landscape attributes can be evaluated directly, alongside the continuous
climate and agroclimatic layers.

CLI

Class
3

Figure 2: Incomplete CLI classification for the Clay Belt region. However, GIS data is available for the
entire southwestern Ontario study area (eco-district 7E-1).

3.3 Climate Data

3.3.1 Climate Conditions

A continuous historical dataset of maximum and minimum temperature and precipitation at
the daily timescale and 10 km resolution has been obtained by interpolation of Environment
and Climate Change Canada (ECCC) observation station data, beginning in 1951. This high
resolution dataset, referred to as CANGRD, was developed by Natural Resources Canada
(NRCan) and ECCC, and is an important component of the OCAAF. The dataset has been
used extensively within Canada and employed internationally. Full details of the CANGRD
procedure can be found in McKenney et al. (2001), but a summary is provided here.

Daily station observed temperatures (maximum and minimum) and precipitation (rain and
snow) are used for the interpolation. A software package called ANUSPLIN uses a
smoothing-spline technique to interpolate between stations in order to produce a continuous
climate surface. Stations with data records longer than 5 years were included in the study,
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and the procedure includes effects of station proximity and elevation. Climate scientists from
across Canada have carried out extensive validation of the interpolated dataset and have
confirmed the quality of the smoothed results. To provide an example for the OCAAF,
Figure 3 simply illustrates the 10 km resolution gridded historical dataset for the Clay Belt
area which provides a high resolution basis from which to calculate agroclimatic indices for
each cell.
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Figure 3: CANGRD daily resolution data over the Great Clay Belt region. This gridded dataset is available
at 10 km resolution and daily timescale since 1951.

3.3.2 Climate Indices

The abiotic algorithms described here are fairly simple and straightforward to implement
using point-, raster- or polygon-based inputs derived from historic spatial data or GCM data.
In some cases there may be data gaps for some inputs. These measures are highlighted
below, with possible solutions to address information gaps. Because of the numerous
factors involved in decisions made at the farm-level, outputs from climate projection models
transformed to Growing Degree Days (GDD), Crop Heat Units (CHU) or Potential
Evapotranspiration (PE), which are just some of the factors considered in adapting Ontario
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farming practices to climate change.® Updated metrics based on GCM projections will also
benefit from comparison (including calibration and scaling) to current baseline maps (e.g.
1981-2010).

Growing Degree Days

Growing Degree Days (GDD) are usually expressed as an annual sum based on average
daily temperature (the temperature mid-way between daily maximum and minimum), using
the simple relationship shown below. The measurement is more commonly used for cool
season crops (e.g. cereal grains, timothy and alfalfa) and incorporates a base temperature
below which no maturation occurs:

SR Y .
‘000 ———— Y
C

The first term in the relationship is synonymous with average daily temperature, and can be
used in place of the minimum and maximum. If this average is less than Tpase, GDD is set to
zero for the day. The choice of a base temperature varies with the field crop. In Ontario,
cereals use a base temperature of 0°C, alfalfa a base of 5°C and canola a base of 10°C
(OMAFRA, 2009b). The OCAAF is capable of using any of these base temperatures.

In addition, GDD in Ontario is traditionally accumulated beginning on April 1. There is
nothing that suggests the OCAAF should calculate GDD differently, or that changing the
start date will introduce significant differences to the historical calculation of GDD or its
value as an abiotic indicator. However, it should be recognized that future climate conditions
may include an earlier spring, and along with that the potential for significant GDD
accumulation prior to April 1. Finally, GDD is capped at 30°C, meaning that if the average
daily temperature exceeds 30°C, the GDD for 30°C is used.

If input data are provided at a daily scale, then annual GDD is calculated by summing daily
GDD. If data are provided at a monthly scale (e.g., a raster-based average May temperature
under a given development scenario in the 2050s), daily estimates for a given month and
location can be calculated using linear interpolation between midmonth-centered averages

3 Hardiness Zones that were included in the OCAAF White Paper have been removed due to the difficulty
of providing two measures that rely heavily on empirical data: mean winter snow depth and maximum
30-year wind gust. Both of these inputs to the Hardiness Zone calculation are complex variables that
are currently beyond the ability of GCMs to predict directly.
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of the preceding, curre

nt and following month at the location. GDD predictions at a raster-

resolution can be mapped, smoothed or overlaid with any other GIS layer to provide
regional detail, as shown in Figure 4.

\_

2
2 9

Legend

Ecodistricts
Ecodistr_3E1_claybeit
Cimate
GDO_kdw2
W 530.000000
B 568571429
I 607142857
645.714286
684,285714
I 722857343
W 761.428571

.

Figure 4: Preliminary mapped GDD for the Great Clay Belt region.

Crop Heat Units

Like GDD, the Crop Heat Unit (CHU) metric provides a measure of crop maturation based
on calculations that include daily minimum and maximum temperature as inputs, and is
commonly used for evaluating suitability for growing corn (OMAFRA, 2009b). The
relationship is more complex than GDD, with a dome-shaped role for maximum temperature
(Ymax) and a linear relationship for minimum temperature (Ymin), reflecting underlying
physiological processes (Figure 5).
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Figure 5: Crop Heat Units for corn. Daily CHU is defined by the average of functions based on daily
minimum and maximum temperature (based on OMAFRA, 2009b).
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Each relationship incorporates a base temperature (4.4°C for the daily minimum, 10°C for
the daily maximum), below which its value is zero.

60Y ® A («
@ o® oY pTm TELYTY p T
@ p& Y 18

When estimated at many grid points across a landscape, isopleth maps like Figure 6 can be
mapped, smoothed or overlain with any other GIS layer to provide regional detail.

Figure 6: Example of an isopleth map of Crop Heat Units for corn. It is based on 1971-2000 observed
daily minimum and maximum temperature (OMAFRA, 2009a).
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Figure 7: Sample of CHU (1981-2010 average) in southwestern Ontario for eco-district 7E-1.
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Potential Evaporation

Estimates of Potential Evaporation (PE) (alternatively called Potential Evapotranspiration or
PET) provide a measure of water availability and scarcity, filling a gap in the information
provided by GDD and CHU. There are three possible model forms available to the OCAAF:
Penman (1948), Penman-Monteith (Monteith 1965) and Thornthwaite (1948). The first two
models require fine-scale site specific information such as wind speed and solar irradiance,
which are beyond the capability of GCM data. The most feasible PE model for the OCAAF is
the simple Thornthwaite (1948) model, which estimates monthly potential evaporation:

Cony g ol U PRV
V] — —
P (pp ¢com O
® eupm O xgppm O pgwgpm O M wWCOoW
"y 8
O !
0]
Where:
PET; Potential Evaporation in month / Mm
Ti Average daily temperature in month /(0 if °C<0) °C
I Annual Heat Index T
Ni Days in month / Days
Li Average day length in month / Hours

PE can be calculated at a sub-monthly scale by suitable modifications to the equation, or
aggregated to an annual scale by summation. When estimated at many grid points across a
landscape, isopleth maps of PE can be mapped, smoothed or overlain with any other GIS
layer to provide regional detail (see Figure 8).
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Figure 8: Baseline and projected PE for the Clay Belt and P-PE for southwestern Ontario. Top images:
July potential evaporation (mm) for baseline (1981-2010) (left) and future (2050s) (right) for the Clay Belt
study area. Bottom images: May 1 September Precipitation minus Potential Evaporation (P-PE) for
baseline (left) and future as for the north using ensemble mean of 40 AR5 GCMs.

3.3.3 Crops and Climate Thresholds
Clay Belt study i Timothy

Based on discussions with agricultural experts, preliminary forage models for timothy and
alfalfa* are described below. A simple phenological model for timothy (Champ cultivar) is
shown below (Table 1), incorporating GDD to estimate one, two or three harvests. GDD
requirements are increased following the first harvest to reflect slower growth due to low

4 Recognizing that the current emphasis is on timothy, GDD values for alfalfa are included in the event
that alfalfa is included in future versions of the OCAAF.
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precipitation. Even so, there is uncertainty in the timothy model due to the difficulty of
consistently identifying when timothy has reached a mature state. There are also
differences among cultivars, with early cultivars maturing around 300 GDD.

Fall hardening (FH-COLD) and winter thaw (W-THAW) were identified as key climate
thresholds for timothy. A fall hardening step is based on the FH-COLD index of Bélanger et
al. (2002) and requires accumulation of Cold Degree Days (CDD).> CDD5 is calculated
using the GDDS5 relationship, but reverses the sign of GDD and is therefore positive for
values below the base temperature. Using 1961-1990 climate at Guelph as a guide (Figure
2 in Bélanger et al. 2002), FH-COLD has a median value of about 67. We assume that
reduction of one-third of the median may be enough to signal harm and therefore set a
threshold of 45. This value is arbitrary and could possibly be improved by expert knowledge.
The FH-COLD score could also be developed as a continuous value score, but is
implemented as a binary value for its initial development. Above this threshold, fall
hardening is adequate and below it, some harm may occur. The model will score O if fall
hardening (FH-COLD, Bélanger et al. 2002) is absent and 1 if the requirement is met.

Similarly, winter thaw (W-THAW, Bélanger et al. 2002) provides a measure of non-freezing
days within the cold period, measured as GDDO (i.e. GDD with base 0°C) per day. When
large enough, such sequences of days may provide a false signal of the end of winter,
potentially causing damage to forage crops. Using 1961-1990 climate at Guelph as a guide
(Figure 3 in Bélanger et al. 2002), W-THAW has a median value of 0.24 GDDO/day. We
assume that an increase of one-third of the median may be enough to signal harm and
therefore set a threshold of 0.32 GDDO/day. This value is arbitrary and could be possibly be
improved by expert knowledge. Below this threshold, winter thaw is not harmful and above
it, some harm may occur. These two outcomes are scored +1 and O respectively. Finally,
each harvest will increase the score by 1 if GDD requirements are met. Potentially, tile
drainage could be included as a pre-existing requirement before considering any additional
scoring( possi bly as ANAO)

More complex process-based models (e.g. Jégo et al. 2015) are considered to be too
detailed for OCAAF, since they include many parameters that are uncertain at a landscape
scale.

5 The other agroclimatic indices proposed by Bélanger et al. (W-RAIN and W-COLD) cannot be included
since there is no simple way to estimate the partitioning of precipitation into rain and snow. FH-RAIN
shows little contrast in climate scenarios and is therefore is thought to be not significant.
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Table 1: Proposed phenological model for timothy.

Timothy Life Stage | Threshold

Fall Hardening
(FH-COLD)

Winter Thaw
(W-THAW)

First Harvest

Second Harvest

Third Harvest

Period: Day when post-August-1 GDD5 is cancelled by
CDD5, to the day with first occurrence of 110°C;
Threshold: > 45

Score: +1

Period:( Last iIB®&yi( ©i r stil5ay O
W-THAW = Sum of GDDO within Period

Threshold: W-THAW < 0.32 GDDO/day

Score: +1

GDD: 400 GDD5 (early head), 450 GDD5 (50% head),
500 GDD5 (full head)

Thresholds: >5°C and <25°C, (or 30°C), otherwise 0
GDD5 accumulation; under current climate usually
occurs by end of June

Score: +1

Next 550 GDDS5 (early head) is the expert opinion, due

to | ower predupgustadian; bd
Thresholds: as above
Score: +1

Next 550 GDD5 (early head) is the expert opinion;
season ends with first occurrence of i5°C;
Thresholds: as above

Score: +1

Bélanger et al. 2002

Bélanger et al. 2002

Boostma, 1984, G.

Bélanger (personal

communication, 08-
May-2017)

G. Bélanger
(personal
communication, 08-
May-2017)

G. Bélanger
(personal
communication, 08-
May-2017)

A model for alfalfa is shown in Table 2. Winter life stages are the same as those used for

timothy.

Table 2: Proposed phenological model for alfalfa.

Alfalfa Life Stage Threshold

Fall Hardening
(FH-COLD)

Winter Thaw
(W-THAW)

Fall hardening prepares forage for winter

Period: Day when post-August-1 GDD 5 is cancelled by
CDD 5, to the day with first occurrence of i10°C;
Threshold: >45

Score: +1

Thaw during winter can provide false cues

Period: ( L as H5°Qa(yFiOr stils5@hy O
W-THAW = Sum of GDDO within Period

Threshold: W-THAW < 0.32 GDDO0/day

Score: +1
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Bélanger et al. 2002

Bélanger et al. 2002



GDD: 350 GDDS5 (early bud), 400 GDD (late bud), 450
GDD5 (early bloom)

First Harvest Thresholds: >5°C and <25°C, (or 30°C), otherwise 0
GDD accumulation
current climate usually occurs by end of June

Next 550 GDD?5 (early bloom) is the expert opinion, due
Second Harvest to | ower predAupgusadian; bég
Thresholds as above

Next 600 GDD5 (early bloom) is the expert opinion;
Third Harvest season ends with first occurrence of 15°C;
Thresholds as above

Southwestern Ontario Study i Corn

A phenological model for corn has been developed by Zaytseva (2016),

G. Bélanger
(personal
communication, 08-
May-2017)

G. Bélanger
(personal
communication, 08-
May-2017)

G. Bélanger
(personal
communication, 08-
May-2017)

who developed an

8-stage model based on CHU and climatic variables. This model has been implemented as

part of the AENVI si oni ndyrect®dchbly Garlatoo Undversity. Thel t ur e 0

conceptual elements of the model are shown in Figure 9. This study includes a sub-set of

the 5 indices developed by Zaytseva thesis, specifically:

1) Poor Seeding Conditions
2) Early Flooding

3) R2 Drought

4) R3 Drought

5) R4 Drought

Figure 9: Zaytseva (2016) phenological model for corn.
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