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Abstract: Climate is a key factor in agriculture, but we are unable to adequately predict future
climates. Although some studies have addressed the short and long-run impacts of climate change
on agriculture, few of them specifically focused on the analysis of its thermal component. Climatic
regions with an extreme thermal range are a special case, as seasonal contrasts complicate the picture.
Based on the above, the purpose of the paper is twofold. First, we review methods and indices
used for the estimation of changes in the thermal component of the climate and demonstrate the
usefulness of a sensitivity assessment methodology that gives some indication of the likely spatial
extent of areas of high or low sensitivity to climate change and the size of the potential impact of
that change, which is specifically beneficial in regions with high temperature extremes. Secondly,
we constructed a composite indicator, called the Growing Degree Day Sensitivity Index (GDDSI)
and defined as the percentage change in Growing Degree Day (GDD) for warming scenarios +1, +2
and +3 °C. GDDs were calculated for threshold base air temperatures of 0, 5, 10 and 15 °C, and a
high-temperature limit of 30 °C. A GDD sensitivity analysis was applied to the thermally extreme
climate of the Russian Far East. We analyzed the data of 50 weather stations across the study region
over the period 1966-2017. The results show a strong GDDSI north-to-south gradient. In most cases,
the sensitivity does not increase significantly as the warming rate increases. The higher the base
threshold, the higher the sensitivity: GDDs with a threshold at 15 °C had the highest sensitivity in the
far north of the study area where conditions are currently marginal for crop growth. The sensitivity
analysis circumnavigates the difficulty of uncertainty in knowing what future climate to expect and
informs planning decisions. The mapped results are useful for identifying areas of high sensitivity to
climate change as well as the magnitude of the potential impact of that change.

Keywords: climate and agriculture; climate change; thermal indices; Growing Degree Days; sensitivity
index; Russian Far East

1. Introduction

As our society is currently facing a huge and significantly growing number of environmental
threats, a vulnerability analysis is of critical importance in the science of sustainable development [1-4].
In the discussion of global climate change problems, vulnerability is specified by IPCC as “the
degree to which a system is susceptible to, or unable to cope with, adverse effects of climate change,
including climate variability and extremes” [5], spanning all the antecedent and successor traditions
by research on vulnerability to the impacts of climate change [6]. Furthermore, vulnerability depends
on “the character, magnitude, and rate of climate change and variation to which a system is exposed,
its sensitivity, and its adaptive capacity” [5,7].

In this context, sensitivity assessments give a generalized view of potential impact of climate
change [6,8]. By identifying sensitivity to change and evaluating it in terms of the capacity of those
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involved in activities of various climate-sensitive sectors to adapt to it, the vulnerability of an exposure
unit to the changing climate may be defined. In this manner, a range of planning decisions (adaptations)
might be usefully considered without knowing precisely the change that will occur [9]. Regions that
are more or less sensitive to change may be identified, and appropriate plans or adjustments may
be made either to take advantage of beneficial effects or to reduce the undesirable consequences of a
potential change [10-13].

The international research community is largely focused on the impact of climate change on the
agricultural sector of economy;, as it is closely linked to the food security of the population [11-20].
Forecasts of future climate are required for effective decision making by those involved in agriculture,
but such forecasts are accompanied by uncertainties that are likely to continue into the future [11,21].
These decision makers need to work towards adjustment strategies to mitigate impacts or to take
advantage of changed opportunities [13,22,23]. This requires knowledge of the future climate as well
as methods capable of transforming the knowledge into likely agricultural effects.

The sensitivity assessment approach is one of the most useful methods [12], addressing the
difficulty of uncertain future climate by identifying regions of high vulnerability to climate change.
In agriculture, for example, different climates can be portrayed and appraised on the basis of this
sensitivity, since a particular change affects some climatic types more than others [8,13,24,25].

Using this methodology, first, the sensitivity of an agricultural activity to climate should be
assessed and then the following question should be asked: what is the net effect of change on
agricultural or other activity? By identifying sensitivity to climate change and evaluating it in terms
of the adaptive capacity of the activity in question (i.e., ‘exposure unit’), vulnerability to change can
be determined and assessed [24]. Thus, even without knowing what future climatic conditions will
prevail, informed planning is possible without knowing precisely the magnitude of climate change
that will occur [12].

In many environmental applications, such a hydrological [12,26-28] or evapotranspiration [29-34]
studies, or health risk research [35], different sensitivity coefficients are ascertained, depending on the
objective of the research. A curve construction as a sensitivity assessment is the easiest and most basic
method for plotting relative changes in a dependent variable in relation to independent variable(s).
Moreover, a mathematically defined sensitivity coefficient is commonly used to characterize sensitivity
by using a non-dimensional relative sensitivity coefficient [12,29-31].

Research dealing specifically with the spatial aspects of climate change sensitivity has focused
on examining the possible shift of boundaries of highly productive agricultural zones for specific
crops [10,23,25,34,36-39]. An agricultural margin is identified as a transition zone that marks the
edge of a crop’s ideal climatic regime; locations within agricultural margins show the greatest
sensitivity [10,23,36]. The spatial shift of these margins caused by changing climatic conditions gives
an indication of the location of the impact.

Based on the above, the purpose of the paper is twofold. First, we show methods and indices
used for estimation of thermal component of climate for agriculture and its temporal changes and
demonstrate the usefulness of a sensitivity assessment methodology that gives some impression of
the likely spatial extent of areas of high or low sensitivity to climate change, specifically beneficial
at the regions with high temperature extremes. Secondly, we construct a composite indicator, called
the Growing Degree Day Sensitivity Index (GDDSI), and demonstrate the usefulness of a sensitivity
assessment methodology that gives some impression of the likely spatial extent of areas of high or low
sensitivity to climate change and size of the potential impact of that change. In this context, we produce
what is known as Climate Change Sensitivity Index (CCSI) maps [12] that provide a concise summary
of the impact on the spatial redistribution of agro-climatic resources for a crop growth due to changed
climatic conditions.
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2. Background

The success or profitability of agriculture depends on several environmental factors, but climate
is one of the most significant [8,10,11,40—44]. Among the variables often found in standard climatic
datasets, air temperature and precipitation are the most important [45]. Air temperature is a key factor
in agriculture and crop production, so any change in it will affect the heat supply as a climatic resource
of the region. Air temperature is a particularly important indicator variable because it is connected
directly or indirectly with other key variables, among them, solar radiation, photoperiodicity and soil
temperature. Additionally, the low air temperature prevalent in high and mid latitudes is the main
limiting factor for plant development here [42]. Temperature is also one the most important variables
affecting the productivity and quality of crops largely because photosynthesis is temperature-dependent.
The cumulative effect of daily air temperature is an especially significant index for plant growth and
potential crop yield [46,47].

The concept of accumulated heat units necessary for plant development was proposed almost
300 years ago by de Réaumur. Since then, a set of agro-climatic indices based on air temperature has
been devised for use mainly in agricultural management practices [8,11,25,43,48-50]. Several measures
have been proposed that seek to summarize temperature records into a single numerical value that
helps understand differences in crop growing conditions in various parts of the world. These include
the Average Growing Season Temperature, Huglin Index, Biological Temperature, Cool Night Index,
Warm Index, Effective Temperature Sum, Effective Accumulated Temperature, Growing Degree Days
(GDD), etc.

Average growing season temperature is defined as the mean temperature during the growing
season, averaging air temperatures from April to October in Northern Hemisphere, and from October
to April in Southern hemisphere, and bounding general climate suitability for agriculture [44,51,52].
The Huglin Index is based on estimation of temperatures above 10 °C and is used for assessments of
viticultural climates for grape-growing and wine-making zoning [52,53]. Cool Night Index gives a
measure of ripening potential providing suitability of a region with relation to secondary metabolites
(polyphenols, aroma compounds and aroma precursors), and is crucial for estimation of ripening of
grapes, but is used worldwide as an indicator of night temperature conditions during maturation [52-54].
While Biological Temperature represents the mean temperature within the vegetative growth range of
plant, depending on plant variety [45,55,56], Warm Index estimates accumulation of temperatures over
5 °C, and is used for assessment of heat accumulation during growing season for a majority of plant
species in both sub-tropical and temperate climates [45,54]. Among others, Effective Accumulated
Temperature refers to the annual accumulated sum of air temperatures above 0 °C during period when
daily mean air temperature is higher than a specified baseline, which is 10 °C in most applications [8,54].
The concept of Effective Temperature Sum (ETS) is based on the same idea of heat accumulation during
the growing season. It describes the annual accumulated sum of air temperatures above a specified
baseline temperature, representing a minimum requirement for the commencement of active plant
growth, which is commonly 5 °C [57].

Previously, various approaches to the expression of accumulated heat supply have been discussed
by Grigorieva et al. [44], who argued that those using growing degree days are among the most useful.
GDD is probably the most widely used and most useful to examine how growing conditions change
both in space and time, incorporating air temperatures into thermal potential of a region, with different
temperature thresholds depending on the crop [58].

Most analyses of regional temperature datasets in GDD research projects have used growing
season averages or time series of monthly mean temperatures; only fewer studies have been done
using daily time series, which may give results that are not the same as those using monthly mean
statistics [59,60]. More recently, several studies have focused on agroclimatic indices per se rather than
on sensitivity evaluations [37,44,61-65].

Changes in temperature and its flow-on effects are critical to many ecosystems in that it not
only affects corresponding changes in heat supply for agriculture, but also fire risk, heat waves,
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drought persistence etc. [66,67]. To examine the response of exposure unit to climatic change, its
sensitivity should be analyzed, explaining “the inherent stability of a model, its effective range of
operation and its potential applicability to climate change experiments” [68]. As climate changes cannot
be denoted correctly, different “scenarios” are adopted to forecast future situations, which should be
realistic from a climatological and meteorological point of view, and easily accessible. Different scenarios
are applied for assessment of climate change effect on agriculture in a future, warmer world [8,69].

The first are analogue methods, in which the patterns of past warm climates are used to construct
scenarios of a warming world as analogues for a future warm climate, based on proxy or instrumental
data, both in regional and (or) seasonal scales [70]. They are based on actually existing warm climatic
patterns, induced by changes in orography, topography, land-sea distribution, etc., and use for
estimations of specific individual year(s) with warmer conditions [57]. At the same time, the main
disadvantage of this method is that it is based on a short-run variability of climate, rather than long-run
climatic changes [8,70]. Researchers argued that these variations during analogue year(s) may be
significantly different from other models [71].

Secondly, to quantify climate changes caused by CO, and other trace gases, physical methods
using numerous global climate models, such as three-dimensional general circulation models under
different emissions scenarios, are applied to construct climate scenarios [8,45,72-76]. Their main
disadvantage is based on the ultra-complicated and complex character of the actual climate system and
the inherent inability to construct a model that can be its perfect copy [8]. Even the most elaborated
climate models are not yet lifelike enough to provide the necessary spatial details with a sufficient
degree of reliability [8,70].

Sometimes, very sophisticated circulation models cannot realistically describe future climate
conditions on a regional scale. In their absence, synthetic scenarios are used to express climatic
changes in a form that has a direct meaning for the exposure unit and are useful in some regions for
testing the sensitivity of impact models. Synthetic scenarios combine climatic data that are produced
arbitrarily and randomly to imitate a climatic change. A popular approach is to modify the climatic
input data to a model by regular increments above or below the baseline values, e.g., at intervals of
1 °C for temperatures, and (or) 10% for precipitation, and to examine responses of an exposure unit
to these changes using linear shifts in the “long-term average” scenario [8,12]. For example, modest
arbitrary changes in temperatures of +0.5, +1.0 and +1.5 °C were adopted to simulate situations of
hypothetical regional warming, representing conditions intermediate between the present and 2 x CO,
climates [11,76,77].

With the above in mind, synthetic scenarios are a useful tool to suggest the magnitude of future
spatial and temporal climatic changes at a regional scope [8,10-12,24,57,76,77]. Three warming
scenarios +1, +2 and +3 °C are suggested for application, as they represent simulations of temperature
changes in the regions under different emission scenarios based on the consensus of the World Climate
Research Programme Coupled Model Intercomparison Project [1-5,72-76,78-82].

Taking into consideration the foregoing, the present study evaluates the sensitivity of the GDD
index to temperature change using synthetic scenarios. It examines the utility of GDD as an agro-climate
indicator of the sensitivity to climate change at the regional scale in a thermally extreme mid-latitude
climate. Because of the close relationship of certain air temperature thresholds with the onset of various
stages in crop development, GDD indicators of sensitivity to change are generated and applied in that
part of the Russian Far East with the largest annual temperature amplitude, namely, its southern region.

3. Materials and Methods

3.1. Study Area and Data

The study area is a vast region at the southern part of the Russian Far East, extending from
longitude 127 to 143° E and from latitude 43 to 59° N. The topography is varied; it includes extensive
mountainous regions stretching mainly from south-west to north-east, namely Mountains Malyi
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Khingan, Sikhote-Alin, Dzugdzur, Bureyan Upland and other low and middle mountains, with a
maximum of 2078 m above sea level, and wide plains in the Amur River valley, namely Zeya-Bureyan
Plain, Amur-Zeya Plain, Middle Amur Plain, and Low-Amur Depression (Figure 1).
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Figure 1. The topography of the southern part of the Russian Far East.

As the study region stretches along the coast of the Pacific Ocean from south to north, it has
from Warm Summer Continental to Subarctic Continental Climates, according to the Képpen-Geiger
climatic classification [83,84]. An extreme continental annual temperature regime typifies the climate
of the area. The annual temperature norm (1961-1990) varies between -5.4 °C at Ekimchan to 5.7 °C at
Pogranichnyi, and the annual temperature ranges change from 28.2 °C over the coastal zone to 52.7 °C
in the continental interior [44].

The aily maximum and minimum air temperatures from a network of 50 weather stations
(Table 1) across the study region were used to generate GDD and GDDSI for the period 1966 to
2017. The minimum and maximum temperatures for each day are those recorded by minimum and
maximum thermometers.
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Table 1. Weather stations in the Russian Far East region used in the current study.

No Weather Station WMO Index Latitude °N)  Longitude (°E)  Altitude (m)
1 Skovorodino 30692 54°00" 123°58’ 397
2 Dzhalinda 30695 53°28' 123°54’ 266
3 Aldan 31004 58°37 125°02’ 678
4 Uchur 31026 58°44’ 130°37 194
5 Yugarenok 31062 59°46' 137°40 380
6 Okhotsk 31088 59°22 143°12" 5
7 Talon 31092 59°46’ 148°38’ 19
8 Kanku 31102 57°39’ 125°58’ 1204
9 Toko 31137 56°17 131°08’ 849

10 Nelkan 31152 57°39 136°08’ 326
11 Ayan 31168 56°27" 138°09 6
12 Bolshoi Shantar 31174 54°50 137°32" 9
13 Dzhana 31235 55°20 134°30 318
14 Bomnak 31253 54°49’ 128°52 365
15 Udskoe 31285 54°30 134°25’ 62
16 Ekimchan 31329 53°04 132°56/ 540
17 Litke 31362 53°57" 140°20 22
18 Nikolaevsk-on-Amur 31369 53°09" 140°42 67
19 Chernyaevo 31371 52°47" 126°00 208
20 Norsk 31388 52°21’ 129°55 207
21 Poliny Osipenko 31416 52°25' 136°30 69
22 Dzhaore 31436 52°40 141°17 5
23 Bogorodskoe 31439 52°23' 140°28’ 33
24 Mazanovo 31443 51°38’ 128°49’ 161
25 Sophiysky Priisk 31478 52°16’ 133°59 902
26 Blagoveschensk 31510 50°22’ 127°31 130
27 Chekunda 31532 50°49’ 132°10 271
28 Sutur 31538 50°04 132°08’ 343
29 Nizhnetambovskoe 31562 50°56’ 138°11 20
30 Konstantinovka 31586 49°37 127°59 117
31 Arkhara 31594 49°29’ 130°02’ 133
32 Solekul 31677 49°10 138°03’ 915
33 Yekaterino-Nickolskoye 31707 47°44' 130°58’ 72
34 Smidovich 31725 48°37" 133°50 50
35 Elabuga 31733 48°48’ 135°52 62
36 Khabarovsk 31735 48°31" 135°10 75
37 Sovetskaya Gavan 31770 48°58’ 140°20 21
38 Lermontovka 31788 47°09 134°20 75
39 Zolotoy Mys 31829 47°19’ 138°59 27

40 Krasnyi Yar 31845 46°32 135°19 128

41 Dalnerechensk 31873 45°52" 133°44’ 100

42 Melnichnoe 31895 45°27 135°30 331

43 Ternei 31909 45°00" 136°36’ 51

44 Pogranichnyi 31915 44°24’ 131°23’ 217

45 Sviyagino 31931 44°48’ 133°05 99

46 Rudnaya Pristan 31959 44°22' 135°51" 27

47 Vladivostok 31960 43°07 131°53’ 187

48 Timiryazevskyi 31691 43°53’ 131°58’ 34

49 Posyet 31969 42°39" 130°48’ 41

50 Preobrazhenie 31989 42°54' 133°53’ 44

6 of 22
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3.2. Method

GDD is an index linked to plant development, reflecting the fact that growth will take place only
when the temperature is above a certain threshold for a specified number of days. The construction of
GDD incorporates information on both the passage of time and the temperature experienced by a plant
during the growing season. It is a widely used temperature-related agro-climatic indicator since a
change in GDDs can lead to significant changes in the phenology of plants and, consequently, changes
in agricultural production. It is a measure of the heat a plant needs to produce a successful crop.
A limitation is that it does not take in account other environmental factors and different responses of
plants to the same temperature during various stages of their growth; nevertheless, it has been shown
to be useful in agricultural, phenological and other applications [42,44,46,59]. For instance, GDDs have
been used to predict the growth stages of a variety of crops, mid-latitude crops in particular, such as
maize, wheat and soya bean; it is also useful in planning defensive actions against insects and diseases
that negatively affect crops [40—42,46,48,85,86].

There are several ways of calculating GDD; each model has its strengths and weaknesses [86].
To achieve the goal of the current research, we used the approach suggested by Grigorieva et al. [44],
where the number of growing degree days required for plant growth and maturation (GDD) is given by

GDD =

' (Ti - Tbase) (1)

i=1

T; = (Tmax + Tmin)/z (2)

where T; is the mean air temperature (°C), Ty is the daily maximum air temperature (°C), T}y, is the
daily minimum air temperature (°C), Ty, is the base or threshold temperature (°C),andi=1,2, ...
m—days with a higher threshold temperature T},,, during the growing season.

Plants adapt to climatic conditions over time; they develop best above a certain temperature below
which there is little or no plant growth. However, each crop type has its own base temperature threshold
(Tpuse) [44]. Because of the close connection of 0, 5, 10 and 15 °C limits with the onset and end of the
crop growth, these temperatures are normally used as the threshold or base temperatures in common
estimations of thermal influence on plants [41,44,50]. Based on Gordeev et al. [50], the following
descriptions are applied:

>0°C: onset of “‘warm season’;

>5°C: commencement of period of active crop growth;

>10°C: beginning of period for the cold-resistant crop development;
>15°C: conditions suited to heat-reliant plants.

A comparison with Ty, must be done individually for Ty and T),;, before calculating the mean
value: if Ty < Tpase then Tyax = Tpase, and if Tyyiy < Tpase then Thin = Tpase-

The matter of upper threshold temperature is important as it is well known that the hot-season
upper limit of 35 °C has significance for various agricultural impacts, such as heat shock in wheat [87].
High air temperatures may considerably decrease plant growth and development rates or even suppress
growth [46,48,86]. There are various ways of estimation this, discussed in detail in Grigorieva et al. [44].
In the current work, the method using a horizontal high-temperature threshold cut-off with upper
threshold of 30 °C (Tyr) is applied as explained by Matzarakis et al. [85]. All values Tj, Tyx or Ty, are
thrown off to Tyt if they surpass Tyt [44,85].

The concept of a GDD Sensitivity Index (GDDSI) is used to assess the sensitivity of agricultural
practices to changed thermal conditions. GDDSI is defined as the percentage change in GDD for a
particular warming scenario. In light of the above discussion of crop sensitivity and thermal thresholds,
GDDSI is calculated for GDD to base 0 °C (GDDO0), 5 °C (GDD5), 10 °C (GDD10), and 15 °C (GDD15).

Three warming scenarios +1, +2 and +3 °C are used with thresholds similar to those used
elsewhere by adding 1, 2 or 3 °C to daily temperatures at each site [66]. According to Hennessy and
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Pittock [66], this presupposes that daily temperature variation and autocorrelation remain the same;
although, in reality, things will be more complex. GDDSI is expressed as a percentage of the base value.
For example, taking GDD15, GDDSI for the +3 °C scenario is

GDD158L,; = GDD15,5/GDD15 x 100 3)

where GDD15 is calculated using data for the period 1966-2017. CCSI maps for various GDDSI
scenarios are produced to provide a concise summary of the impact on the spatial redistribution of
crop growth due to changed climatic conditions.

4. Results

To begin with, four threshold temperatures were applied for GDD calculations with results shown
in Supplementary Materials, Table S1, along with standard deviations for each GDD, and in maps
(Figure 2). The base temperature 0 °C (GDDO0) indicates the beginning of the warm or growing season.
The coastal locations along the cold sea shore of the Sea of Japan and the Okhotsk Sea show the maritime
influence of the Pacific Ocean with sufficiently lower values and are more than two times lower than
in continental locations in the southern portion of the study area; GDDO in elevated locations has
intermediate values (Figure 2A).

The 5 °C temperature threshold (GDD5) marks the beginning of the period with active growth of
a plant. Spatial distribution of GDDS5 is similar to GDDO (Figure 2B). The values of GDD5 range from
nearly 700 °C in Okhotsk in the northern coastal part of the study area to GDD5 more than 2100 over
the continental locations at the south with almost thrice the spatial differences. The coldest areas are in
the elevated regions of the north-west and in the mountains.

The spatial variability of GDD10 characterizes the onset of the main period of active growth for
most crops. The highest values found in the far south, which are almost five times higher than at
the north (Figure 2C). There is a big difference in GDD10 between continental and coastal parts at
roughly the same latitude. Southern locations show a 2.3 times difference, with Yekaterino-Nickolskoe
(1226 °C) versus to Zolotoy (520 °C) as an example. The contrast in the far north is not as large when
GDD10 in inland elevated areas are compared with the coastal regions (Figure 2C).

The best climatic conditions for heat-reliant plants are described by GDD15. The difference in
GDD15 between the north and the south of the region is up to 11 times, from about 20 °C in Okhotsk
to more than 600 °C in Sviyagino. This illustrates the great contrast in the conditions between the two
geographical extremes in the summer (Figure 2D). The spatial pattern is similar to that described for
GDDO0, GDD5 and GDD10, but with considerably lower absolute values, where isotherm boundaries
reflect topographical and coastal influences (Figure 1).

There is a positive relationship between the value of growing degree days for 5, 10 and 15 °C
thresholds and its standard deviation (SD), and this association is more pronounced for the higher
threshold of 15 °C (Figure 3).

Both GDDs and standard deviations depend on the latitude of the location, and this dependence
is apparent for all temperature thresholds. As an example, we show the plots for GDD15 and
corresponding values of SD. Figure 4 demonstrates the relationship between GDD15 and its SD with
latitude: the further to the north, the lower the GDD15, with SD showing results for the continental
weather stations (Figure 4A,B) and for maritime locations (Figure 4C,D). The response of both GDD15
and its SD on latitude is more evident for the coastal weather stations.
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Figure 2. Growing degree days (GDD) in the Russian Far East for period 19662017 for four thresholds:
(A) GDDO, (B) GDD5, (C) GDD10, and (D) GDDIS5.
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Figure 3. Relationship between growing degree days (GDD) for locations in the Russian Far East
for period 1966-2017 for four thresholds: (A) GDDO, (B) GDD5, (C) GDD10, and (D) GDD15, and
correspondent standard deviation (SD).
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Figure 4. Relationship between growing degree days with 15 °C threshold (GDD15), its standard
deviation (SD15) and latitude for locations in the Russian Far East for period 1966-2017: (A,B)
continental weather stations, (C,D) maritime weather stations.

Outputs for GDDSI are given in Supplementary Materials, Table S2, keeping in mind that GDDSI
is defined as the percentage change in GDD using Equation (3) for three warming scenarios (+1, +2,
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+3 °C) and four GDD base thresholds (GDDO0, GDD5, GDD10 and GDD15). The results show the
non-linear response of GDDs to incremental warming depending on base temperatures. GDDSI for the
threshold of 0 °C gives values from 7% to 13% for +1 °C; from 5% to 27% for +2 °C; and from 20% to
41% for the +3 °C scenario. Sensitivity for the 5 °C base temperature delivers slightly higher values:
from 9-20% to 6-41% and 25-65% for the +1, +2, +3 °C warming scenarios, respectively. Considerably
bigger results can be found for GDD10 with 12—40%, 5-88% and 33-142%. The highest sensitivity
is shown for the GDD15: 19-153%, 4-496%, and as high as 65%—more than 1000% for the +3 °C
warming scenario. The results indicate that the higher the base threshold, the higher the sensitivity.
Highest sensitivity is for GDD15 at Okhotsk in the far north.

In general, sensitivity does not increase significantly as warming rate increases. In Skovorodino,
Yekaterino-Nickolskoye and Sviyagino (all inland locations) sensitivity varies from 7 to 65-66, versus
Bolshoy Shantar and Okhotsk, maritime areas, where sensitivity fluctuates from 12-13 to 800-1000.

It is interesting to note the lower sensitivity for the +2 °C warming scenario compared with +1 °C
at some southern continental weather stations. Examples of this are Timiryazevskyi and Dalnerechensk,
which can be explained by the cut off when daily temperatures exceed the upper threshold of 30 °C in
very hot summer conditions. Except for those cases, generally larger values are found for the higher
thresholds and the higher warming scenario.

Both sensitivity indices and their standard deviations depend on the latitude of the location,
its elevation and proximity to the coastline. Figures 5-8 show the results of +3 °C warming for two
thresholds, 0 °C (Figures 5 and 6) and 15 °C (Figures 7 and 8).

The relationship for 5 and 10 °C is very similar. Sensitivity indices for continental stations depend
on their altitude: the higher the location, the greater the sensitivity, and this relationship shows up for
all temperature thresholds for both sensitivity indices and their temporal variability, whereas the effect
on latitude is less pronounced (Figures 5 and 7). The climate sensitivity at maritime locations for all
temperature thresholds depends on latitude: the further north, the higher sensitivity (Figures 6 and 8).
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Figure 5. Dependence of Sensitivity Index for growing degree days with 0 °C threshold (GDDOSI) and
its standard deviation (SD) for a GDDO0, 3 scenario on altitude and latitude for continental locations in
the Russian Far East for the period 1966-2017: (A,B) altitude (m), (C,D) latitude.
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Figure 6. Dependence of Sensitivity Index for growing degree days with 15 °C threshold (GDD15SI)
and its standard deviation (SD) for a GDD15, 3 scenario on altitude and latitude for continental locations
in the Russian Far East for the period 1966-2017: (A,B) altitude (m), (C,D) latitude.
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Figure 7. Dependence of Sensitivity Index for growing degree days with 0 °C threshold (GDDOSI) and
its standard deviation (SD) for a GDDO, 3 scenario on altitude and latitude for maritime locations in the
Russian Far East for the period 1966-2017: (A,B) altitude (m), (C,D) latitude.

Mapped Results

One of the aims of the study was to produce CCSI maps that set apart zones of different magnitudes
of sensitivity to climate change. The results show areas of high and low sensitivity to change as well as
the relative level of the potential effect. To describe the spatial distribution of temperature sensitivity
to warming, Figures 9 and 10 give the maps of CCSI: a GDD5,3 scenario in Figure 9, illustrating
GDD5SI1,3 for the study area, where GDD5SI .3 = GDD5.,.3/GDD5 x 100.
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Figure 8. Dependence of Sensitivity Index for growing degree days with 15 °C threshold (GDD15SI)
and its standard deviation (SD) for a GDD15,3 scenario on altitude and latitude for maritime locations
in the Russian Far East for the period 1966-2017: (A,B) altitude (m), (C,D) latitude.
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Figure 9. CCSI map for a GDD5,3 scenario showing GDD5SI, 3 for the Russian Far East, where
GDD?5SL, 3 = GDD5,.3/GDD5 x 100. The areas bounded by isolines indicate zones of increasing sensitivity
expressed as the percentage change in GDDs5 brought about by the changed climatic conditions.
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Figure 10. CCSI map for a GDD10,3 scenario showing GDD10SI, 3 for the Russian Far East study
area, where GDD10SI,3 = GDD10,3/GDD10 X 100. The areas bounded by isolines indicate zones of
increasing sensitivity expressed as the percentage change in GDDs10 brought about by the changed
climatic conditions.

The areas bounded by isolines indicate zones of increasing sensitivity expressed as the percentage
change in GDDs brought about by the changed climatic conditions. Figure 10 shows spatial pattern for
a GDD10,3 scenario with much higher values but with very similar spatial variations.

Sensitivity to a warming shows the inverse relationship to the temperature: the higher the value
of the GDD, the lower the sensitivity index. Figure 11 shows the results for the GDD15 for all warming
scenarios with the relationship more pronounced for the higher +3 °C warming scenario. In all cases,
the colder the climate, the higher the sensitivity to the warming, as would be expected, although the
extent of the effect varies.

Changes in sensitivity are also influenced by the standard deviation. Figure 11B demonstrates the
same dependence of the sensitivity index on the temporal variability of GDD: the larger the standard
deviation, the lower the sensitivity index. A general rule is that for sites with currently similar GDD,
the impact of each degree of warming is greater when the mean and the standard deviation are smaller.

Figure 12 shows the dependence of sensitivity of GDDS with regard to temporal and spatial
variability. Using GDD15 is an example typical of all warming scenarios; Figure 12A is plotted for the
SD near 25, which shows the weakest relationship with sensitivity. The strength of the relationship
increases with rising of the SD: Figure 12B shows the results for an SD near 55, while Figure 12C,D—for
SD near 75 and 85, respectively. At places with the same standard deviation, the sites with lower values
of GDDs are more sensitive and this relationship is more apparent for the larger warming scenario.
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1966-2017 for +1, +2 and +3 °C warming scenarios: (A) for GDD15, (B) for SD15.
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Figure 12. Relationship between growing degree days with 15 °C threshold (GDD15) and Sensitivity
Index (GDD15SI) depending on its standard deviation (SD15) for locations in the Russian Far East for
the period 1966-2017 for +1, +2 and +3 °C warming scenarios: (A) for SD15 near 25, (B) for SD15 near
55, (C) for SD15 near 75, (D) for SD15 near 85.
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5. Discussion

The thermal supply of the region expressed in GDD values varies spatially and as a whole, follows
the main geographical patterns of temperature distribution moderated proximity to large water bodies
(Amur River and the Pacific Ocean), coastline and relative relief of the land. Generally, the magnitude
of the GDD increases from north to south and decreases towards the coast. It also decreases from
lowland areas to higher land. The gradient is less further to the north due to the influence of elevated
terrain and its spatial distribution. The most noticeable spatial gradient is for locations at similar
latitudes, which is explained by the distance from the coastal waters of the Pacific Ocean.

Since the study area is covered by discontinuous permafrost at the north and is characterized by
long-term seasonal soil freezing, or sporadic permafrost in mountains at the middle [88], only plains at
the southern part can be used for crop production [50]. Our study confirms previous research that
heat supply here is sufficient for grain crops (wheat, oats, barley, and even rice at the southernmost
locations), vegetables and soybeans [23,44,50,57]. As it is very cold in winter and snow cover is low,
only spring varieties are grown. Due to low thermal resources at places in the north, in the mountains
and at the coastal locations, they are good enough only for some forage crops and potatoes and for
cultivating vegetables in greenhouses [44].

CCSI maps show zones of different degrees of sensitivity to global warming by revealing the
changed spatial redistribution of climate-determined temperature resources for agriculture. The method
allows the estimation of temperature resource change for zones within the study area. The results
show the size and location of impact. On the whole, the larger the GDDSI, the more sensitive the
climate is to warming in terms of crop growing conditions. In most cases, sensitivity does not increase
significantly as the warming rate increases.

Different places respond to warming in different ways. Both CCSI maps (Figures 9 and 10) show
the dependence of sensitivity indices on the closeness to the coast line and relief of the area, reflecting
the effects of both mountain ranges and plains (Sikhote-Alin and Dzugdzur, Middle-Amur Plain and
Low-Amur Depression, Figure 1). A noticeable feature of the study is that the sensitivity generally
increases from south to north: the colder the climate the higher the sensitivity to the warming; it varies
considerably from one location to another—especially coastal versus continental locations.

For sites that have a similar GDD, the effect of each degree of warming is greater where both
the mean and the standard deviation are lower. These results are in contrast to those of Hennessy
and Pittock [66], who found that the response to incremental warming is greater where the mean
temperature is higher and the standard deviation is lower, and where the warmer sites are more
sensitive for sites with the same standard deviation. At sites with the same standard deviation,
those with lower GDDs are more sensitive and this relationship is more conspicuous for higher
warming scenarios.

The method used represents the sensitivity of crop yield using percentage changes in GDD with
average temperatures change, which is quite effective only in regions where plant growth is strongly
constrained by thermal supply, without moisture restrictions. This definition of sensitivity makes sense
only where plant growth is strongly and nearly linearly related to accumulated temperature. It would
probably not be applied in agricultural regions where heat is always sufficient, with excess heat and
moisture supply being the main limiting factors.

The region studied presents a strong heat limited regime. The results confirm that GDD is a
robust agro-climatic indictor of the impact temperature change at the regional scale on crop growth
in a thermally extreme mid-latitude climate. This coincides with the findings [39,43,45,61,63,64] in
different climates regimes. Clearly, a full impact assessment should include the role of other climate
variables such as precipitation and soil moisture deficit, evapotranspiration, solar radiation [39,45,64].
However, research on annual and especially warm-period precipitation trends for the Russian Far
East, characterized by very high precipitation in summer time show insignificant impact compared to
inter-annual variability of climate [89]. This suggests a minor role of changes in precipitation versus a
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major impact temperature on the functioning of plant ecosystems in the study area, the reason our
research is focused on changes of thermal supply only.

In our approach, we assume variability will remain unchanged. However, climate variability
changed through past decades, so we might expect the same in a warming future. In fact, future climate
is expected to manifest itself in temperature regimes that are more complex, involving changes in the
temperature distribution, changes in the seasonality of the temperature, and changes in temperature
extremes. Nevertheless, the methodology presented in this study is attractive as it is uncomplicated.
Furthermore, temperature thresholds and warming scenarios can be adjusted as required. In areas
of highly variable topography, or those in close proximity to large water bodies, the sensitivity to
warming can be deduced from shifts in risk boundaries.

Although the topography of the study region is very complex, some general spatial patterns can
be defined. For instance, since agricultural thermal supply is generally declining northward, the same
absolute temperature increase has a greater relative impact on crop potential at higher latitudes than
at lower latitudes. Regions with higher sensitivity to heat supply at higher thermal thresholds are
likely to have more advantages due to the warming effect, which can be used in adaptation strategies,
e.g., when predicting farm investments in crop production in northern or coastal areas. In case of future
climate changes, local governments should take appropriate agricultural management measures to
reduce its negative impact on crop production. If we forecast an increase in heat supply, the adaptation
program should include appropriate spatial redistribution of crops, shifting agricultural production
further north, introducing crop varieties adapted to warmer conditions, etc. [8,11,23,36]. In some cases,
warmer and milder summers might have a beneficial effect on plant development, creating favorable
conditions for certain crops [11,23]. The method used in study enables the evaluation of impact
potential without having to continually re-run transfer functions. Non-climate experts such as planners
and other decision makers can use the schemes to assess and re-assess impact according to their
expectation of climate change or variability and review the relative merits of various response and/or
adjustment strategies [13,38]. As there are no comparable studies in the literature on similar climatic
regions and at equivalent latitudes, further research may produce results on which comparisons can be
valuably made.

6. Conclusions

The present study examines the utility of GDDs and its changes as an agro-climatic indicator of the
sensitivity to climate change at the regional scale in a thermally extreme mid-latitude climate, namely,
the vast area that is the Russian Far East, the region with the largest annual temperature amplitude.

GDDS]I, defined as the percentage change in GDD for a particular warming scenario, is used to
assess the sensitivity of agricultural practices to changed thermal conditions. Generally, sensitivity
increases from south to north: the colder the climate the higher the sensitivity to the warming;
the highest sensitivity is for GDDs with a threshold at 15 °C in the far north of the study area where
conditions currently are marginal for crop growth. More specifically, GDDSI can serve as a measure of
the likely success in the growth of a particular crop.

CCSI maps for various warming scenarios are produced to provide a concise summary of the
impact, indicating magnitude of the potential impact due to changed climatic conditions, and its
possible effect on the spatial redistribution of crop growth. The results provide a basis for identifying
sensitive regions in climate change vulnerability assessments.

The methodology used in sensitivity studies such as presented here is both straightforward and
flexible. Any of a variety of threshold temperatures can be used depending on the purpose of the research
and nature of the impact assessment. Moreover, sensitivity to a changed climate in places with highly
variable topography can be construed from shifts in boundaries of isotherms and impact risks considered.
Clearly, however, a comprehensive impact assessment would have to incorporate other climatic variables,
such as precipitation and evapotranspiration, along with temperature. Further research should be done
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to estimate the impact of possible adaptation measures in the long-run perspective, and their efficiency
on the Russian agriculture as a whole.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/11/4/404/s1,
Table S1: Growing degree days (GDD) for locations in Russian Far East for period 19662017 for four thresholds,
namely, GDD0, GDD5, GDD10, and GDD15, and standard deviation SD, Table S2: GDDSI for three warming
scenarios (+1, +2, +3 °C) and four GDD base thresholds (GDDO0, GDD5, GDD10 and GDD15).
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