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ABSTRACT

It would be advantageous to grow legume forage crops in order to increase the productivity and sustainability of sloped croplands
in Hamkyongbukdo. In particular, the identification of potential cultivation areas for alfalfa in the given region could aid
decision-making on policies and management related to forage crop production in the future. This study aimed to analyze the climate
suitability of alfalfa in Hamkyongbukdo under current and future climate conditions using the Fuzzy Union model. The climate
suitability predicted by the Fuzzy Union model was compared with the actual alfalfa cultivation area in the northern United States.
Climate data obtained from 11 global climate models were used as input data for calculation of climate suitability in the study region
to examine the uncertainty of projections under future climate conditions. The area where the climate suitability index was greater
than a threshold value (22.6) explained about 44% of the variation in actual alfalfa cultivation areas by state in the northern United
States. The climatic suitability of alfalfa was projected to decrease in most areas of Hamkyongbukdo under future climate scenarios.
The climatic suitability in Onseong and Gyeongwon County was analyzed to be over 88 in the current climate conditions. However,
it was projected to decrease by about 66% in the given areas by the 2090s. Our study illustrated that the impact of climate change
on suitable cultivation areas was highly variable when different climate data were used as inputs to the Fuzzy Union model. Still, the
ensemble of the climate suitability projections for alfalfa was projected to decrease considerably due to summer depression in
Hamkyongbukdo. It would be advantageous to predict suitable cultivation areas by adding soil conditions or to predict the climate
suitability of other leguminous crops such as hairy vetch, which merits further studies.
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1. Examples of membership functions for determining suitability of (a) temperature and (b) rainfall for Alfalfa. The

parameter values were retrieved from the EcoCrop database managed by Food and Agriculture Organization (FAO).

Table 1. The model parameter values of Alfalfa for the Fuzzy Union model. These values were obtained from the EcoCrop

database

Name Description Value
T Lethal Temperature (°C) -25

Troin Minimum Absolute Temperature (°C) 5
Thax Maximum Absolute Temperature (°C) 45

T opmin Minimum Optimal Temperature (°C) 21
T opmax Maximum Optimal Temperature (°C) 27
R Minimum Absolute Rainfall (mm) 350
R . Maximum Absolute Rainfall (mm) 2700
Ropmin Minimum Optimal Rainfall (mm) 600
Ropnas Maximum Optimal Rainfall (mm) 1200
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Fig. 2. Global distribution of Medicago sativa L. . Each dot indicates the occurrence sites of M. sativa obtained from

GBIF (2023).

- 74 -



Ensemble Projection of Alfalfa

A H A RF= USDA-NASS FALO]E(https://www.nass.
usda.gov/; accessed on 11/20/2023)0f|4 485}tk NASS=
Ul 0] B RAlA 0l PHEANATES 22 5
SR, VS ABe] AEE, S A B 4R
£ Azsia Sitk 2 AFolahs 1971~20009 B9t AR &
s} Al 9 A U 304 WS Tt
slmsisich
2 Ao SRR} v B2 o) o] 4] A
S |eh] 9 St o) 7R WAl et A
& vlslo] AR} SR RIS of Qi 4

jus)
F_Er

f

e
2,

W] dlojel} st j= Bxe] 187] FolA ZjAge
oF A wlTigic), WETelE 7 ARwe] Wa(4,)e
thea} o] ApbEIgIk

Ag= Em in[maz {szgh TH),O},l]

cell

o7 1= 77} o] A 7[R 9 ekt
7} zeo) Qi ApEAz} F15 AR} THRE 9k WA
|sto] Apeloct

o

o
=

ulg] 7]1% Z70)|429] AufEx] Hal= 1o ? ES
glom, wel 715 AE] e Apgo] wiet O%lw o] ==dAdol

=ckSuh et al, 2012). & AT ol HeA 2 7]
7171 9ieh, 7 7150l ol Auiele Aeg Yk
2 3] Aol ANE FISK= PP /1S AgAE 2
7540 B 7le] Hwrh Wl ok SSokch
7Pt 7 RRARERE Qo 3} gte] How 7]
A AES AP
B Ao & 1159 HAT TR dof
WorldClim 7|3A=5E ARESI9TtH Table 3). ESE 20304t

l

d

T K

Table 2. Introduction of administration area name and code of the study area (Hamkyongbukdo, USA)

Hamkyongbukdo, PRK (Code) USA (Code)
Buryeong (BR) Buyun (BY) Idaho (ID) Ilinois (IL)
Cheongjin (CJ) Eorang (ER) Indiana (IN) Iowa (IA)

Gilju (GJ) Gimchaek (GC)

Massachusetts (MA) Michigan (MI)

Gyeongheung (GH) Gyeongseong (GS)

Minnesota (MN) Nebraska (NE)

Gyeongwon (GW) Hwadae (HD)

New Hampshire (NH) New York (NY)

Hoeryeong (HR) Onseong (OS)

Ohio (OH) Oregon (OR)

Musan (MS) Myeongcheon (MC)

Pennsylvania (PA) Rhodes Island (RI)

Myeonggan (MG) Rajin (RJ)

South Dakota (SD) Vermont (VT)

Seonbong (SB) Yeonsa (YS)

Wisconsin (WI) Wyoming (WY)

Table 3. List of global climate models used for downscaling of climate data and inputs to the climate suitability model

No. Model Name

No. of grids

Institute (long * lat)

The Commonwealth Scientific and Industrial Research Organisation (CSIRO),

I ACCESS-CM2 -\ stralia (Bi et al. 2020) 192%144
2 BCC-CSM2-MR  Beijing Climate Center, China (Wu et al. 2019) 160*320
3 CMCC-ESM2 Centro Euro-Mediterraneo sui Cambiamenti Climatici, Italy (Cherchi et al., 2018) 288*400
4 EC-Earth3-Veg Consortium of various institutions from EU (Doscher et al. 2021) 256%512
5 GISS-E2-1-G The NASA Center for Climate Simulation, USA (Kelly et al., 2020) 90*144
6 INM-CMS5-0 Institute for Numerical Mathematics, Russia (Volodin et al., 2018) 120*180
7 IPSL-CM6A-LR  Institut Pierre Simon Laplace, France (Boucher et al. 2020) 143*144
Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean
8 MIROC6 Research Institute, National Institute for Environmental Studies, and RIKEN 128*256
Center for Computational Science, Japan (Tatebe et al., 2019)
9 MPI-ESM1-2-HR  Max Planck Institute for Meteorology, Germany (Mauritsen et al., 2019) 192*384
10 MRI-ESM2-0 Meteorological Research Institute, Japan (Yukimoto et al., 2019) 160*320
11 UKESMI1-0-LL Met Office Hadley Center, UK (Sellar et al. 2019) 192*144
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Fig. 3. Histogram of climate suitability index for alfalfa using
the Fuzzy Union model. Dashed line represents the
distribution of suitability at the 90% percentile.
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Fig. 4. Comparison between observed and estimated acreage
of alfalfa using climate suitability indices in the USA.
The acreage observation data for alfalfa were retrieved
from the National Agricultural Statistics Service (NASS).
Two letter codes for administrative area are listed in
Table 2.
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Fig. 5. Climate suitability map of alfalfa in current and future
climate conditions. The gridded climate data obtained
from (a) the weather observations and the outputs
of (b) INM-CM5-0, (c) Ec—Earth3-Veg, (d) UKESM1-0-LL
were used as inputs to the Fuzzy Union model. The
future time periods indicate the 2090s. Two letter
codes for administrative area are listed in Table 2.
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Fig. 6. Variation of climate suitability index by administrative
area in the 2090s among the climate models of which
outputs were used as inputs to the Fuzzy Union model.
Two letter codes for administrative area are listed
in Table 2.
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suitability indices predicted using the future climate
scenarios, which were obtained from climate models
for given regions in Hamkyongbukdo. Two letter codes
for administrative area are listed in Table 2.
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Table 4. The averages of climate suitability index for Hamkyongbukdo under current, 2030s, 2050s, 2070s and 2090s

climate conditions by administrative district

Code Current 2030s 2050s 2070s 2090s
GW 91.42 -22.95 -34.73 -44.05 -61.38
oS 88.72 -22.33 -33.78 -45.60 -61.61
HD 87.41 -8.23 -13.57 -17.72 -22.93
GH 85.85 -7.30 -16.72 -26.74 -38.63
MC 84.81 -5.16 -10.39 -15.96 -19.86
SB 84.44 -5.29 -12.57 -22.95 -35.71
GC 82.82 -6.46 -11.04 -15.91 -20.58
CJ 81.79 -2.90 -10.60 -19.96 -30.12
HR 80.94 -3.85 -15.33 -27.00 -37.84
RJ 79.34 -0.20 -6.28 -15.91 -27.00
MG 76.34 -1.98 -5.45 -10.88 -15.89
BR 72.57 +2.89 -1.95 -10.11 -15.89
GJ 71.30 -2.03 -3.51 -7.61 -12.99
GS 68.05 -1.29 -3.91 -8.80 -14.16
ER 61.66 -0.26 -2.32 -4.41 -8,16
MS 61.28 +4.93 +4.30 +0.27 -10.52
BY 52.97 +2.44 +4.62 +7.34 +1.16
YS 39.39 +6.58 +9.69 +11.25 +6.63
Average 72.59 -2.71 -7.34 -13.02 -21.62

Climate Suitability

[l Unsuitable (0~22.4)

[T Low (22.4~40)

[] Medium (40~60)

[T High (60~80)

Ml Very High (80~100)
0 25 50 km

Fig 8. Climate suitability index for alfalfa in Hamkyongbukdo
under (a) current (1971~2000) and future periods including
(b) 2030s, (c) 2070s and (d) 2090s. The mean suitability
for alfalfa was classified into five categories such as
unsuitable, low, medium, high and very high. Two letter
codes for county and city are listed in Table 2.
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