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ABSTRACT

The United States is one of the largest producers of major crops such as wheat, maize, and
soybeans, and is a major exporter of these crops. Therefore, it is important to estimate the
crop production of the country in advance based on reliable long-term weather forecast
information for stable crops supply and demand in Korea. The purpose of this study is to
improve the seasonal predictability of the agro-climatic indices over the United States by using
regional-scale daily temperature. For long-term numerical weather prediction, a dynamical
downscaling is performed using Weather Research and Forecasting (WRF) model, a regional
climate model. As the initial and lateral boundary conditions of WRF, the global hourly
prediction data obtained from the Pusan National University Coupled General Circulation
Model (PNU CGCM) are used. The integration of WRF is performed for 22 years (2000-
2021) for period from June to December of each year. The empirical quantile mapping, one
of the bias comrection methods, is applied to the timeseries of downscaled daily mean,
minimum, and maximum temperature to correct the model biases. The uncorrected and
corrected datasets are referred WRF_UC and WRF_C, respectively in this study. The daily
minimum (maximum) temperature obtained from WRF_UC presents warm (cold) biases over
most of the United States, which can be attributed to the underestimated the low (high)
temperature range. The results show that WRF_C simulates closer to the observed temperature
than WRF_UC, which lead to improve the long-term predictability of the temperature-based
agro-climatic indices.

Key words: United States, Regional climate model, Empirical quantile mapping, Temperature,
Agro-climatic indices
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EAZEL 203%2 A AA B H 100.3%9] H]
3f| W S=Zo]|ti(Choi ef al., 2022). E3] 2020 U=
7102 W, S, Uil tidt FEAEES 4

0.5%, 0.7%, 7.5%°]H, a5 2Ha5-2 it s ef=
7IREE o] o&Estar JrkEESFARER,
https://www.mafra.go.kr). 1]=-2 2L 3 |1l %
EAFE0] 121.6%0|H, 2020 W 7] U Ak A
A4 9, S BAE AA 191, T ABAE AlA

2 9Jo|tKChoi ef al., 2022) ughA vl FQ 45
S A AA = AP 29 4= glem, o
= EuEte] ol Ao I 4= Qlok
8] vl= S RS ASAIT] E9t 71 2ol
FFE A = Zem A 7] fZol(Mishra
and Cherkauer, 2010; Chung et al., 2014; Lu and
Kueppers, 2015; Leng, 2021), 2-2|yele] 245 45
= Aoz Algs] flaiA sl Aol thelk 71
AGS A&H o2 FAfstaL di&she A %j}_o]—l:]—

271 7V AEARE AAts] sl ti71d, 4
W, A4d 5 A ok A F(subsystem) 52 *JP:%}
25 133t ddd<sd X FH(Coupled General
Circulation Model; CGCM)o]| d&] ARE-E|aL Qith
(Molteni et al., 2011; Lim et al., 2012; MacLachlan
et al., 2015). 218y CGCM 2 Y2 F7HAIEZ
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UtHAhn ef al., 2018; Kim et al., 2019; Hur ef al.,
2021; Kim et al., 2021).
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H J3Lo) A= European Centre for Medium-Range
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stk A9 H AR B8 9314 Song et al.
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Fig. 1. (a) Topography (Unit: m) and (b) WRF domain (gray shading). The numbers
in the (a) indicate the six sub-regions over the United States.

Table 1. Configuration of the WRF

Resolution

176 x 108 (spatial resolution: 30km), 28 levels

Initial and Lateral boundary condition

PNU CGCM version 1.1

Microphysics scheme

WSM6 (Hong and Lim, 2006)

Shortwave radiation scheme

Dudhia (Dudhia, 1989)

Longwave radiation scheme

RRTM (Mlawer et al., 1997)

Surface layer scheme

Monin-Obukhov (Paulson, 1970)

Land surface scheme

Noah land-surface model (Chen and Dudhia, 2001)

Planetary boundary layer scheme

YSU (Hong et al., 2006)

Cumulus scheme

Kain-Fritsch (Kain, 2004)

Kiehl er al., 1996), 3fF AELEH2 Geophysical
Fluid Dynamics Laboratory Modular Ocean Model
(GFDL MOM3; Pacanowski and Griffies, 2000), 3}
H AHE w&HO Los Alamos National Laboratory
elastic viscous plastic sea-ice model (LANL EVP;
Hunke and Dukowicz, 1997)©2% Kim and Ahn
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Forecasting (WRF) version 3.0 (Skamarock et al.,
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et al.(2021)3} FY3}H, Table 19] AAISFAL) FHF
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-85k
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H(Michaelsen, 1987)0] AFEE|T) oS Sof 23
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o 1 GDD2J AJeks FA] of =gt 11249 7]
7F Aitell s23teE]A shelck
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27 indices.shtml)o]] 3Z3t=l )

d AEJ A(Plant heat stress; PHS)+= E4
Ao of AEdso et gFEe} olof
ey 2 BRlsl] 98 A, gt o
20| JA &L (threshold) & o= 4 =2
L QA Lk vl ) o] ) 20°C,
Fol thal 30°CE ek 5 ABel FRol Het
t}E 7k Zb=tK(Schlenker and Roberts, 2009;
Monier et al., 2016). +& Ato|A= 2zo] w2t PHS
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Fig. 2. Spatial distribution of the daily mean temperature (Unit: °C) during the 22 years of 2000-2021
(June to December) derived from (a) OBS, (b) WRF_UC, and (c) WRF_C, and the bias of (d)
WRF_UC and (e) WRF_C. (fj) and (k- o) are same as (a-e¢), but for daily minimum and maximum

temperature, respectively.
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olul, wl U] x|ol Wz o] W@ Ve PSS
Table 20 UeRith, B20] o a7l AR x|,
B Ao, W 2|0, FAR Ao, PER Ao, B

ao T X] I
=8 x| A Zkz} 14.47°C, 12.30°C, 21.05°C, 14.24
°C, 20.45°C, 13.34°C2 JeR}on u)=t Ao sl
A 15.69°CoTt Aol A J A3t FHai
Aol xe] o Bt 7|22 T Aol vlgl] BlaH
=331, 27] AF(Rocky Mountains)©] = 11 Y
Aol A= HoTHFig. 2a). 59 U FA7](HaL
7122 AN A9, 1Y A9, J A, FAE A
o, e A9, B 2|, vlat Hol|A Ziz} 844°C

(21.40°C), 6.55°C (19.35°C), 16.06°C (27.13°C), 9.95°C
(19.37°C), 16.19°C (25.81°C), 9.36°C (18.04°C),
10.49°C (21.89°C) 0.2 Uehton, ez oy
#71&1} ARSI thFig. 2f and Fig. 2k). WRF_UC
= BSolA vepd d Hat - 2A - a9 F1t
s & oot W W X Ho] wpeh ohekt
HOJE HSIth WRF_UCE g AXHat FEi A
5 ARt iR A oA Y Ht7]S 0.02~
60°CHE 4 W olaldth(Fig. 2b and Fig. 2d). &=
St SR A 9 e A4S At i A
oAl o HA7]2E 0.09~1.82°CHE T mo]tA

(=}

Table 2. Climatology of the daily mean, minimum, and maximum temperature (Unit: °C) for the United States
and their sub-regions during the 22 years of 2000-2021 (June to December) derived from OBS,

WRF_UC, and WRF_C

Tavg (Unit: °C)
Region Clim, OBS Clim, WRF_UC Clim, WRF_C Bias, WRF_UC Bias, WRF C
West 14.47 14.16 19.64 -0.31 -0.01
High Plains 12.30 12.62 17.73 0.32 -0.01
South 21.05 21.02 26.61 -0.02 0.00
Mid-west 14.24 13.64 18.28 -0.60 0.00
Southeast 20.45 20.65 25.50 0.20 0.00
Northeast 13.34 13.14 17.68 -0.20 0.00
U.S. 15.69 15.54 20.71 -0.14 0.00
Tmin (Unit: °C)
Region Clim, OBS Clim, WRF_UC Clim, WRF_C Bias, WRF_UC Bias, WRF C
West 8.44 9.14 8.43 0.69 -0.01
High Plains 6.55 8.37 6.54 1.82 -0.01
South 16.06 16.15 16.05 0.09 0.00
Mid-west 9.95 9.63 9.95 -0.32 0.00
Southeast 16.19 16.52 16.19 0.33 0.00
Northeast 9.36 9.12 9.36 -0.24 0.00
U.S. 10.49 11.00 10.48 0.52 -0.01
Tmax (Unit: °C)
Region Clim, OBS Clim, WRF_UC Clim, WRF_C Bias, WRF_UC Bias, WRF C
West 21.40 19.64 21.39 -1.76 -0.01
High Plains 19.35 17.73 19.34 -1.62 -0.01
South 27.13 26.61 27.13 -0.52 0.00
Mid-west 19.37 18.28 19.39 -1.10 0.01
Southeast 25.81 25.50 25.81 -0.30 0.01
Northeast 18.04 17.68 18.05 -0.36 0.01
U.s. 21.89 20.71 21.89 -1.18 0.00
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Fig. 3. Root mean square temporal error (RMSTE) of daily mean temperature (Unit: °C) during the 22 years
of 2000-2021 (June to December) derived from (a) WRF_UC and (b) WRF_C. (c-d) and (e-f) are
same as (a-b), but for daily minimum and maximum temperature, respectively.

Table 3. Root mean square temporal error (RMSTE) of the daily mean, minimum, and maximum temperature
(Unit: °C) for the United States and their sub-regions during the 22 years of 2000-2021 (June to
December) derived from OBS, WRF_UC, and WRF C

RMSTE Tavg (Unit: °C) Tmin (Unit: °C) Tmax (Unit: °C)
Region WRF_UC WRF_C WRF_UC WRF_C WRF_UC WRF_C
West 1.39 0.98 1.62 1.04 2.29 1.22
High Plains 1.58 1.34 2.33 1.32 2.43 1.61
South 1.18 0.98 1.30 0.91 1.51 1.21
Mid-west 1.61 1.29 1.55 1.24 1.95 1.45
Southeast 0.91 0.82 1.02 0.87 1.20 0.98
Northeast 0.98 0.88 1.05 0.85 1.19 1.06
U.S. 1.35 1.07 1.58 1.07 1.95 1.29
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Fig. 4. Timeseries of (a) spatial correlation coefficient (SCC) and (b) root mean square spatial error (RMSSE,
Unit: °C) of the daily mean temperature during the 22 years of 2000-2021 (June to December) derived
from WRF_UC and WRF_C. (c-d) and (e-f) are same as (a-b), but for daily minimum and maximum

temperature, respectively.
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Table 4. Climatology of the Growing Degree Days (GDD, Unit: °C days), Growing Season Length (GSL,
Unit: days), Number of frost days (FD, Unit: days), and Plant heat stress (PHS, Unit: days) for
the United States and their sub-regions during the 22 years of 2000-2021 derived from OBS, WRF _UC,

and WRF C
GDD (Unit: °C days)
Region Clim, OBS Clim, WRF_UC | Clim, WRF_C Bias, WRF_UC Bias, WRF _C
West 1792.90 1702.08 1795.30 -90.82 241
High Plains 1570.97 1565.65 1575.77 -5.31 4.81
South 3074.35 3131.68 3075.00 57.33 0.65
Mid-west 1841.12 1750.37 1845.57 -90.76 4.45
Southeast 2860.03 2909.80 2860.98 49.77 0.95
Northeast 1523.73 1458.66 1525.97 -65.07 2.25
U.S. 2068.17 2032.86 2070.88 -35.31 2.71
GSL (Unit: days)
Region Clim, OBS Clim, WRF_UC | Clim, WRF _C Bias, WRF_UC Bias, WRF C
West 261.16 258.29 260.03 -2.87 -1.13
High Plains 219.85 219.96 218.25 0.11 -1.60
South 348.73 338.22 345.34 -10.51 -3.39
Mid-west 244.78 237.55 242.97 -7.22 -1.81
Southeast 352.68 345.83 350.44 -6.85 -2.24
Northeast 238.73 240.79 240.13 2.06 1.40
U.S. 273.65 269.19 271.99 -4.46 -1.66
FD (Unit: days)
Region Clim, OBS Clim, WRF_UC | Clim, WRF _C Bias, WRF_UC Bias, WRF C
West 104.48 98.60 104.52 -5.89 0.03
High Plains 149.98 138.44 149.94 -11.54 -0.05
South 33.10 34.31 33.21 1.22 0.12
Mid-west 112.32 113.86 112.30 1.54 -0.02
Southeast 31.08 31.60 31.18 0.52 0.10
Northeast 113.85 113.44 113.85 -0.41 0.00
U.S. 94.93 91.52 94.96 -3.41 0.03
PHS (Unit: days)
Region Clim, OBS Clim, WRF_UC | Clim, WRF_C | Bias, WRF_UC Bias, WRF_C
West 73.96 57.60 73.98 -16.36 0.02
High Plains 57.25 41.54 57.29 -15.70 0.04
South 135.96 139.43 135.60 3.48 -0.36
Mid-west 45.05 44.11 45.18 -0.95 0.13
Southeast 110.88 113.33 110.74 2.45 -0.14
Northeast 21.72 19.11 21.94 -2.61 0.21
U.S. 76.99 69.48 76.97 -7.52 -0.03

o2 o] mls Aol iRt s KLOf YTt
1.66days= 7143} tHFig. 6h and Fig. 6j). H=2]

FDe} PHS= 717} wl=r 29 ot 94.93daysat
76.99days2 UENGOoH, = W X ¥ F7HEx



212

(a) RMSTE, WRF_UC, GDD
AVG =207.29 °C days

(c) RMSTE, WRF_UC, GSL
AVG = 2350 days

(e) RMSTE, WRF_UC, FD
AVG = 12.60 days

Korean Journal of Agricultural and Forest Meteorology, Vol. 24, No. 4

(g) RMSTE, WRF_UC, PHS
AVG = 20.12 days

50°N
45N o
a0°N
35°N o
30°N o
25°N |

50°N
45N
40°N 4
LS
30°N 4
25°N 4

50°N

45N o
a0°N
a5°N o
30°N o
25°N |

50°N
45N

LS

40°N 4

30°N 4

25°N 4

120°W 105°W 20°W 75°W

100 150 200 250 300 350 400 450 500

(b) RMSTE, WRF C, GDD
~ 150.47 °C days

120 105°W

5 10 15 20 25 30 35 40 45 50

(d) RMSTE, WRF_C, GSL
AVG = 20.81 days

120°W 105°W 20°W 75°W

5 10 15 20 25 30 35 40 45 50

(f) BMSTE, WRF_C, FD
AVG = 10.22 days

120 105°W 0°W

5 10 15 20 25 30 35 40 45 50

(h) RMSTE, WRF_C, PHS
AVG = 14.94 days

50°N
450N o
40°N
35°N o
30°N
25°N

50°N
45N
a0°N 4
38N
30°N
25°N 4

50°N

450N o
40°N
a5°N o
30°N
25°N

50°N
45N

38N
30°N

40°N 4

25°N 4

120°W 105°W a0"W 75"W

100 150 200 250 300 350 400 450 500

120°W 105°W a0°W

5 10 15 20 25 30 35 40 45 50

120°W 105°W a0"W 75"W

5 10 15 20 25 30 35 40 45 50

120°W

5 10 15 20 25 30 35 40 45 50

Fig. 7. Root mean square temporal error (RMSTE) of the Growing Degree Days (GDD, Unit: °C days) during
the 22 years of 2000-2021 derived from (a) WRF_UC and (b) WRF_C. (c-d), (e-f), and (g-h) are
same as (a-b), but for the Growing Season Length (GSL, Unit: days), Number of frost days (FD,
Unit: days), and Plant heat stress (PHS, Unit: days), respectively.

Table 5. Root mean square temporal error (RMSTE) of the Growing Degree Days (GDD, Unit: °C days),
Growing Season Length (GSL, Unit: days), Number of frost days (FD, Unit: days), and Plant heat
stress (PHS, Unit: days) for the United States and their sub-regions during the 22 years of 2000-2021

derived from OBS, WRF_UC, and WRF_C

RMSTE GDD (Unit: °C days) GSL (Unit: days) FD (Unit: days) PHS (Unit: days)
Region WRF_UC | WRF_C | WRF_UC | WRF_C | WRF_UC | WRF_C | WRF_UC | WRF_C
West 226.58 137.12 19.82 16.62 13.13 10.27 23.19 12.61
High Plains 183.92 155.21 24.86 21.77 18.08 11.81 21.85 14.30
South 211.01 170.84 28.07 22.85 8.83 8.01 16.66 16.34
Mid-west 233.55 162.30 24.07 24.34 13.34 12.31 17.61 17.14
Southeast 166.46 147.31 21.93 19.54 7.49 7.26 21.32 19.00
Northeast 156.09 124.84 26.78 26.26 11.04 10.51 14.34 13.04
U.s. 207.29 150.47 23.50 20.81 12.60 10.22 20.12 14.94
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