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ABSTRACT

Maize is affected by changing growing and crop management conditions
under ongoing climate change, posing potential production risks in the
future. This study analyzes maize growing conditions in Northern Vietnam
by utilizing the AGRICLIM agrometeorological indicator model. The
climate projections are sourced from a global circulation model,
supplemented by a regional climate model for two emission pathways
(RCP4.5 and RCP8.5) spanning from 1951 to 2100. The three main local
maize growing seasons (winter, spring, and forage maize season) were

Heat stress meticulously analyzed across four distinct time slices, encompassing annual,
Sfe;;z precipitation seasonal, and monthly scales. The results reveal that future
North Vietnam. agrometeorological conditions will generally become more extreme
compared to current conditions. However, the calculated increase in heat
stress days, heavy precipitation events, and drought stress days for maize
shows varying changes across the specific maize growing seasons. For
instance, drought and heat stress conditions may occur more frequently
during the spring and forage maize seasons, while the risk of soil erosion and
nitrogen leaching may rise in the winter and forage maize seasons. These
findings will support the development of adaptation strategies under more
adverse weather conditions for maize growing systems in Northern Vietnam.

Contribution/Originality: This study is original due to the use of the AGRICLIM agrometeorological indicator
model. This model helps in assessing seven main agrometeorological indicators, providing a thorough analysis of
maize growing conditions. The findings highlight the need for targeted adaptation strategies to address the varying
impacts of climate change on different maize growing seasons.
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1. INTRODUCTION

Temperature and precipitation are the two most threatened impact factors on crop production systems
(Alexandrov & Hoogenboom, 2000; Bacsi, Thornton, & Dent, 1991; Eitzinger et al., 2013; IPCC, 2013, 2023). They
have a complex interaction with the growth response of maize (Doug & Bristow, 1990; Lizaso et al., 2018; Shim, Lee,
& Lee, 2017; Trnka et al,, 2011). It has been proven that high air temperatures (around > 35°C) harm fertility during
the days of anthesis as well as during the grain filling period of maize in various tropical regions (Ishfaq et al., 2018;
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Lizaso et al., 2018; Tran, Limnirankul, & Chaovanapoonphol, 2015) and during beard production and flowering
periods in temperate regions (Shim et al., 2017). Particularly, maize showed a rapid reduction in shoot growth and
shortened internodes when soil temperatures within the main rooting zone exceeded 37°C.

Maize yield was generally projected to decline in many studies worldwide from -8% to -38% under future
climatic conditions (Benjamin, Kumar, Koech, & Langat, 2019). In the United States, for example, a 2°C warming is
projected to reduce maize yield in the range from -14% to -16% (Butler & Huybers, 2012). In Sub-Saharan Africa,
maize yield was affected by more adverse conditions under future climate scenarios, resulting in a yield loss of up to -
19% (Blanc, 2012). In Nigeria, approximately 80% of the maize cropping area suffered drought stress, where up to
90% of maize production was lost due to drought stress during the flowering and grain-filling period (Ammani,
Ja’Afaru, Aliyu, & Arab, 2012). In Asian countries, maize production, which accounts for around 60% of the total
acreage of cereal crops, faced various challenges due to climate variability and change, even in more humid regions
with pronounced dry seasons (such as in Asian monsoon climates), especially due to drought or extreme heat (Arora
& Gayjri, 2000; Jones & Thornton, 2003; Rutten, Van Dijk, Van Rooij, & Hilderink, 2014). In Northeast China, maize
yield was negatively affected mostly by low temperatures, drought stress, and heavy rainstorms. As a result, it was
expected to decrease more severely than assessed in prior studies by -46.7% (Yanling, Linderholm, Luo, Xu, & Zhou,
2020). By contrast, an elevated mean temperature combined with rising precipitation showed a positive impact on the
yield of maize varieties grown under the conditions in Ghana (Samuel, Asare, Mintah, Appiah, & Kayode, 2023).

Maize is an important staple crop in Vietnam. For example, in 2023, approximately 4.42 million metric tons of
maize were produced in the country (Statista, 2025). It has especially become popular in Northern Vietnam over the
past decades (Keil, Saint-Macary, & Zeller, 2008) often grown on steep slopes with a high risk of soil erosion. Due to
the ongoing effects of climate warming, increasing adverse weather conditions could seriously threaten maize
production in the future (ISPONRE, 2009; Rutten et al., 2014; Tran et al., 2015). For example, in Thai Binh province
(Northeast of Vietnam), maize was predicted to decrease gradually in the future by -25.8% to -30.8% by 2040 (Dang
& Pham, 2018; Dang et al., 2004). Meanwhile, in Da Nang province, the average annual maize yield for the period
(2020-2100) was predicted to decrease only slightly by -0.6% in comparison with the yield in 2012 (Tran & Tran,
2014). Similarly, a decrease in maize yield was found by a crop modeling study in Thai Nguyen province during the
spring maize season (January-March). It ranged from -30.3% to -33.9% in the case of a 60% decrease in precipitation
under the future climate scenarios RCP4.5 and RCP8.5, respectively. However, under the same scenarios, an expected
increase in winter maize yield was observed, ranging from 83.8% to 31.9% due to the increased precipitation during
the winter maize season (August-October) (Tran, Eitzinger, & Manschadi, 2020).

As an innovative complementary approach to mechanistic (process-oriented) crop models such as for maize
(Oludare & Mourad, 2020) for determining cropping and crop growing conditions and related production risks,
indicator models are applied (Eitzinger et al., 2024; Eitzinger, Trnka, Hosch, Zalud, & Dubrovsky, 2004; Ferreyra et
al., 2001). As these have not been applied to the climatic and agronomic conditions in Northern Vietnam for maize
yet, we expect additional supporting information for the development of adaptation options under climate change
conditions. The hypothesis is that under the different regional maize growing seasons, different changes in
agrometeorological conditions will occur. Therefore, this study aims to determine how weather-related maize
cropping conditions and risks may change in a representative region of Northern Vietnam, the Thai Nguyen
province, described by selected indicators for three selected maize growing seasons under two different climate
emission scenarios (RCP4.5 and RCP8.5) for two future climate periods (2031-2060 and 2071-2100). Furthermore,
we expect to contribute to the development of adaptation options, such as new crop management and cropping
strategies under future climate change conditions for Vietnamese stakeholders. In the following, we describe study
area conditions and the applied methods of simulation (Chapter “Material and Methods”) and present and discuss the
achieved results (Chapters “Results and Discussion”). In the Appendix, detailed statistics of the simulation results can
be found.

2. MATERIALS AND METHODS
2.1. Study Site and Data Sources

The study was conducted in a representative agricultural region of Northern Vietnam, the Thai Nguyen
Province. It is located in the northeast of Vietnam and covers an area of 8,523 km? (Figure 1).

The soils of the region are characterized by the two most commonly used agricultural soil types of Northern
Vietnam (Acrisols and Ferralsols) with a low pH level, low organic matter, and an effective cation exchange capacity
(Hoang et al,, 2019). Its climatic conditions are typical of a humid, warm, and moist environment, characterized
according to the Koeppen-Geiger Climate Classification (reference period 1951-2000; (Kottek, Grieser, Beck, Rudolf,
& Rubel, 2006) as “Cwb” (warm temperate, winter dry, warm summer) dominating in the northern regions of
Southeast Asia (besides some smaller regions in Ethiopia and South Africa). However, a shift to the new classification
“Aw” (equatorial, winter dry) is expected due to climate warming over the next decades (Rubel & Kottek, 2010).
Particularly in the summer monsoon season from May to October, while the dry season lasts from October to May
(Ho, Phan, Le, & Nguyen, 2011). The total duration of sunshine in the year ranges from 1300 to 1750 hours. The
average annual temperature of Thai Nguyen province during 1991-2015 was 24.4°C, with the highest and lowest
temperatures ever recorded being 41.5°C and 3°C, respectively. The average annual rainfall for the period 1991-2015
at the representative weather station in Thai Nguyen City was 1808 mm (with an annual variation between 1250 to
2450 mm), with the highest rainfall amounts in August and the lowest in January.
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Figure 1. The target region of our study, Thai Nguyen Province, Vietnam.

The observed climatic conditions were collected from two weather stations in Thai Nguyen province, namely
Thai Nguyen (TN) station and Dinh Hoa (DH) station. The TN station is near the center of the province with a
flatter topography, representing regional lowland conditions. The other site is located in the hilly region. Both
weather stations recorded the main weather variables, including maximum and minimum temperatures (°C), solar
radiation (hours), rainfall (mm), and relative air humidity (%).

To assess the future agrometeorological conditions, we applied climate scenario data for the period of 1951 to
2100 at TN station from CORDEX (coordinated regional Climate Downscaling Experiment; thohttp:esg-
dnl.nscliu.se/search/cordex/) global circulation model (GCM) ICHEC-EC-EARTH and the embedded regional
climate model (RCM) DMI-HIRHAMS5 (Christensen et al., 2007; Christensen, Gutowski, Nikulin, & Legutke, 2013)
of the two Representative Concentration Pathways (RCP4.5 and RCP8.5), respectively. The observed meteorological
data from the TN station (1991-2015) were used for bias correction of the climate projection on annual base for
temperature and precipitation.

The maize growth data were collected from maize fields in Thai Nguyen province from 2019 to 2023. However,
maize growing seasons depend on the regional crop calendars with different regional shares, depending on the
applied production system and crop rotations (Ho et al., 2011). Therefore, we mainly focused on the analysis of three
maize growing seasons in Thai Nguyen province: spring maize (SM) season, forage maize (FM) season, and winter
maize (WM) season, with main growing periods of January-March, April-June, and August-October, respectively,
following main crop rotations at the study site (Tran & Tran, 20145 Tran, Hoang, Luu, Nguyen, & Nguyen, 2012).
However, beyond the classification used in our study, it should be kept in mind that these different maize growing
seasons over northern Vietnam are variable, depending on local practices (e.g. crop rotations) and environmental
conditions (e.g. sea level related temperatures).

2.2. Modelling of Agrometeorological Conditions

This study applied an agrometeorological software tool AGRICLIM (Trnka et al., 2011) to analyze changes in
adverse weather conditions by indicators for seasonal maize under current weather conditions as well as for the next
decades up to 2100 under two emission scenarios (RCP 4.5 and RCP 8.5) in Thai Nguyen province. AGRICLIM
includes 4 sub-models, a basic feature of the grass reference evapotranspiration (ETr) model, crop-specific
phenological models, the FAO crop-soil water balance model (Allan, Pereira, Raes, & Smith, 1998) and a set of
algorithms for agroclimatic indicators. AGRICLIM calculates for all indicators standard statistics such as Mean;
median; standard deviation (StdDiv); maximum (Max), minimum (Min); 25% percentile (Perc25); and 75% percentile),
which are reported in Tables 1-7 in Appendix.

The input requirement data of AGRICLIM include daily data on solar radiation, maximum temperature and
minimum temperature, evapotranspiration or air humidity, and precipitation.

The indicators calculated by AGRICLIM were analyzed in our study for winter (WMS), summer (SMS) and
forage (FMS) maize seasons are described in Table 1.
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Table 1. Agrometeorological indicators applied in our study. The three local main maize growing periods considered are August-October (Winter
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maize season, WM), January-March (Spring maize season, SM) and April-June (Forage maize season, FM).

Indices Description Unit
The mean annual sum of daily global radiation of days with Tmean > 5°C and
Effective solar actual vs. grass reference evapotranspiration (ETa/ETr) above 0.4.
L . . . . _— . MJ m=
radiation (EfRad) Calculation of actual (Maize) and grass reference evapotranspiration according
to Allan et al. (1998).
The number of dry days with intensive crop specific (Maize) water deficit,
Number of drought (ETa/ETr<0.4)) during WMS, SMS, and FMS seasons as well as April-
stress days (DryD) September and October-March. Calculation of crop-specific (Maize) soil-water Days
for maize balance according to Allan et al. (1998) for soil depth 0-130 ¢cm and crop
available water capacity of 17 %vol.
Climatic water balance calculated as precipitation minus grass reference
Water balance . .
evapotranspiration (ETr) during WMS, SMS, and FMS seasons as well as mm
(WatBal) .
from April-September and October-March.
The optimum harvest condition is defined as the day (n) of the month with
Optimum maize daily precipitation (In mm) of approximately n < 0.5mm; total rainfall on day
harvest conditions n-1 < 5mm, total daily rainfall on day n-2 < 10mm, and total daily rainfall on D
(OHarvD) for March, | day n-8 < 20mm combined with soil water content in the top 20cm between 0- e
June, and October 70% of total water holding capacity of the. The last month was separately
considered as harvest month.
Heat stress days Mean annual number of days with heat stress conditions for maize (Daily Davs
(HeatD) maximum temperature > 35°C) from January — June and July - December. Y
Mean annual number of days within episodes when daily maximum
Heat wave days . . ° . ..
temperature is continuously above 30°C and daily minimum temperature Days
(HeatWD) o o
above 20°C for at least 3 days.
Effectiv i . .
ceuve growing Mean annual temperature sum, where daily mean temperature is above 10°C o
temperatures and daily minimum temperature is above 0°C ¢
(Annual) (EfTemp) y P '

The analysis was carried out for four selected climate periods of the climate projections (1951-1980, 1991-2020,
2031-2061, 2071-2100 (RCP4.5 and RCP8.5, respectively)), meaning in total four “warming levels”, which catch a
wide range of existing variability in climate model projections. Additionally, a sensitivity scenario with a decrease of
annual precipitation by 30% and 60%, respectively, was analyzed for the period 2071-2100 to meet updated
precipitation scenarios from the literature. For example, Nguyen-Ngoc-Bich et al. (2021) reported an underestimation
in CORDEX (CHMIP5) based RCM projections of temperatures and an overestimation of precipitation over the
different regions in Vietnam, leading to a decrease in precipitation of 10-30% among various scenarios and a related
more pronounced increase in drought duration, severity and intensity in the North of Vietnam. Tran et al. (2020)
applied scenarios of extreme annual precipitation decrease of up to about 60% for maize yield simulation in Thai
Nguyen province.

3. RESULTS

Table 2 shows that the average temperatures have an increasing trend over the past to the future; meanwhile, the
average precipitation shows a decrease in the future compared to current conditions. A similar finding is reported by
Pham-Thanh, Ngo-Duc, Matsumoto, Phan-Van, and Vo-Van (2020) as well. The lowest average annual temperature
was about 24.1°C in the period from 1951 to 1980. It increased slightly by 0.4°C in the next period of 1991-2020 to
24.5°C. It is expected to climb up by 8.3°C under the RCP 8.5 emission scenario during the period 2001-2100
reaching 27.8 °C (Table 2).

Meanwhile, the annual mean precipitation showed a drop up to -159mm and -232mm in the period 2031-2060
under the RCP4.5 and RCP8.5, respectively, compared to the reference base (1991-2020). The strongest decrease in
precipitation is during the summer (monsoon) period from May to July under the RCP8.5 scenario (Figure 2), while
only small changes are predicted in the rest of the year, similarly as reported by Nguyen-Ngoc-Bich et al. (2021). The
average annual precipitation slightly decreases up to -15% under the future period (2001-2100) compared to the
observed period (1991-2020), which is less than in the study of Nguyen-Ngoc-Bich et al. (2021)which was reported to
decline by up to -30%.
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Table 2. Agrometeorological indicators (Mean values) under different climatic conditions in Thai Nguyen Province, Vietnam (SM season: Jan-
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Mar; FM season: Apr-Jun; WM season: Aug-Oct). For detailed statistics see Tables S1-7, Appendix).

Indicator Unit Projected climatic conditions
Observed | Reference periods RCP 4.5 RCP 8.5
1991 — 1951 — 1991 — | 2031- | 2071 - 2031 - 2071 -
2015 1980 2020 2060 2100 2060 2100
(Ref)
Air temperature °C 244 24.1 24.5 25.5 25.9 26.2 27.8
(-0.1) (-0.4) (0) (+1) (+1.4) (+1.7) (+3.3)
S mm 1808 1446 1784 1625 1634 1552 1593
(+43) (-338) (0) (-159) (-150) (-232) (-191)
EfRad MJ/me/d 3816 1639 2804 3265 3251 3267 3221
DryD (WM) d 15 39 22 13 14 17 16
DryD (SM) d 61 83 66 62 68 67 70
DryD (FM) d 6 65 39 32 31 26 99
DryD (Apr-Sept) d 10 93 52 39 47 39 45
DryD (Oct-Mar) d 111 127 99 88 84 90 85
WatBal (WM) mm 147 -131 133 267 355 232 247
WatBal (SM) mm -106 -282 -232 -210 -223 -211 -231
WatBal (FM) mm 215 -201 -39 59 77 147 124
Watbal (Apr-Sept) mm 669 -273 285 639 591 551 545
Watbal (Oct-Mar) mm 9 -508 -393 -339 -316 -343 -352
OHarvD (Mar) d 15 27 25 25 24 24 24
OHarvD (Jun) d 4 15 11 10 11 9 11
OHarvD (Oct) d 18 23 20 17 16 17 16
HeatD (Jan-Jun) d 1 15 17 20 22 24 30
HeatD (Jul-Dec) d 9 12 14 23 27 33 55
HeatWD d 144 139 147 172 182 183 211
EfTemp °C 5200 5075 5195 5559 5774 5843 6463

Table 2 indicates that the projected period of 1951-1980 was not only cooler but significantly more wet than the
reference period of 1981-2020. The observed monthly precipitation of 1991-2015 shows a different seasonal
precipitation pattern during summer than the projected period of the comparable 1991-2020 period, where the
projection underestimated precipitation from May-July and overestimated from August-September. However, the
differences in monthly precipitation are mostly much smaller between the projected two future periods than between
the reference period (1991-2020) and the projected period of 2031-2060, indicating that major shifts of precipitation
could occur already in the next few decades (however, a higher uncertainty in projections of precipitation should be
considered).

Monthly mean precipitation

450
400 || ®Observed 1991-2015
Climate projection 1991-2020 (Reference)
350 Climate projection, RCPS.5, 2031-2060
£ 300 B Climate projection, RCP8.5, 2071-2100
£
o
2 250
-
2
o
5 200
p
[« 9
150
100
50 I .
o |Hian H0fn [ 1 1
Jan Feb Mar

Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 2. The average monthly precipitation under observed and projected climate periods in the Thai Nguyen region.
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Regarding rainfall patterns, Figure 3a-d shows the distribution of precipitation classes under the observed period
(1991-2015) and the reference period (1991-2020), as well as the two future projected periods, 2031-2060 and 2071-
2100, respectively. It can be seen that the total number of projected heavy rain events are decreasing under our future
climate projections in comparison to the projected reference (1990-2020). However, it shows also that the number of
events >150mm may rise compared to the observed reference (1990-2015), which poses a very high soil erosion risk,
even when these events are rare.
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Figure 3a-d. The number of daily rainfall events, their classification, and probabilities (Indicated as percentiles)
under (a) Observed (1991-2015) (b) Projected reference (1991-2020), and (c-d) Future projected climate periods
(2031-2060 and 2071-2100) of the RCP 8.5 scenario.

The predicted changes in temperature and precipitation are also reflected in the other calculated
agrometeorological indicators on the annual, seasonal, or monthly scale based on the future scenarios, performed by
the number of heat days above 35°C daily maximum temperatures (HeatD), the number of heat wave days
(HeadWD), and the effective growing temperatures (EfTemp) in combination with the crop drought stress indicator
as well as the water balance indicators of the three maize growing periods, respectively.

The decrease and seasonal shift in precipitation and precipitation pattern lead to a change in the seasonal number
of dry days under the future climate projections (in Figure 4 shown for RCP8.5), where in all months an increase can
be seen compared to the 1991-2020 reference period, except October and November. Especially from January till July
(during SM and FM seasons) the observed period of 1991-2015 shows the lowest number of dry days, in agreement
with the higher monthly precipitations. In general, the relative share of dry days per month in the seasonal cycle is
the lowest during July and August (50-60%) and the highest during November-February (90-98%) in the projections
of both emission scenarios.
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Dry days per month (Relative shares)
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Figure 4. The relative share of dry days (Days without precipitation) per month in Thai Nguyen Province, Vietnam for the RCP8.5 emission
scenarios vs. observed and reference period (See Table S1 — Appendix for RCP4.5 results).

The total annual effective solar radiation (EfRad) and the annual effective temperatures (EfTemp) shows an
increase under the RCP4.5, relative to the reference projection of 1991-2020 (Figure 5a). In contrast, they show a
slight decrease under the RCP8.5 emission scenario due to increased drought stress conditions (see Table 1),
especially during the FM season according to the increasing number of dry days in May and June.

The number of days with optimum harvest conditions (Figure 5b) shows an increase for all three maize seasons
compared to the observed reference (1991-2015) but a slight decrease under the future projections compared to the
projected reference period of 1991-2020. Just the FM season shows an increase (2 days) of the number of optimum
harvest days under the RCP8.5 emission scenario for 2031-2060. On the other hand, the overall pattern of number of
days is unchanged with the lowest optimum harvest conditions are still during the FM season under all projections,
where WM and SM seasons show more than double of number of these days.

Potential growing conditions by temperature and radiation

120
110
100
90
80
70
60
50
40
30
20
10

Relative (%)

=

RCP4.5 - 2031-2060 RCP4.5-2071-2100 RCPS8.5-2031-2060 RCP8.5-2071-2100

B Effective temperature relative to 1991-2020 (Without water stress)
m Effective solar radiation relative to 1991-2020 (Incl. water stress)
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Optimum harvest conditions for seasonal maize
30 4| m WM (November) ESM (April) = FM (July) }

25

20

15

Number of days

10

Observed Projection RCP4.5 RCP4.5 RCP8.5 RCP8.5
1991-2015 1991-2020 2031-2060 2071-2100 2031-2060 2071-2100

b)
Figure 5a-b. Indicators for optimum growing and harvest conditions shown as (a) Effective solar radiation (EfRad) and effective temperatures
(EfTemp) of the future projections, relative to the projection of the 1991-2020 period and (b) The number of optimum harvest days for seasonal
maize harvest months in Thai Nguyen province of observed and projected current and future periods.

The results of the water balance indicator (WatBal) show naturally a significant difference between the summer
(monsoon period) and winter (dry season) periods in general (Figure 6). The water balance of the WM season stays
positive under all scenarios in the range of 150-800mm, the FM season is slightly negative only in the reference
period 1991-2020 with a range over all scenarios from -50mm to 200mm and the SM season shows in all cases a
negative water balance in a range of 100-250mm (see Table 2). There is a significant difference between the observed
period (1991-2015) compared to the projection of a similar period (1991-2020), where the observed data show more
positive water balances for the various periods. The reason is related to the mostly higher monthly precipitation
during the observed period (Figure 2). Under future conditions, it is shown that an overall improvement in the water
balance in comparison with the reference period projection (1991-2020) was calculated, especially strong for the
summer period. Related to the maize growing seasons the WM season shows the biggest improvement under RCP4.5
and the FM season shows the biggest improvement under RCP8.5, whereas the SM season stays almost unchanged
compared to the 1991-2020 projection.

m WM (Aug-Oct)
& SM (Jan-Mar) Seasonal water balance
700 FM (Apr-June)
2(5)8 Winter period (Oct-Mar)
550 m Summer period (Apr-Sept)
500
450
400
350
300
250
200

Water balance (mm)

150
100
% HIE

= —

Observed Projection RCPA4.5 RCP4.5 RCP8.5 RCP8.5
1991-2015 1991-2020 2031-2060 2071-2100 2031-2060 2071-2100

Figure 6. Climatic water balance indicator (WatBal) for the three different maize growing seasons (WM, SM, FM) as well as the winter and
summer half year over the observed and projected current and future scenarios in Thai Nguyen, Vietnam.

The number of drought stress days (DryD) during the maize growing period is calculated from a full soil-crop
water balance approach, considering actual evapotranspiration (Figure 7). Here we found the lowest number of
drought stress days during the WM season and the highest (6 to 8 - fold) number during the SM season, which is in
accordance with the climatic water balance indicator (Figure 5). The projected reference period (1991-2020) shows a
higher number of drought stress days in comparison with the observed period 1991-2015, which is supported by
partly significant higher monthly precipitation sums during the summer months of the observed period (Figure 2).
Moreover, a slightly increasing number of drought stress days is figured out for the WM season. However, the
number of drought stress days will increase significantly in the case of an additional precipitation decrease as
demonstrated in the sensitivity analysis, which is shown in Figure 7 under the RCP8.5 emission scenario of the
period 2031-2060 (-30%) and the period 2071-2100 (-60%). Here, under the -30% scenario, the number of drought
stress days will surpass the relatively dry conditions of the 1991-2020 reference projection for SM and FM seasons,
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and it will strongly increase for all three maize seasons under the -60% scenario (by about 15-20 days, which is an
increase of around 15-20% compared to the 1990-2020 reference). In respect to related maize yield response for the
SM season, for example, up to 30% maize yield depletion were simulated for the same scenario case of a 60%
precipitation decrease by Tran et al. (2020).

Drought stress days for seasonal maize
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Figure 7. Number of drought stress days (DryD) for winter maize (WM), spring maize (SM), and forage maize (FM) seasons under observed
conditions, current and future climate projections as well as additional sensitivity scenarios of -30% and -60% of annual precipitation applied on
selected RCP8.5 climate periods used in this study for Thai Nguyen, Vietnam.

Maize yield can be negatively affected by too high temperatures particularly during flowering or grain filling
period (van der Velde, Wriedt, & Bouraoui, 2010) which can be indicated by the applied heat indicators (Figure 8,
Table 2). It is shown that the number of days surpassing critical temperatures (>85°C), (HeatD), for sensitive
phenological phases, is gradually increasing towards 2100, reaching the maximum under the RCP8.5 emission
scenarios. This number can rise significantly from 18 to 58 (3-fold) days on average under the worst scenario of
RCP8.5 during 2071-2100. A high interannual variation of such extremes, which is between 18-81 heat stress days
during the winter and spring season, high interannual variation of negative impacts in maize production can be
expected during the summer half-year.

The number of extremely hot days is not only increasing towards 2100 but also the number of heat waves and
respective heat wave days (HeatWD) shown by the daily maximum temperatures above 30°C (Figure 7). Further,
high temperatures during the night lead to a higher respiration loss for many crops, resulting in lower productivity
and decreasing potential yields.

Heat indicators
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Figure 8. Heat stress days (HeadD) and heat wave days (HeatWD) on annual base as well as for first and second half year for the observed
period and the current and future climate projections applied for Thai Nguyen region, Vietnam.

Number of days

4. DISCUSSION

Our results indicate significant changes in temperature and precipitation patterns under the applied future
climate scenarios, which will directly impact agricultural productivity in Thai Nguyen province. The increasing
temperature and its linked potential evaporation aligns with global climate change projections, with more frequent
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and intense heat waves and droughts expected globally (IPCC, 2013 & 2024) as well as already observed (Stojanovic
et al., 2020) as well as predicted under climate scenarios of the next decades for northern Vietnam (Nguyen-Ngoc-
Bich et al,, 2021). The rising number of heat stress days (HeatD) and heat wave days (HeatWD) under RCP8.5
suggest potential risks to crop yields, particularly for the heat-sensitive growth stages of maize, e.g. during anthesis
and grain filling. In respect to the regional main maize growing seasons, we assess the potential changes and
consequences in agrometeorological conditions and risks for maize by the indicators applied in our study (Table 3).
The projected decrease in precipitation, especially during the critical growing months for forage Maize (FM) (May to
July), highlights the potential for increased drought stress. The shifting precipitation patterns, with wetter conditions
from July to August, suggest possible adjustments in cropping calendars to optimize water availability. However, the
uncertainty in precipitation pattern projections (Nguyen-Ngoc-Bich et al., 2021; Pham-Thanh et al., 2020) leads to
the conclusion that adaptive water management strategies are necessary to mitigate risks caused by changing rainfall
patterns.

Table 8. Assessment of future seasonal maize growing conditions and risks in northern Vietnam (WM, SM, FM periods). Expected changes in
respect to observed past conditions 1991-2015 (Decrease (-), unchanged (0), increase (+); 8 strengths levels of changes based on our study results
and authors expert opinion).

Changes in respect to
RCP 4.5 RCP 8.5

2031 | 2071 | 2031 2071

Indicator Unit Comments on potential impacts - - - -
2060 | 2100 | 2060 | 2100
Annual air o Shortening of growing period without cultivar
C . : + e B e B
temperature adaptation — yield decrease
Annual g
S mm Seasonal shift from early summer to late summer - - - -
precipitation
Hea\./y o mm Increasing risk for extreme soil erosion events A A 3 3
precipitation
EfRad MJ m?d' | Overall yield potential reduction - - - -
DryD (WM) d Unchanged yield potential 0 0 0 0
DryD (SM) d More drought in dry season — significant yield + + + +
decrease
DryD (FM) d More drought in wet period — moderate yield i i i i
decrease
WatBal (WM) mm More soil wetness — reduced soil workability and + i + +
higher N-leaching risks
WatBal (SM) mm Significant yield decrease - - - -
WatBal (FM) mm Moderate yield decrease - — - -
OHarvD (WM) d - 0 0 0 0
OHarvD (SM) d Lower soil compaction risks + + + +
OHarvD (FM) d Improvement during wet month (June) — lower " "

soil damage risk

Increasing fertility risk — yield failure for grain
maize

HeatD (FM) d ++ ++ ++ +++

Overall positive yield impact only by cultivar

EfTemp € adaptation to higher GDD levels

The predicted increase in drought stress days (DryD), supported also by e.g. [337] suggests that future cropping
systems will need to incorporate drought-resistant varieties and improved irrigation practices, especially for the SM
season. The decrease in water balance (WatBal) especially during the spring maize (SM) season compared to the
observed weather reinforces the need for efficient water resource management to counteract increasing
evapotranspiration rates under warmer conditions.

The projected increase in very heavy rainfall events (>150mm d-!) compared to the observed reference in our
study is in line with other recent studies of increasing extreme heavy precipitation events. Such as by Raghavan, Vu,
and Liong (2017) who shows an increase in 90th percentile precipitation over the northern provinces of Vietnam of
15-25% for the period 2061-2090 under A1B scenario ensemble. Another actual study Katzenberger and Levermann
(2024) show a consistent increase in East Asian Summer Monsoon (June-August) rainfall under CMIPS6, in particular
in the south-eastern region of China, neighboring to our study region. It suggests that especially the hilly regions of
the Thai Nguyen and neighboring provinces may experience significant increasing risk of soil erosions and land slide
in the future. However, Ngo-Duc (2023) reported a decrease of heavy precipitation events in northern Vietnam
stations over the past decades but an increase of rainfall intensity particularly in the dry season, which could be
related to impact of tropical storm patterns over past decades (Pham-Thanh et al., 2020).

On the other hand, the increasing number of drought stress days in part of the year, which is supported by these
other studies as well (Pham-Thanh et al., 2020; Raghavan et al., 2017) for large parts of northern Vietnam, which will
lead to more water shortages in critical maize growth periods. The seasonal shift in precipitation, with more dry
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periods in early summer and wetter conditions later, will require adjustments in planting schedules and soil moisture
conservation techniques. Further, an increasing risk for N-leaching can be expected under the wetter conditions
(Trnka et al., 2011) for the WM season, requiring adaptations in fertilization schemes. The findings on heat stress
indicators (HeatD and HeatWD) highlight the vulnerability of maize and many other crops to prolonged high
temperatures. The increase in extreme heat events especially during the FM season (part of the warmest period of the
year), and particularly during the anthesis of maize, can lead to reduced number of grains as well as afterwards to
reduced grain filling, yield reduction and accelerated senescence under high temperatures.

Feasible adaptation measures need to be developed and implemented in view of these potential impacts on maize
and crop production in northern Vietnam (Tran et al, 2015). Such are the development of more heat-tolerant
cultivars, altered planting dates and growing periods, and improved soil moisture retention techniques. Measures
against soil erosion, for example by the establishment of Agroforestry Systems, will be essential to sustain maize
productivity in Northern Vietnam under these scenarios.

Overall, the study underscores the importance of adaptive agricultural strategies in response to climate change.
Farmers and policymakers should focus on resilient cropping systems, efficient water use, and sustainable land
management practices to mitigate the negative impacts of changing climate conditions.

5. CONCLUSIONS

Under the applied future climate scenarios, a consistent warming trend is shown in combination with a decrease
in annual precipitation of about 15% (compared to current conditions) towards the end of the century, particularly
under the RCP8.5 emission scenario. In combination with increased potential evapotranspiration this would lead to
an increase in drought stress days for maize and affect especially the SM growing season towards the end of the
century under our scenarios. Further, a shift in projected seasonal precipitation patterns is also projected and
reflected in changing agrometeorological conditions such as the decreasing effective solar radiation and an increasing
number of drought stress days also in the FM season.

Meanwhile, the projected increase of very heavy rain events will heighten the risk of land slide, soil erosion and
nutrient leaching compared to current and past periods. Furthermore, the gradually and significantly increasing
number of extremely hot days will likely lead to greater interannual yield fluctuations for maize (and other crops),
causing fertility disturbances or direct yield reductions due to reduced biomass accumulation.

Potential regional adaptation measures for crop production include the development of adapted crop rotation
schemes, implementation of soil protection measures, exploring crop selection and breeding options, the
establishment of Agroforest Systems and other strategies.

The limitations and uncertainties of our study should be considered for further assessments. These are mainly
related to a low number available in-situ data of weather, soil and crop conditions as well as the availability of only
one regionalized climate model run. Future research should therefore address especially the use of a higher number of
scenarios (ensembles) to better assess the range of uncertainties. Moreover, there is a need for an extension of related
analysis to larger areas but with a high spatial resolution to address representative local farming conditions in the
complex terrain such as in northern Vietnam.
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Tables 1-7: Statistics of the analyzed indicators over the various periods and scenarios (FM= Forage maize season
(April-June); SM= Spring maize season (Januar-March); WM= Winter maize season (August-October)). Statistical
parameters: Mean; median; standard deviation (StdDiv); maximum (Max), minimum (Min); 25% percentile (Perc25s);
75% percentile). For detailed description of the indicators see Table 1 in the main body text.

Table 1. Drought stress days (DryD - Number of days within the given periods).

Scenarios Mean | Median | Std.Div | Max. | Min. | Perc25 | Perc7s
FM (Apr-Jun)

1991-2015, observed 5.84 4 7.85 29 0 0 8
1951-1981, projected 65.23 65.5 12.54 83 38 56 76
1991-2020, projected 89.18 38 24.92 89 0 18 58
1931-2060, RCP4.5 32.88 32.5 17.58 71 1 19 44
1931-2060, RCP8.5 31.28 33 16.61 72 6 18 43
1971-2100, RCP4.5 25.9 24.5 18.05 70 0 11 36
1971-2100, RCPS8.5 32.77 31 15.77 65 5 19 44
SM (Jan-Mar)

1991-2015, observed 60.58 64.5 22.26 91 2 43 84
1951-1981, projected 82.9 88.5 11.28 91 51 76 91
1991-2020, projected 66.1 68.5 18.64 91 24 51 83
1931-2060, RCP4.5 62.48 61.5 20.68 91 23 49 81
1931-2060, RCP8.5 68.2 73 19.87 91 4 59 82
1971-2100, RCP4.5 67.87 71.5 24.12 91 15 51 91
1971-2100, RCPS8.5 70.13 77 20.05 91 26 49 90
WM (Aug-Oct)

1991-2015, observed 14.58 13 9.84 32 0 7 21
1951-1981, projected 38.67 34 20.54% 81 0 23 52
1991-2020, projected 22.1 19 16.63 67 0 10 31
1931-2060, RCP4.5 13.88 9 12.78 54 0 4 23
1931-2060, RCP8.5 13.88 11 11.48 39 0 4 22
1971-2100, RCP4.5 17.4 17.5 11.5 46 0 8 23
1971-2100, RCP8.5 15.98 14.5 18.04 39 0 3 27
April - September

1991-2015, observed 9.56 7 9.1 29 0 2 13
1951-1981, projected 92.97 88.5 23.34 148 46 79 109
1991-2020, projected 52.3 45.5 38.33 155 4 21 82
1931-2060, RCP4.5 39.07 36 20.28 98 8 27 48
1931-2060, RCP8.5 40.17 38 17.83 81 13 26 52
1971-2100, RCP4.5 39.08 35 241 99 0 25 51
1971-2100, RCP8.5 45.18 43 19.27 86 7 31 58
October - March

1991-2015, observed 110.54 107.5 82.42 165 30 90 141
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Scenarios Mean Median Std. Div Max. Min. | Perc25 | Perc7s
1951-1981, projected 166.23 170.5 15.22 183 125 154 178
1991-2020, projected 138.67 140.5 26.24 183 65 119 157
1931-2060, RCP4.5 129.1 1382.5 25.38 174 71 109 146
1931-2060, RCP8.5 128.3 126.5 25.45 175 63 117 143
1971-2100, RCP4.5 129.27 140 38.82 177 47 100 153
1971-2100, RCPS8.5 127.78 133 29.28 168 50 117 148
Table 2. Water balance (WatBal - in mm within the given periods).
Scenarios Mean Median Std. Max Min Perc25 | Perc75
Div
FM (Apr-Jun)
1991-2015, observed 215 195 168 618 -15 65 285
1951-1981, projected -202 -217 66 -57 -298 -256 -147
1991-2020, projected -39 -106 203 D7 -319 -165 T4
1981-2060, RCP4.5 59 50 164 584 -227 -43 107
1981-2060, RCP8.5 77 10 226 568 -308 -81 196
1971-2100, RCP4.5 141 152 231 753 -251 -8 248
1971-2100, RCP8.5 124 26 367 1189 -363 -143 256
SM (Jan-Mar)
1991-2015, observed -106 -97 5% 38 -201 -157 -84
1951-1981, projected -282 -284 24 -228 -328 -299 -268
1991-2020, projected -232 -250 75 -45 -331 -287 -172
1981-2060, RCP4.5 -210 -261 116 127 -321 -296 -146
1931-2060, RCP8.5 -223 -245 101 193 -322 -288 -175
1971-2100, RCP4.5 -211 -232 93 -29 -327 -298 -161
1971-2100, RCP8.5 -229 -244 92 69 -330 -297 -207
WM (Aug-Oct)
1991-2015, observed 147 125 158 557 -169 32 237
1951-1981, projected -131 -159 132 285 -307 -214 -65
1991-2020, projected 1338 31 296 978 -2438 -120 349
1981-2060, RCP4.5 267 272 236 747 -198 128 405
1981-2060, RCP8.5 355 315 248 1022 -14 198 455
1971-2100, RCP4.5 232 202 315 1400 -158 8 355
1971-2100, RCP8.5 240 227 225 749 -195 96 353
April - September
1991-2015, observed 669 631 261 1427 200 501 806
1951-1981, projected -273 -304 172 215 -498 -381 -183
1991-2020, projected 285 99 641 1902 -604 -219 660
1981-2060, RCP4.5 639 609 471 1900 -306 336 831
1981-2060, RCP8.5 591 625 313 1426 -65 299 761
1971-2100, RCP4.5 551 461 477 2169 -42 216 725
1971-2100, RCP8.5 545 630 408 1431 -88 130 824
October - March
1991-2015, observed -219 -258 117 112 -412 -280 -171
1951-1981, projected -508 -518 39 -376 -557 -537 -486
1991-2020, projected -393 -415 122 90 -560 -470 -387
1981-2060, RCP4.5 -389 -363 161 102 -528 -486 -292
1981-2060, RCP8.5 -316 -314 152 170 -585 -438 -268
1971-2100, RCP4.5 -342 -387 151 -20 =577 -445 -245
1971-2100, RCP8.5 -353 -387 151 88 -559 -466 -280
Table 3. Optimum harvest days (OHarvD - number of days in a given month).
Scenarios | Mean | Median | StdDiv | Max Min Perc25 | Perc75
FM (July)
1991-2015, observed 2.32 2 2.85 12 0 (0] 4
1951-1981, projected 11.2 11.5 6.92 24 0 7 16
1991-2020, projected 8.2 6.5 6.75 25 0 2 11
1981-2060, RCP4.5 5.78 5 5.77 22 0 1 8
1931-2060, RCP8.5 7.27 6.5 5.78 20 (0] 2 12
1971-2100, RCP4.5 9.97 10 6.49 22 (0] 4 15
1971-2100, RCP8.5 8.17 7 5.07 22 (0] 4 12
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Scenarios | Mean | Median | StdDiv | Max | Min | Perc25s | Perc75
SM (March)

1991-2015, observed 14.27 15 6.37 26 0 9 20
1951-1981, projected 22.38 22 4.25 31 14 20 25
1991-2020, projected 21 22 5.38 30 8 19 25
1931-2060, RCP4.5 20.5 21.5 5.34 29 8 17 24
1931-2060, RCP8.5 18.9 20 5.56 29 5 14 29
1971-2100, RCP4.5 18.13 18.5 5.83 31 4 14 21
1971-2100, RCP8.5 19.33 19.5 5.53 31 7 15 24
‘WM (November)

1991-2015, observed 22.19 23 6.43 31 4 17 28
1951-1981, projected 28.33 29 2.82 31 19 27 31
1991-2020, projected 27.07 29.5 4.57 31 16 24 31
1931-2060, RCP4.5 25.93 27 4.59 31 14 22 31
1931-2060, RCP8.5 28.77 25 6.51 31 2 19 29
1971-2100, RCP4.5 26.73 28 4.32 31 15 26 30
1971-2100, RCP8.5 25.7 26.5 4.82 31 15 23 30
Table 4. Effective growing temperature (EfTemp - mean annual temperature sums in °C).

Scenarios | Mean | Median | Std.div Max. | Min. | Perc2s | Perc7s
Januar - December

1991-2015, observed 5198 5248 267 5545 4478 5183 5359
1951-1981, projected 5075 5108 279 5532 4482 4982 5302
1991-2020, projected 5195 5166 318 5871 46138 4915 5422
1931-2060, RCP4.5 5559 5563 296 6231 4990 5350 5753
1981-2060, RCP8.5 5774 5717 277 6382 5142 5588 5969
1971-2100, RCP4.5 5836 5849 281 6542 5153 5620 5963
1971-2100, RCP8.5 6463 6429 295 7158 6009 6234 6716
Table 5. Effective solar radiation (EfRad - mean annual sum in MJ m-).

Scenarios | Mean | Median | StdDiv | Max | Min | Perc2s | Perc7s
January - December

1991-2015, observed 3849 3783 254 4298 3508 3630 4031
1951-1981, projected 1639 1597 480 2512 664 1343 2106
1991-2020, projected 2804 2810 835 3974 648 2369 3520
1931-2060, RCP4.5 3265 3368 619 4132 1588 2928 3793
1981-2060, RCP8.5 3251 33822 420 4186 1940 3067 3472
1971-2100, RCP4.5 3267 3201 645 4685 2083 2854 3785
1971-2100, RCP8.5 G221 3261 464 3951 2226 2950 3535
Table 6. Heat stress days (HeatD - mean annual number of days >35°C).

Scenarios | Mean | Median StdDiv | Max Min Perc25 Perc75
January - June

1991-2015, observed 1.24 0 1.73 6 (0) (0] 2
1951—1981,pr0jected 14.77 13 9.17 38 [0) 8 19
1991-2020, projected 17.1 15 9.03 38 1 11 25
1931-2060, RCP4.5 19.7 16.5 8.76 45 6 14 23
1931-2060, RCP8.5 22.08 24 10.72 58 2 17 27
1971-2100, RCP4.5 24.07 24 10.24 46 6 15 29
1971-2100, RCP8.5 30.27 30 7.84 45 17 24 36
July - December

1991-2015, observed 8.85 8 4.55 19 1 5 12
1951-1981, projected 12.2 12 6.74 26 1 6 16
1991-2020, projected 14.18 11 10.37 41 1 6 19
1981-2060, RCP4.5 22.47 21.5 12.12 57 1 15 31
1981-2060, RCP8.5 26.97 27 14.54 57 2 14 37
1971-2100, RCP4.5 32.87 29.5 15.54 64 6 21 45
1971-2100, RCP8.5 55 53 15.95 81 18 46 66
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Table 7. Heat wave days (HeatWD - mean annual number of consecutive days >30°C).

Scenarios | Mean | Median | StdDiv | Max | Min Perc2s Perc75
January - December

1991-2015, observed 144.76 141 12.64 173 126 134 153
1951-1981, projected 189.8 141 18.24 170 95 182 152
1991-2020, projected 146.6 143 23.11 190 95 188 162
1931-2060, RCP4.5 171.6 171 18.63 233 128 161 177
1931-2060, RCP8.5 181.57 174.5 19.7 228 156 166 199
1971-2100, RCP4.5 182.97 182.5 19.18 222 142 171 199
1971-2100, RCP8.5 210.9 207.5 14.53 242 180 201 222

Views and opinions expressed in this study are those of the author views; the Asian Journal of Agriculture and Rural Development shall not be responsible or
answerable for any loss, damage, or liability, etc. caused in relation to/arising out of the use of the content.
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