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Optimizing cropping patterns under monsoon climates requires accurate 

information on soil water availability and its spatial variability. This study 

aimed to optimize cropping patterns and determine the optimal planting onset 

based on land-water balance analysis using the Thornthwaite-Mather water 

balance method and its spatial distribution in Rambipuji District, Jember 

Regency, Indonesia. Monthly land water balance was analyzed using the 

Thornthwaite–Mather method based on ten-year climatological data (2015–

2024), including rainfall and reference evapotranspiration, and soil water 

holding capacity measurements across five land mapping units (LUMs) 

differentiated by slope, soil subgroup, and land use. Planting onset was 

determined using scientific criteria where soil moisture reached water holding 

capacity, and the effective rainfall to crop evapotranspiration was ≥ 0.75. The 

results showed a distinct monsoonal pattern, with water surpluses occurring 

from November to April and pronounced deficits from May to October. Soil 

texture significantly influenced water holding capacity, resulting in variations 

in the duration and intensity of water deficits among LUMs. Based on these 

conditions, LUM 1, 2, and 5 were recommended for planting in December, while 

LUM 3 and 4 were more suitable for January for the paddy crop. The optimal 

cropping pattern consisted of paddy cultivation in the first planting season 

followed by secondary crops in the second and third seasons, reflecting adaptive 

water-use strategies under declining rainfall. These findings demonstrate that 

integrating land-water balance analysis with spatial land characteristics 

provides a reliable basis for precision-oriented cropping calendar planning, 

supporting sustainable agricultural management. 

Doi: https://doi.org/10.19028/jtep.014.2.178-199 

1. Introduction

The land water balance is the equilibrium between incoming water through precipitation (rain) and

outgoing water through evapotranspiration on a plot of land (Proutsos et al., 2025; Sun et al., 2023). 
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This balance can illustrate the dynamics of water presence within the soil during plant growth periods, 

which may be used to estimate the amount of water required by crops during their growth and 

development until the production phase. Thornthwaite and Mather, in 1975, developed a land water 

balance model considering climatic equilibrium, namely precipitation (rain) and evapotranspiration.  

The Land water balance analysis provides key information on water availability and surplus-deficit 

periods to enable precise estimation of planting times (Nangimah et al., 2018). The equilibrium 

between incoming and outgoing water within a certain time span on a plot of land is dynamic, and it 

always changes with time, which may cause water shortage or excess (Paski et al., 2018). Based on 

climatic equilibrium, the land water balance is strongly influenced by precipitation and 

evapotranspiration factors. The comparison of these two factors will affect other parameters, such as 

water surplus, water deficit, and soil water content (Thornthwaite & Mather, 1957) Soil water balance, 

which is part of the land water balance, is used to evaluate the possible reduction in yield caused by 

soil water deficit impacting crops. This is a consequence of declining water presence in the soil layer 

due to evaporation, root absorption, and water movement to other layers (Ritchie, 1998). 

Analysis of land water balance becomes crucial because it helps estimate soil water availability for 

crops in a particular period, so that proper management can be implemented when water availability 

is insufficient(Ensafi Moghaddam & Mohammadkhan, 2017; Mammoliti et al., 2021; A. R. Nugroho et 

al., 2019). By understanding the land water balance, farmers can optimize planting time planning so 

they can avoid crop failure risk due to deficits and therefore maximize agricultural production 

(Chandrasekar et al., 2012; Todorovic, 2016). In practice, planting seasons are often poorly planned, 

leading to disparities between soil water availability and the water needed by crops. By determining 

planting seasons more accurately through simulations of land water balance, more precise predictions 

of soil water conditions can be generated for each month, resulting in more optimal planting season 

determination(Mardawilis et al., 2012; Musyadik et al., 2023; Osorio et al., 2014; Pratiwi & Nasrul, 

2022). This directly contributes to increased agricultural productivity and is expected to enhance food 

security, ensuring adequate food availability for the community. By utilizing water resources 

efficiently and reducing dependence on artificial irrigation, national food independence can be 

improved. In addition, it supports the government in achieving food sovereignty through the 

sustainable use of natural resources.  

Rambipuji District is one of the supporting districts for the national food supply, serving as a rice 

barn for Jember Regency (BPS Kabupaten Jember, 2025). However, based on research by Lukman 

(2021), Rambipuji is one of the areas frequently affected by drought, causing many agricultural lands 

to be damaged. Furthermore, based on information from (BPBD Jember, 2023), Rambipuji again 

experienced severe drought in the dry season of 2023. Based on these conditions, the agricultural 

sector in Rambipuji District may be threatened in its sustainability. The agricultural lands in 

Rambipuji are dominated by irrigated rice fields and rain-fed rice fields, indicating that managing 



jTEP Jurnal Keteknikan Pertanian,                            Available online: 

Vol. 14 No. 2, p178-199, 2026                                                  http://journal.ipb.ac.id/index.php/jtep 

P-ISSN 2407-0475 E-ISSN 2338-8439                                                                                                 DOI: 10.19028/jtep.014.2.178-199 

 

180   Fitriani, et al                     Copyright © 2026 by JTEP. This is an open-access 

article distributed under the CC BY-SA 4.0 License 

(https://creativecommons.org/licenses/by-sa/4.0) 

agricultural water use is critical, especially to increase water availability in the face of the dry season. 

One initial step to optimize water use is to determine water availability conditions in Rambipuji's 

agricultural land through land water balance analysis, which generally provides information on when 

water shortage or excess occurs. By knowing these conditions, cropping patterns and irrigation 

schedules can be optimized.  

Land water balance can be carried out by adapting the Thornthwaite Mather 1957 method, the most 

widely used general method for modeling land water balance to estimate rapid water exchange in soil 

(Dwiratna et al., 2025). This balance is also used to estimate the total water availability in soil and, 

indirectly, to calculate crop water requirements (Costa et al., 2018). Water balance is essential because 

it provides information about soil water, soil water conditions in the root zone for different soils and 

crops, and helps design irrigation schedules (Todorovic, 2016; Zheng et al., 2025). Water balance can 

be calculated for daily or monthly periods. The required data include average air temperature, average 

monthly rainfall, and water holding capacity information for a specific soil depth in the study area 

(Sabaruddin et al., 2021). 

 In Indonesia, the Thornthwaite Mather method is applied to determine crop water requirements 

during cultivation. For example, Sitanggang et al. (2022) used the Thornthwaite Mather water balance 

to identify surplus and deficit periods for sweet corn crops to guide irrigation and mulching, aiming 

to increase sweet corn production; and Laimeheriwa et al. (2022) analyzed land water balance at soil 

depth of 0-20 cm. Research in the Parigi District applied land water balance on developed soils with 

Karts parent material, showing surplus periods from February to April (Tufaila et al., 2017); analysis 

of water balance in the Bengkulu sub-watershed used the Thornthwaite method to calculate average 

monthly water discharge (Ramadhan et al., 2022). Other studies analyzed land water balance for 

scheduling planting times of food crops on dryland (Yunatas et al., 2021), and for upland rice in Sub-

Watershed Wolasi (Fitria Sani et al., 2024). That studies analyzed land water balance in general, 

previous studies have generally been conducted at macro scales (district or watershed level), not 

focusing on spatial details that could be directly used by each farmer's land for local policy decisions.  

The distinction between this study and previous research lies in the approach used for water 

balance analysis. Previous studies, such as those conducted by (Sofia et al., 2019), analyzed water 

balance based solely on rainfall and evapotranspiration parameters. In contrast, this study applies the 

Thornthwaite–Mather method by incorporating more comprehensive parameters, including not only 

rainfall and evapotranspiration but also soil conditions through water holding capacity analysis. 

Water holding capacity analysis is essential to determine the soil's ability to retain water, which plays 

a crucial role in fulfilling crop water requirements, as water availability largely depends on the water 

stored within soil pores. Furthermore, studies by (Paski et al., 2018),Uspessy et al., (2020), 

(Laimeheriwa et al., 2022), (Madubun et al., 2024) and (Delianata et al., 2025) also employed the 

Thornthwaite–Mather method for water balance analysis in food crops. However, their estimation of 
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soil moisture was not based on actual field conditions and remained general in scope, without specific 

focus on agricultural land areas. 

Therefore, this study addresses this gap by conducting a more site-specific analysis focused on 

agricultural land. These characteristics are defined using land mapping units, which include soil type, 

agricultural land use, and slope, all of which significantly influence soil water holding capacity. Soil 

moisture data are obtained directly through soil sampling to determine water holding capacity based 

on land characteristics. Thus, it provides more specific local land-based information, where each land 

with different characteristics also shows different soil water levels. This study also provides spatial 

mapping of the early cropping season and cropping pattern in Rambipuji District, which has not been 

presented in previous similar studies. This research provides a novelty of land water balance analysis 

for optimizing cropping season and pattern at the agricultural land level by detailing land and soil 

characteristics and spatially based distribution of early cropping season, thereby filling the 

information gap on the spatial distribution of soil water availability for local planting season 

determination. This study aims to analyze the water balance in agricultural land using the 

Thornthwaite–Mather method by incorporating not only rainfall and evapotranspiration parameters 

but also soil characteristics through water holding capacity analysis, and provide its spatial 

distribution. 

 

2. Material and Methods 

2.1 Materials 

This research was conducted in Rambipuji District, Jember Regency, the research was conducted 

between April 2025 and November 2025. The data utilized in this study comprise rainfall records 

(monthly averages over the last 10 years), as well as meteorological parameters including air 

temperature, relative humidity, sunshine duration, and wind speed, all of which were obtained from 

the BMKG East Java Climatology Station), soil samples for land water balance analysis were selected 

based on Land Unit Maps (LUMs), as presented in Figure 1, which were generated through the overlay 

of soil type, agricultural land use, and slope maps using a Geographic Information System (GIS)-based 

technique. Based on the integrated analysis of these land characteristics, a total of five Land Mapping 

Units (LMUs) were delineated. The integration of slope, soil type, and land use enabled the 

identification of spatially homogeneous units representing distinct land characteristics within the 

study area. Accordingly, the maximum number of LMUs that can be delineated is inherently 

dependent upon the degree of spatial variability exhibited by these defining land characteristics. From 

each LMU, one representative soil sampling point was selected using a random sampling approach 

to ensure adequate representation of each unit. The collected soil samples were subsequently 

subjected to laboratory analysis to determine soil texture and water holding capacity (WHC). 
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Figure 1. Land Unit Map Of the Study Area. 

2.2 Methods 

2.2.1 Land Water Balance Method 

The method employed for optimizing the cropping pattern was the Thornthwaite-Mather method 

(1957), the monthly water balance analysis over 12 months. The data required included average 

evapotranspiration, average monthly rainfall, and information on water holding capacity at a soil 

depth of 0–20 cm within the study area.  The land water balance is compiled based on the three 

variables described above. The steps involved are shown below. 

1. Compile a monthly water balance table (Table 1) 

Table 1. Monthly Water Balance Table 

 Jan Feb Mar Apr May Juni July Aug Sep Oct Nop Des 

P             

Peff             

ETo             

ETc             

Peff - ETc             

APWL             

SM             

∆SM             

ETa             

Deficits             

Surplus             
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2. Fill in the Precipitation (P) and Effective Rainfall (Peff) Columns 

The climatological data derived from monthly rainfall observations were averaged to determine 

the mean monthly rainfall. Subsequently, the effective rainfall (P_eff)was calculated using the 

following formula (Brouwer & Heibloem, 1986b): 

𝑃𝑒𝑓𝑓 = 0.8 𝑃𝑚𝑒𝑎𝑛 − 30   if P > 75 mm/month                                                          (1) 

𝑃𝑒𝑓𝑓 = 0.6 𝑃𝑚𝑒𝑎𝑛 − 10              if P < 75 mm/month                                                       (2) 

Where Peff is the effective rainfall, and Pmean denotes the average monthly climatological rainfall. 

3. Fill in the Eto, Etc colomns 

The reference evapotranspiration (ETo) rate is determined using meteorological data processed by 

the ETo Calculator software, employing the FAO Penman-Monteith method as the standard 

procedure. Subsequently, crop evapotranspiration (ETc) is calculated using the following equation 

(Allen et al., 1998). 

𝐸𝑇𝑐 = 𝐾𝑐  𝑥 𝐸𝑇0                                                                                                                                                (3) 

Where ETc refers to crop evapotranspiration (mm day⁻¹), Kc is the crop coefficient based on FAO 

Irrigation and Drainage Paper No. 56 (Allen et al., 1998). In this study, Kc values for rice paddy 

were determined according to each respective growth stage, and ETo is the reference 

evapotranspiration (mm day⁻¹) as shown in Table 2 below. 

Table 2. Kc Value for Paddy Field. 

                                      Padi 

Phase Period Kc 

Initial 30 1.05 

Development 30 1.2 

Middle Sesason 60 1.2 

Late Season 30 0.9 

                     Source: Data Analysis, 2025. 

4. Calculating Peff-ETc 

5. Fill in the Accumulation Potential Water Loss (APWL) column, which is the accumulation of 

negative values on Peff - ETc, which are accumulated from month to month. 

6. Determine the value of soil water content or soil moisture (SM) in the 1st month 

Soil Moisture (SM) is determined based on the soil water content at water holding capacity within 

the root zone, specifically when the Peff - ETc value is positive. 

7. Soil moisture (SM) was determined using the APWL method, calculated sequentially from the first 

to the last month of the APWL period, applying the following equation (Hendrayana et al., 2021; 

R. Nugroho & Savitri, 2017).  
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𝑆𝑀 = 𝑊𝐻𝐶 . 𝑒𝐴𝑃𝑊𝐿/𝑊𝐻𝐶                                                                 (4) 

Where SM is Soil moisture (mm), WHC is water holding capacity (mm), and APWL is accumulation 

potential water loss. 

8. If the soil moisture (SM) value under APWL conditions has been calculated entirely, then sum with 

the positive values of (Peff -ETc). If the accumulated SM value for the nth month with (Peff - ETc) 

(n+1)th month during a period with a positive (Peff - ETc) exceeds WHC, then set SM equal to the 

value of WHC. 

9. Determibe the change in SM  (∆SM) each month until the last month. 

10. Fill in the Actual Evapotranspiration (ETa) column 

If 𝑃𝑒𝑓𝑓 > 𝐸𝑇𝑐, then  𝐸𝑇𝑎 = 𝐸𝑇𝑐             (5) 

If 𝑃𝑒𝑓𝑓 < 𝐸𝑇𝑐, then 𝐸𝑇𝑎 = 𝑃𝑒𝑓𝑓 + |∆SM|            (6) 

11. Fill in the Defiicit Column (D) 

𝐷 = 𝐸𝑇𝑐 − 𝐸𝑇𝑎                                                                                                                                              (7) 

12.  Fill in the Surplus Column (S) 

𝑆 = 𝑃𝑒𝑓𝑓 − 𝐸𝑇𝑐 − ∆SM                                                                                                                       (8)  

2.2.2 Determination Early Cropping Season  

The cropping season in five sample areas in Rambipuji District was determined based on several 

criteria, based on Laimeheriwa et al. (2022) : 

1. The period when soil water content reaches optimum conditions, i.e., SM = WHC 

2. The months before and after the optimum SM have a Peff/ETc ratio of ≥ 0.75  

3. Results and Discussion 

The determination of land water balance, cropping pattern, and the beginning of the planting 

season in Rambipuji Sub-district, Jember Regency, was conducted on five land units located on slope 

conditions ranging from 0% to 15%, which fulfill the growth requirements for food crops (Gasparini 

et al., 2026). These land units represent different land characteristics, as presented in Table 3. 

Table 3. Land Unit Maps: Characteristics of Rambipuji District. 

LUM 
Slope 

Classes 
Soil Order Subgroup Land Use 

Area 

(Ha) 

1 0 - 8% Inceptisols 
Fluvaquentic 

Endoaquepts 
mixed upland agriculture 

147.759 

2 8 - 15% Inceptisols 
Fluvaquentic 

Endoaquepts 
mixed upland agriculture 

23.364 

3 0 - 8% Inceptisols Typic Epiaquepts Paddy field 3,612.740 

4 0 - 8% Inceptisols Typic Eutrudepts Paddy field 486.948 

5 8 - 15% Inceptisols Typic Eutrudepts mixed upland agriculture 102.914 

        Source: Data Analysis, 2025. 
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The soil type in Rambipuji Sub-district is classified as Inceptisols, with soil characteristics that 

indicate profile development and occur on sloping land with varying drainage and fertility conditions 

(Rahmayuni et al., 2023). The subgroups identified at the study site are Fluvaquentic Endoaquepts, 

Typic Epiaquepts, and Typic Eutrudepts. Fluvaquentic Endoaquepts are found in LUM 1 and 2; 

although this soil subgroup is characterized by impeded drainage, mixed upland agriculture can still 

be practiced, provided that appropriate drainage management and soil conservation measures are 

implemented (Sirappa & Susanto, 2008). In LUM 3 and 4, the same land use, namely paddy fields, is 

found, but these two LUMs have different soil subgroups, namely Typic Epiaquepts and Typic 

Eutrudepts. Soils of the Typic Epiaquepts subgroup are suitable for flooded rice fields because they 

are episaturated, whereas Typic Eutrudepts are more suitable for mixed upland agriculture but can 

still be used for flooded rice cultivation under good water management; this soil subgroup has high 

fertility that supports increased crop productivity (Hadi et al., 2019). In LUM 5, the Typic Eutrudepts 

subgroup is also found, which is highly recommended for mixed upland agriculture crops (Soil 

Survey Staff, 2022; Susanto & Sunarminto, 2013). 

Rainfall is a critical parameter in agricultural systems, particularly in relation to plant growth, as it 

directly influences soil water availability (Kheyruri et al., 2024; Madubun et al., 2024). In rain-fed 

agriculture, rainfall constitutes a key determinant of crop production (Zike, 2019). To assess the impact 

of rainfall on groundwater resources, land water balance calculations can be conducted. 

Understanding both the quantity and distribution of rainfall, as well as the length of the crop growth 

period, enables farmers to mitigate crop losses stemming from climate anomalies (Bedane et al., 2022).  

Based on the rainfall analysis shown in Figure 2, the 10-year (2015–2024) average monthly rainfall 

shows the highest value in January at 380 mm/month, while the lowest occurs in August at 27 

mm/month. The rainfall pattern at the study site is classified as a monsoonal pattern, with a single 

peak of rainfall occurring in January and a single peak of the dry season occurring in August.  

The portion of rainwater that infiltrates and is stored within both micro and macropores is referred 

to as effective rainfall, which refers to the proportion of total rainfall available for direct or indirect 

use in crop production. The highest rainfall occurs in January, reaching 280 mm, while the lowest is 

recorded in August at 6.2 mm. Determining the effective rainfall helps estimate soil water availability. 

When rainfall meets crop water requirements, irrigation is unnecessary; otherwise, supplementary 

irrigation is necessary to fulfill crop water needs (Ali & Mubarak, 2017). According to Koesmaryono 

& Askari (2023), lowland rice relies on almost all effective rainfall supplied, whereas highland and 

secondary crops may require less.  
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Figure 2. Rainfall and Rainfall Effective Distribution 

Evapotranspiration refers to the quantity of water lost simultaneously from plants, plant tissues, 

and soil (Ahmad Fausan et al., 2021; Allen et al., 1998; Fitriani et al., 2024; Paredes et al., 2020). As a 

fundamental component alongside rainfall, evapotranspiration significantly influences irrigation 

systems and planting practices (Aydın, 2021). The measurement of evapotranspiration values is 

essential for optimizing irrigation management efficiency, chiefly by enhancing water use (Osorio et 

al., 2014; Zheng et al., 2016). 

 

Figure 3. Comparison Of ET0 and Peff 

Based on Figure 3, the highest evapotranspiration occurs in October, with an average monthly total 

of 163.37 mm, while the lowest occurs in July at 97.65 mm. In general, the difference between ETO 

values and effective rainfall indicates whether the soil water availability is in surplus or deficit. 
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According to the graph, a water surplus occurs from November to April, whereas a deficit or water 

shortage begins from May to October. 

The crop evapotranspiration rate is determined by calculating the reference evapotranspiration and 

applying the crop coefficient (Kc). The Kc values used in this study are taken from the FAO Irrigation 

and Drainage Paper 56 (Allen et al., 1998), which indicates that paddy has one of the highest crop 

coefficients, implying that rice requires more water than most other crops. Paddy rice cultivation with 

the traditional flooding method needs a lot of water (Bwire et al., 2024; Wu et al., 2025). Therefore, the 

determination of ETc parameters applies the paddy Kc for each growth stage. In case Rambipuji 

District shows that average relative humidity exceeds 80% and wind speed is less than 2 m s⁻¹, then 

the Kc value should be reduced by 0.05 under conditions of relative humidity greater than 80% and 

wind speed below 2 m s⁻¹ (Brouwer & Heibloem, 1986a). 

3.1 Water Holdiing Capacity 

Soil water content, or soil moisture, greatly affects plant growth, and management methods and 

slope gradients also affect soil water content (Horel & Zsigmond, 2023). After rain or irrigation stops, 

some water will move downwards during the percolation or drainage process, so that some pores will 

be filled with air. In this condition, the water holding capacity or water holding capacity is achieved, 

the condition where percolation stops. In this condition, the water and air content in the soil reaches 

the ideal point for plants (Abdallah et al., 2021).  Table 4 summarizes the variation in field capacity 

(total water-holding capacity at 0–20 cm depth) among different soil textures at the study site, 

highlighting how texture controls soil water storage in the root zone.  

Table 4. Variation of water-holding capacity 

LUM Texture Water holding capacity (mm) 

1 Sandy Clay 94.77 

2 Sandy Clay Loam 105.85 

3 Clay Loam 112.43 

4 Clay 110.62 

5 Sandy Clay Loam 93.01 

 Source: Data Analysis, 2025 

Results of the water holding capacity analysis at five soil sampling points (LUM) in agricultural 

land in Rambipuji District showed variations in values according to the observed soil texture, ranging 

from Sandy Clay to Clay Loam. Water holding capacity values (mm) ranged from 93.01 for Sandy 

Clay Loam (LUM 5) to 112.43 for Clay Loam (LUM 3). In general, these differences are strongly 

controlled by the particle-size fractions that define soil texture, particularly the relative proportions of 
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clay, sand, and silt. They may also be modified by soil structure, organic matter content, and land-use 

or cultivation history (Li et al., 2024; Wang et al., 2020). The highest water holding capacity values 

were found in Clay Loam (112.43 mm) at LUM 3 and Clay (110.62 mm) at LUM 4. This pattern is 

consistent with the theory that more clay-rich soils contain a greater proportion of micropores, 

enabling them to retain more water after rainfall or irrigation(Johnson, 2023; Zhang et al., 2021). 

Previous research has shown that soil porosity directly influences the soil’s water holding capacity 

(WHC), with a positive correlation observed between these variables (Sahu et al., 2022). Furthermore, 

soil texture, which determines the distribution and size of pores, plays a critical role in defining WHC 

(Franzluebbers, 2020; Sinkevičienė et al., 2024). Clay-textured soils are predominantly composed of 

micropores, which have a strong ability to retain water; consequently, clay soils can store water for 

longer periods but because the water is adequate in the micropores, it makes it very difficult for plant 

roots to absorb water(Harefa, 2025; Sinkevičienė et al., 2024). In contrast, sandy soils contain a higher 

proportion of macropores, which facilitate rapid drainage and result in lower water retention capacity. 

This finding is consistent with previous research indicating that soils with greater macropores tend to 

exhibit reduced water holding capacity (Sinkevičienė et al., 2024). Such high-water retention capacity 

is critical for maintaining a longer-lasting water supply for plants, especially during dry periods or 

when rainfall is insufficient (Stone et al., 2025). 

3.2 Land Water Balance 

Aroma is the first sensory profile detected by the human senses, thus playing an important role in 

determining the impression and level of enjoyment of coffee drinks. The cupping score (Figure 1) for 

the aroma parameter was 8.0, which shows that Lahat Robusta coffee from South Sumatra has an 

advantage in terms of aroma. Aroma characteristics are developed during the roasting process 

through a series of chemical reactions, such as the Maillard reaction and the degradation of precursor 

components, such as amino acids, trigonelline, sugars, and phenolic compounds, which play a role in 

aroma formation (Rahayu et al. 2023). Aroma is the main differentiator between specialty and non-

specialty coffee and is a determining factor in consumer preferences. The strength of coffee aroma 

originates from the volatile components formed during the roasting process. Chindapan et al. (2021) 

stated that the aroma profile consists of various chemical compounds, such as sulfur, pyrazine, 

pyridine, pyrrole, oxazole, furan, aldehyde, ketone, and phenol, which impart unique/authentic 

characteristics.  

The formation of aroma precursors can occur due to metabolic activity during natural post-harvest 

processing, which causes the interconversion of low-molecular-weight sugars and protein hydrolysis 

in the formation of precursor compounds, such as aldehydes, ketones, and alcohols, which undergo 

transformation through Maillard reactions and thermal degradation during roasting (Zhang et al. 

2023). Research (Moon et al. 2023) has reported that volatile compounds such as pyrazines, ketones, 

aldehydes, heterocyclic nitrogen compounds, acetates, acids, alcohols, esters, and furans act as marker 
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compounds in coffee. Improvements in coffee aroma quality are related to postharvest processing 

practices. Fardenan et al. (2024) reported that soaking in 3% acetic acid can improve the profile of 

unripe robusta beans by optimizing flavor precursor components and reducing chlorogenic acid. The 

superior aroma of robusta coffee has the potential for product diversification, despite limitations in 

flavor intensity due to its high caffeine content. Therefore, the consistent application of post-harvest 

technology is a key factor in minimizing coffee-bean damage. 

As an illustration of the water balance analysis, a water balance table will be presented for LUM 3, 

which is characterized by a clay loam soil texture, a slope gradient of 0–8%, an Inceptisols Typic 

Epiaquepts soil type and subgroup, and paddy field land use, as shown in Table 5 below. The other 

LUMs will be presented in the form of graphs showing the monthly deficit and surplus conditions in 

Figures 4a – 4d. 

Table 5. Land Water Balance at LUM 3 

MONTH 

  1 2 3 4 5 6 7 8 9 10 11 12 

P 380 260 282 216 107 66 30 27 54 115 248 344 

Peff 279 183 201 148 61 30 8 6 22 67 173 250 

Eto 143 133 150 122 116 100 98 125 146 163 148 145 

Etc 164 113 150 141 134 85 98 144 167 139 148 166 

Peff-

Etc 
115 70 51 7 -73 -55 -90 -138 -145 -72 26 84 

APWL 0 0 0 0 -73 -128 -218 -356 -501 -573 0 0 

SM 112 112 112 112 58 36 16 5 1 1 26 110 

∆SM 0 0 0 0 -54 -23 -20 -11 -3 -1 26 84 

Eta 164 113 150 141 114 53 28 17 26 67 148 166 

Deficits 0 0 0 0 19 32 70 127 142 71 0 0 

Surplus 115 70 51 7 0 0 0 0 0 0 0 0 
            Source: Data Analysis, 2025 

The Land Water Balance Analysis Table for LUM 3 presents, in a sequential manner, the dynamics 

of soil water availability and the agricultural water cycle throughout the year, along with their 

implications for land management. From January to April, the Peff values remain very high, resulting 

in successive water surpluses of 115 mm, 70 mm, 51 mm, and 7 mm. During this phase, Soil Moisture 

(SM) is stable at 112 mm, indicating that the soil is consistently at an optimum level (near water 

holding capacity), so the growth of rice or other water-demanding crops can proceed very well 

without experiencing water shortage. Entering May, the pattern begins to change, the value of Peff 

becomes lower than crop evapotranspiration (ETc), as indicated by Peff - ETc turning negative, 

followed by a sharp decline in SM from 112 mm to 58 mm (May), 36 mm (June), and only 15 mm 

(July). This condition triggers a water deficit starting from 19 mm in May, increasing to 32 mm in June, 
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70 mm in July, and reaching its peak in August and September with 127 mm and 142 mm, respectively. 

During this period, SM remains only around 6 mm to 1.3 mm, rendering the land highly vulnerable 

for crop growth; physiologically, plants can experience severe water stress, which may significantly 

reduce yields and can even lead to crop failure if no adequate mitigation measures are implemented 

(Syaripah Najihah et al., 2019; Wadood et al., 2024).  

Figure 4 showed that the water balance analysis revealed a strong seasonal pattern controlled by 

the monsoon climate, with a dominant water surplus during the January–March period and a peak in 

January. This reflects rainfall significantly exceeding potential evapotranspiration, resulting in 

replenishment of soil moisture and land water reserves (Xu & Singh, 2005). The water surplus began 

to decline in April, and all LUMs experienced deficits from May to October, peaking in September. 

This pattern aligns with the characteristics of a tropical monsoon climate, which is characterized by a 

dry season with limited water availability (Wang et al., 2020) 

Differences in the duration and intensity of deficits across LUMs indicate the influence of land use 

and management on hydrological responses. LUMs with longer deficit durations indicate lower water 

storage capacity and greater vulnerability to seasonal droughts. These findings underscore the 

importance of water balance information as a basis for determining cropping calendars and 

agricultural adaptation strategies to future climate variability and change (Allen et al., 1998; IPCC, 

2023) and the identification of water surplus and deficit periods can support the development of an 

appropriate irrigation schedule, particularly in areas experiencing water deficit(Zhou & Zhao, 2019) 

as observed in this study.  
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Figure 4. Monthly Deficits and Surpluses for different LUM (a) LUM 1, (b) LUM 2, (c) LUM 4, 

and (d) LUM 5 
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3.3  Cropping Schedule 

The recommended planting onset for each land mapping unit reflects the interaction between soil 

water availability and climatic controls. Based on land water balance analysis and planting onset 

criteria defined by soil water content reaching water holding capacity, and a Peff /ETc ratio ≥ 0.75. As 

Figure 5 shows, LUM 1, 2, and 5 are suitable for planting in December, whereas LUM 3 and 4 are more 

appropriate in January. These conditions indicate sufficient soil water reserves and effective rainfall 

to support early paddy establishment while reducing the risk of water-deficit stress. The subsequent 

shift to secondary crops in planting seasons II and III represents an adaptive response to declining 

rainfall, optimizing water-use efficiency in accordance with soil water storage capacity across land 

units, as showed at figure 6. This synchronized paddy–secondary crop pattern demonstrates strong 

consistency with local agroclimatic conditions and field-based water balance principles, supporting 

its relevance for precision-oriented cropping system planning. 

 

Figure 5. Distribution of Early Cropping Season in Rambipuji 
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Figure 6. Distribution Of Soil Moisture at Early Cropping Season. 

 

4. Conclusion 

Robusta coffee from Lahat, South Sumatra, has superior quality and meets specialty coffee 

standards (fine robusta) with a final cupping score of 83.88. Natural post-harvest processing produces 

optimal consistency and uniformity of flavor, represented by a score of 10 (outstanding) for the 

uniformity and clean cup parameters. This study proves that proper post-harvest processing is 

correlated with superior coffee quality. The cupping results obtained a sensory profile dominated by 

characteristics of brown sugar, honey, dark chocolate, hazelnut, fresh fruity, nutty, acidic, cereally, 

and spicy. These results can be used as a starting point to identify the uniqueness of Lahat Robusta 

coffee from South Sumatra. 
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