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Abstract. Ammonia (NH3) is a significant contributor to total nitrogen deposition in East Asia. However, process-based 

observations that specifically focus on the air–surface exchange of NH3 remain limited in this region, especially in Southeast 

Asia. To clarify the bi-directional exchange process of NH3 under tropical climatic conditions, we first observed the NH3 15 

exchange flux over a tropical dry deciduous forest in Thailand during two periods with different canopy and meteorological 

conditions in the dry season using the aerodynamic gradient method. NH3 concentrations exhibited strong positive 

correlations with air temperature and negative correlations with wind speed during the first half of the observation period. 

However, there was no clear correlation between concentrations and meteorological elements during the second half. 

Measured NH3 fluxes fell within the ranges presented in recent studies, with a weighted mean and standard deviation of 20 

0.148 ± 0.240 µg m−2 s−1, and consistently larger during daytime. During the dry season, the tropical dry deciduous forest 

acted as an emission source of NH3. Across both observation periods, NH3 emissions were governed by air temperature, 

relative humidity, friction velocity, and solar radiation. While no clear difference in fluxes magnitude was observed between 

the first half (0.140 ± 0.240 µg m−2 s−1) and the second half (0.158 ± 0.239 µg m−2 s−1), the main source of NH3 emission in 

the tropical dry deciduous forest probably shifted dynamically from stomata to leaf litter due to the changes in 25 

meteorological, canopy, and forest floor conditions. 

1 Introduction 

Nitrogen is an essential element for humans and has significantly benefited agriculture and manufacturing (Hayashi et al., 

2021). However, the excessive use of nitrogen places a heavy burden on the environment, causing climate change, air and 

water pollution, acidification, eutrophication, and biodiversity loss through atmospheric deposition (Kuriyama and Hayashi; 30 

Nishina et al., 2017). Concerns about nitrogen-related issues are growing on a global scale, as evidenced by the adoption of a 
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resolution on "sustainable nitrogen management" in the Fifth session of the United Nations Environment Assembly in 2022 

(Nishina et al., 2025). The world is currently under pressure to develop plans to reduce nitrogen emissions, but outside of 

Western countries, where reports on nitrogen assessment (EPA, 2011; Sutton et al, 2011) have already been published, there 

is limited knowledge about nitrogen dynamics and assessments needed for its management (Rudek et al., 2017).  35 

East Asia is one of the regions at high risk of nitrogen pollution and is a hotspot for nitrogen deposition (Rubin et al., 2023; 

Nishina et al., 2021). In this region, the Acid Deposition Monitoring Network in East Asia (EANET), an intergovernmental 

network that began full-scale operation in January 2001, is currently monitoring air concentrations and atmospheric 

deposition of pollutants at 65 sites in 13 countries (EANET, 2024). To date, estimations of nitrogen deposition on a national 

scale have been conducted mainly in Japan (Chatani et al.,2025; Yamaga et al., 2021; Ban et al., 2016; Endo et al., 2011) and 40 

China (Chen et al., 2023; Zhou et al., 2023; Wen et al., 2020) using data from the EANET and/or the nitrogen monitoring 

network in China. These studies have revealed that the dry deposition of NH3, which is the main reduced form of nitrogen, 

has increased significantly among total nitrogen depositions, following dramatic changes in nitrogen oxides emissions in 

recent years. The model-based approach may contain uncertainties; therefor, process-based observations were conducted at 

several sites to verify model performance and improve the accuracy of the deposition estimates. Observational data on the 45 

main components contributing to nitrogen deposition, including NH3, have been gathered from Japanese forests (Xu et al., 

2024; Wu et al., 2024; Xu et al., 2023; Xu et al., 2021, Xu and Matsuda, 2020, Nakahara et al., 2019, Hayashi et al., 2011) 

and agricultural fields (Xu et al., 2022, Hayashi et al., 2017; Hayashi et al., 2012) located in temperate and cool temperate 

zones, and NH3 flux observations are now being carried out in Chinese agricultural fields (Wang et al., 2021). 

Despite evidence that forests in Southeast Asian countries are exposed to high nitrogen deposition (Ban et al., 2022) and that 50 

deposition amounts often exceed the critical load for eutrophication (Yamashita et al., 2022), national-scale estimates of 

nitrogen deposition remain limited in many of these countries (Beachley et al., 2024). Moreover, process-based observations 

have only been conducted for sulfur compounds, ozone, and elemental carbon at some forest sites in Thailand 

(Chanonmuang et al., 2015; Khoomsab et al., 2014; Matsuda et al., 2012; Matsuda et al., 2006; Matsuda et al., 2005), 

whereas studies specifically focusing on nitrogen deposition are comparatively limited. Understanding the behavior of major 55 

nitrogen compounds, particularly the air-surface exchange of NH3, in tropical climates which differ significantly from those 

of Japan and China is essential for improving the accuracy of deposition estimates in East Asia through model advancement. 

This will also help address key scientific questions related to nitrogen cycle in diverse regions. Against this backdrop, we 

performed the world's first observation of NH3 exchange flux over a tropical dry deciduous forest in Thailand. Measurements 

were taken during two periods in the dry season, which differed in environmental conditions: (i) rising air temperatures as 60 

the season progressed and (ii) substantial leaf fall, which significantly altered canopy and forest floor conditions. As shown 

in Saylor et al. (2025) who summarized previous studies until recently, the behavior of NH3 depends on many factors (e.g. 

NH3 concentration, canopy condition, the presence of source, meteorological, and soil elements) and varies from one study 

site to another, making it difficult to generalize the exchange process. Therefore, our first step was to understand the 
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characteristics of the exchange process in tropical deciduous forests by measuring NH3 fluxes and meteorological elements 65 

and clarifying their relationships. 

2 Methodology 

2.1 Site description 

We conducted the observation in the forest of Sakaerat Environmental Research Station (SERS), Nakhon Ratchasima 

Province, Thailand (14° 30′ N, 101° 55′ E), as shown in Fig. 1. SERS is the core area of the Sakaerat Biosphere Reserve, 70 

which was the first biosphere reserve in Thailand recognized for its rich biodiversity of flora and fauna. According to the 

Köppen climate classification, SERS is classified as a tropical savanna, with annual mean air temperature of 24.9 °C and 

annual rainfall of 1472 mm during the 3 years from 2020 to 2022 (Fig. 2). SERS is characterized by high temperatures 

throughout the year and distinct wet (April to October) and dry (November to March) seasons (Matsuda et al, 2012). From 

December to February, the dry season is especially pronounced, with a monthly rainfall of less than 50 mm (Sase et al., 75 

2017; Sase et al., 2012). The forest of SERS consists of dry evergreen and dry deciduous forests (DDF) (Murata et al. 2009). 

We used a 38 m walk-up observation tower installed in the DDF located near the northeastern edge of the SERS. The DDF is 

almost flat and sparse, and Dipterocarps such as Shorea obtusa and Shorea siamensis dominate in the area around the tower 

(Murata et al. 2011), with a canopy height (h) of about 20 m. Leaf area index (LAI) around the observation tower measured 

by a plant canopy analyzer (LI-COR LAI-2200) at the beginning of the observation was in the range from 2.5 to 4.2 with a 80 

mean value of 3.1. Although the eastern side of SERS is mainly covered by agricultural fields and residential areas, the 

observation tower is located at least 400 m away from these areas. Further details regarding the topography and seasonal 

variations in leaf conditions of the DDF are described in Matsuda et al. (2012). 
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 85 

Figure 1: Location and surrounding environment of the observation site (gray circle) and tower (red circle) in the Sakaerat 

Environmental Research Station. Satellite imagery (6 km × 6 km) was retrieved from the dataset of Sentinel-2 Surface Reflectance 

Harmonized (COPERNICUS/S2_SR_HARMONIZED) via © Google Earth Engine. The data was filtered for the observation point, 

and date from December 15 to December 31, 2023, with a cloud cover percentage of less than 20% was shown. 

 90 
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Figure 2: Variations in monthly mean air temperature (line) and rainfall (bar) at the weather station of Sakaerat Environmental 

Research Station based on the meteorological data recorded from January 2020 to December 2022. Gray hatch indicates the wet 

season (from April to October). 

 95 

2.2 Flux measurements for ammonia using aerodynamic gradient method 

We measured NH3 fluxes using the aerodynamic gradient method (AGM), which is a globally recognized method for 

determining trace gas fluxes (Melman et al., 2025, Xu et al., 2023), over the DDF of SERS. The observation periods were 

from 15 December 2023 to 30 December 2023 (hereinafter referred to “first half”), and from 22 January 2024 to 6 February 

2024 (“second half”). To avoid duplication, we briefly describe the AGM theory. Using the AGM, the flux (F) can be 100 

calculated by multiplying the turbulent diffusivity by the vertical gradient of concentration according to Fick’s law: 

𝐹 =  −𝐷𝛥𝐶            (1) 

where D is the transfer velocity, and ΔC is the concentration difference between two heights of z1 and z2 (z2 > z1) above the 

canopy (Matsuda et al., 2010). We obtained transfer velocity from micrometeorological elements (i.g. the friction velocity 

and the Monin–Obukhov length) recorded by a 3D sonic anemometer (YOUNG, 81000) installed at the height of 31.5 m at 105 

the observation tower and the displacement height (d) following Xu et al. (2023) and Matsuda et al. (2010). Matsuda et al. 
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(2012) derived seasonal d for the DDF of SERS from the relationship between friction velocity and wind speed, and the 

relationship between d/h and LAI; 0.7 for the leafy season and 0.6 for the transitional season, respectively. We also 

determined d from the relationship between friction velocity and wind speed, and the values obtained were the same as those 

of Matsuda et al. (2012); 0.7 for the first half and 0.6 for the second half of the observation period, respectively. 110 

We derived ΔC from the NH3 concentration measured at heights of 34 m (z2) and 26 m (z1) at the observation tower using the 

filter-pack holders (Tokyo Dylec Corporation, NILU filter folder NL-O) which consist of four stages. This system is the 

same as that used by Xu et al. (2023). NH3 was collected at the last stage of the filter-pack holder by using a phosphoric acid 

impregnated cellulose filter with a flow rate of 20 L min−1. We continuously collected two daytime (D1: 9:00–13:00, D2: 

13:00–17:00) and one nighttime (N: 17:00–9:00) samples (three samples per day) for 15 days each in the first and second 115 

halves of the observation period. After sampling, the ammonium ions in each cellulose filter were extracted into deionized 

water (10 ml) using an ultrasonic method, and were analyzed using two ion chromatographs (Dionex, ICS-1100 and 

Shimadzu Corp., HIC-ESP) for quality control. The NH3 concentrations obtained were almost the same; however, those of 

ICS-1100 tended to be slightly higher. Since the HIC-ESP had a better calibration curve for ammonium ions than the ICS-

1100, its analytical results were adopted. We also performed laboratory (n = 5) and travel (n = 5) blank tests. We subtracted 120 

the median value of travel blanks when calculating NH3 concentrations because the ammonium content was higher in the 

travel blanks than in the laboratory blanks. 

2.3 Meteorological measurements 

We recorded wind speed, wind direction, and other elements to calculate the transfer velocity using a 3D sonic anemometer 

(YOUNG, 81000) installed at 31.5 m at the observation tower. We also recorded the air temperature and relative humidity at 125 

34 m and 26 m at the observation tower using a thermometer (T&D Corp., TR-73 U). All elements were recorded at 10-min 

intervals. Observations of meteorological elements were also conducted by SERS in a vacant lot approximately 1.2 km west 

of the observation tower, and we used 1-h values of solar radiation and rainfall recorded at this weather station. Rainfall did 

not occur during the observation period. 

3 Results and discussion 130 

3.1 Variations in ammonia concentration 

The temporal variations in NH3 concentrations at 34 m and 26 m during the observation period are shown in Fig. 3. Of the 

90 samples we collected, two samples were missing owing to the problems in the electrical system and eight samples 

overlapped with the forest fire period described later in the second half; approximately 89% of the total samples were valid. 

All valid samples exceeded the limit of quantification (10 times the standard deviation of travel blanks). Variations in the 135 

NH3 concentrations were clearly different between the first and second halves of the observation period. In the first half, NH3 

concentration at 34 m ranged from 1.06 to 5.25 µg m−3, and gradually decreased toward the middle of the period and then 
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increased again. The NH3 concentration at 26 m exhibited a similar variation to that at 34 m. The weighted means with 

standard deviations of NH3 concentration by sampling time at 34 m and 26 m were 2.69 ± 0.93 µg m−3 and 2.88 ± 0.95 µg 

m−3, respectively. 140 

In the second half, a large-scale forest fire occurred around the observation tower from the morning of 3 February. 

According to Ishida et al. (2023), forest fires frequently occur during the late dry season (from January to March) in the DDF 

of SERS. During the forest fire period, NH3 concentrations peaked at D2 on 3 February (106.81 µg m−3 at 26 m) and then 

drastically decreased to below 10 µg m−3 after 3 February. Because this period was far from typical conditions, we excluded 

the data from subsequent analysis. Data from the forest fire period will be presented in a follow-up study. Excluding samples 145 

during the forest fire, NH3 concentration at 34 m ranged from 1.24 to 4.36 µg m−3. The concentrations at 34 m did not 

change until the middle of the period and decreased to below 2 µg m−3 before the period of the forest fire. As in the first half, 

the concentration at 26 m showed a similar variation to that at 34 m. The weighted means and standard deviations of NH3 

concentration by sampling time at 34 m and 26 m were 2.96 ± 0.75 µg m−3 and 3.17 ± 0.75 µg m−3, respectively. The mean 

concentration was slightly higher at both measurement heights during the second half. 150 

In both periods, the concentrations at 26 m tended to be higher than those at 34 m, particularly during the daytime. The 

differences in the concentration were on average 0.51 µg m−3 at D1 (from 9:00 to 13:00) and 0.41 µg m−3 at D2 (from 13:00 

to 17:00) in the first half, and were on average 0.36 µg m−3 at D1 and 0.33 µg m−3 at D2 in the second half. Although the 

concentration variations differed between the two observation periods, a consistent tendency of higher concentrations was 

observed at 26 m than at 34 m during the daytime. These results suggest the possibility of daytime NH3 emissions from the 155 

DDF. However, this tendency was not pronounced at nighttime in either period, and there were also cases where the 

concentration at 34 m was higher than that at 26 m. 
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Figure 3: Temporal variations in NH3 concentration at 34 m (solid line) and 26 m (dashed line) during (a) the first half and (b) 160 
second half of the observation periods. The length of line indicates the duration of sampling. Gray hatches indicate missing data, 

and light gray hatch indicates the high concentration period during and after the forest fire around the observation tower. Data 

during the forest fire periods was not included in the analysis of this study. The range of concentration for the second half is 

aligned for the figure visibility. 

 165 

Approximately 7 km southwest of our observation site, EANET had a monitoring site at the Sakaerat Silvicultural Research 

Station (SRS). At the SRS, NH3 concentrations were measured at 10-day intervals using the filter pack method from 2006 

until its closure in 2020 (EANET, 2021). Although there are several missing data, which is inevitable in such long-term 

monitoring, the annual mean concentration of NH3 over the 5-years from 2015 to 2019 ranged from 2.5 to 4.1 µg m−3. The 

mean concentration obtained during the observation period was within this range, suggesting that our observations had a 170 

certain degree of reliability. In addition, the NH3 concentration levels at the SERS site were in a high category compared to 

those at various forest sites reported in papers published after the 2010s (Melman et al, 2025; Walker et al., 2023; Xu et al., 

2023; Ramsay et al., 2020). 
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3.2 Factors controlling ammonia concentration 

The hourly variations in the meteorological elements during the observation period are shown in Fig. 4. Like the variations 175 

in NH3 concentration, the air temperature showed a clear difference between the first and second halves of the observation 

period. During the first half, the temperature followed the same trend as the NH3 concentration. It decreased towards the 

middle of the period, and then increased again. In the second half, there was a gradual increase in temperature after 24 

January. The ranges and means with standard deviations of temperatures at 34 m were from 12.6 to 32.2 °C and 22.7 ± 

4.2 °C in the first half, and were from 16.5 to 35.5 °C and 25.6 ± 3.9 °C in the second half, respectively. There was no 180 

obvious variation in the relative humidity. The ranges and means with standard deviations of relative humidity at 34 m were 

from 40.2 to 90 % and 63.7 ± 12.4 % in the first half, and were from 31.3 to 87.5 % and 61.0 ± 12.7 % in the second half, 

respectively. The wind speed showed an inverse variation with temperature in the first half of the period and showed an 

increase at the end of the second half. The ranges and means with standard deviations of wind speed at 31.5 m were from 0.4 

to 5.2 m s−1 and 2.5 ± 0.9 m s−1 in the first half, and were from 0.5 to 5.5 m s−1 and 2.4 ± 0.9 m s−1 in the second half, 185 

respectively. During the first half, the main wind direction was northeasterly, with intermittent southwesterly winds 

occurring at nighttime. On the other hand, during the second half, the daytime wind direction shifted from northeasterly to 

southwesterly from 1 February. At nighttime, wind direction was mainly southwesterly except for four days between the 

beginning and middle of this period. The windrose during the observation period is shown in Fig. A1. The differences in the 

variations in temperature, wind speed and wind direction were thought to be related to the differences in the concentration 190 

variations between the first and second halves of the observation period. 
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Figure 4: Hourly variations in air temperature, relative humidity, wind speed, and wind direction during the first half ((a), (b), (c), 

(d)) and second half ((e), (f), (g), (h)) of the observation periods. Air temperature and relative humidity were recorded at 34 m 195 
(solid line) and 26 m (dashed line), and wind speed and wind direction were recorded at 31.5 m of the observation tower, 

respectively. 

 

The relationships between the NH3 concentration and air temperature, relative humidity, and wind speed during the first half 

of the observation period are shown in Fig. 5. The relationships between the concentrations at 34 m and 26 m and 200 

meteorological elements were roughly the same. NH3 concentrations showed strong positive correlations with temperature, 

especially during the D1 and D2; the correlation coefficients at 34 m were 0.97 and 0.89, respectively. In the 1-year vertical 
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profile measurements at a Japanese deciduous forest using the denuder method, Xu et al. (2024) revealed that NH3 

concentrations near the forest floor showed strong positive correlations with temperature on a weekly basis during the leafy 

period (LAI = 2.3~4.1). Osada (2020) measured hourly NH3 concentrations using a semi-continuous microflow analytical 205 

system in a Japanese urban area and found that daily NH3 concentrations have a strong relationship with the magnitude of 

temperature and may be affected by different processes during the daytime and nighttime. Our observations revealed that 

daytime NH3 concentrations were strongly controlled by temperature in the tropical DDF of Thailand, even at the shorter 

timescale of 4-h. Furthermore, the weaker correlation at nighttime (R = 0.60 at 34 m and R = 0.44 at 26 m) also indicates that 

the process controlling concentrations might change between daytime and nighttime. NH3 concentrations also showed 210 

negative correlations with wind speed during each sampling time; the correlation coefficients at 34 m were −0.75 (D1), 

−0.73 (D2), and −0.76 (N), respectively. This means that NH3 over the forest was dispersed when the wind speed was high 

and remained when the wind speed was low. While relative humidity ranged widely from 40% to 80%, no conspicuous 

correlation was found with NH3 concentration, suggesting that it was not the main factor controlling NH3 concentration in 

the DDF. 215 
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Figure 5: Relationship between NH3 concentration at each height (34 m: (a), (c), (e); 26 m: (b), (d), (f)) and air temperature, 

relative humidity, and wind speed during the first half. Air temperature and relative humidity were recorded at 34 m ((a), (c)) and 

26 m ((b), (d)), and wind speed was recorded at 31.5 m of the observation tower. 220 

 

On the other hand, there was no clear correlation between the concentrations at 34 m and 26 m and the meteorological 

elements during each sampling time in the second half (Fig. 6), as can be seen in the first half (Fig. 5). Surprisingly, there 
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seemed to be an opposite relationship, indicating that the concentration decreases with an increase in temperature at 

nighttime. This was possibly due to the change in wind direction (from northeast to southwest) in the second half, as 225 

mentioned above. In fact, the opposite relationship disappeared after excluding data from 1 February, and concentrations at 

34 m and 26 m showed a positive correlation with temperature during D1 (R = 0.57, 0.59). Moreover, the opposite nighttime 

relationship, which showed a decrease in concentration associated with increases in temperature and relative humidity, was 

less noticeable. 

In addition to the change in wind direction, leaf fall occurred in the DDF of SERS from the end of the first half of the 230 

observation period to the end of the second half (Fig. A2). The satellite-derived LAI at the observation tower from the 

dataset of MCD15A3H, which is a product of the Moderate Resolution Imaging Spectroradiometer onboard the Terra and 

Aqua satellites (Myneni et al., 2015), is shown in Fig. A3. The LAI values, 4-day composite data with a spatial resolution of 

500 m, were obtained from the combined observations of both satellites. Based on the quality control of MCD15A3H, all 

data during the period were evaluated as best result possible with highest confidence. The satellite-derived LAI was 235 

approximately 3 at the beginning of the first half, which is close to the observed mean value around the observation tower. 

The LAI was halved just before the beginning of the second half of the observation period and was less than 1 at the end of 

the campaign. In addition, as can be seen from satellite images (Fig. A4) taken during the observation period, defoliation 

progressed not only around the tower but also throughout the entire DDF of SERS in approximately 20 days from 1 January 

2024 to 21 January 2024. Considering that the concentrations at 34 m in the first half had correlations with air temperature 240 

(R = 0.70) and wind speed (R = −0.69) in total, the concentrations in the second half were probably governed by different 

process. This process may have been driven by structural changes in the forest due to substantial leaf fall, rather than by 

changes in meteorological conditions alone. Similarly, Xu et al. (2024) found that the strong correlation between NH3 

concentration and temperature observed during the leafy period was no longer observed during the leafless period (LAI < 

1.5), also suggesting that concentration may be controlled by factors other than temperature during the leafless period. 245 
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Figure 6: Relationship between NH3 concentration at each height (34 m: (a), (c), (e); 26 m: (b), (d), (f)) and air temperature, 

relative humidity, and wind speed during the second half. Air temperature and relative humidity were recorded at 34 m ((a), (c)) 

and 26 m ((b), (d)), and wind speed only recorded at 31.5 m of the observation tower. 250 

 

The distribution of NH3 concentration relative to the main wind direction at each sampling time is shown in Fig. 7. Because 

the eastern side of the SERS is mainly covered by agricultural fields and residential areas (Fig. 1), there were concerns about 
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the potential influence of anthropogenic sources on the variation in NH3 concentration. Although the number of samples with 

wind directions other than east was limited, there was no noticeable difference in concentration levels compared to samples 255 

with an easterly wind. It is likely that there was little influence from anthropogenic sources because NH3 concentrations were 

not particularly high when the main wind direction was from the east, regardless of the observation period. Moreover, the 

fact that NH3 concentrations at 26 m were often higher than those at 34 m further supports the idea that variations in NH3 

concentrations were not influenced by the presence of agricultural fields or residential areas. 

 260 

 

Figure 7: The distribution of NH3 concentration at 34 m relative to the main wind direction at each sampling time during the first 

half (a) and second half (b) of the observation period. 

 

3.3 Ammonia fluxes and sources in the tropical dry deciduous forest 265 

Prior to flux determination, we examined the diurnal variation in transfer velocity and its relationship with meteorological 

factors (Fig. 8). Focusing on diurnal variations, the transfer velocity tended to increase from 8:00, peak around noon, and 

then decrease after 17:00, regardless of the observation period. Our daytime sampling fell within this time window and 

successfully captured large daytime turbulence. Although the transfer velocity at nighttime was notably lower than that 

during the daytime, it remained above a certain level. The transfer velocity increased curvilinearly with increasing kinematic 270 

heat flux and friction velocity, regardless of the observation period. The kinematic heat flux tended to be larger in the second 

half of the observation period, whereas the level of friction velocity was almost the same, suggesting that the difference in 

the magnitude of the transfer velocity between each observation period was due to the difference in the kinematic heat flux, 

which is a parameter characterizing the turbulent transport of heat. 

For flux determination, it is crucial to obtain accurate ΔC because it determines the direction and magnitude of fluxes, while 275 

transfer velocity only determines the magnitude. In addition, the transfer velocity was calculated using meteorological 
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elements with roughly patterned diurnal and seasonal variations. On the other hand, ΔC is calculated from the concentrations 

that are determined at multiple heights by multiple processes (i.g. installation of air sampler, collection of the sample, pre-

processing for analysis, analysis using ion chromatograph). The diurnal and seasonal variations in concentrations are greatly 

influenced by the presence of emission sources as well as meteorological elements. Therefore, we performed a paired t-test 280 

on the obtained concentrations at 34 m and 26 m for quality assurance of ΔC in addition to analysis by two ion 

chromatographs. As a result, ΔC was significant (p < 0.01) regardless of the observation period. ΔC was also significant for 

two daytime (p < 0.01) and nighttime (p < 0.05) samples. 

 

 285 

Figure 8: Diurnal variation in the transfer velocity (a) and the relationship between transfer velocity with kinematic heat flux (b) 

and friction velocity (c) during the first half (solid line and circles) and second half (dashed line and crosses) of the observation 

period. The 1-h ensemble mean values for each observation period are shown. 
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Fig. 9 shows the distribution of transfer velocity, ΔC, and NH3 flux at each sampling time during the first and second halves 290 

of the observation period. The mean and median values for each item during the daytime and nighttime were almost the 

same. Transfer velocity was in the range from 0.10 to 1.48 m s−1, and tended to be higher during the daytime and in the 

second half of the observation period. The weighted means and standard deviations of transfer velocity by sampling time 

were 0.40 ± 0.33 m s−1 and 0.56 ± 0.41 m s−1 during the first and second halves, respectively. The weighted mean value of 

the transfer velocity between D1 and N differed by about four times. ΔC was in the range from −1.75 to 0.56 µg m−3, and 295 

there was little difference between observation periods except for some variations during the first half. The weighted means 

and standard deviations of ΔC by sampling time were −0.19 ± 0.35 µg m−3 and −0.21 ± 0.20 µg m−3 during the first and 

second halves, respectively. Although the difference was not notable compared to transfer velocity, the absolute values of 

mean and median ΔC at daytime were larger than those at nighttime. Flux was in the range from −0.110 to 1.352 µg m−2 s−1, 

and the absolute values had a clear trend to be larger at daytime reflecting the characteristics of transfer velocity and ΔC. 300 

However, no clear difference was observed between the two periods as the transfer velocity. The weighted means and 

standard deviations of flux by sampling time were 0.140 ± 0.240 µg m−2 s−1 and 0.158 ± 0.239 µg m−2 s−1 during the first and 

second halves, respectively. As described in Sect. 3.2, there were significant changes in some meteorological elements and 

canopy conditions between the first and second halves of the observation period. However, regardless of the observation 

period, NH3 showed consistent pattern of air-forest exchange, with large emissions at the daytime, and small emissions and 305 

depositions at nighttime. The weighted mean and standard deviation of NH3 flux for the entire observation period was 0.148 

± 0.240 µg m−2 s−1, indicating that the tropical DDF of SERS acted as an emission source of NH3 during the dry season. 
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Figure 9: Distribution of transfer velocity (a), NH3 concentration difference between 34 m and 26 m (b), and NH3 flux (c) at each 310 
sampling time during the first and second halves of the observation period. Positive value of flux indicates emission and negative 

value indicate deposition. Crosses and pluses indicate the mean and median values for each sampling time. 

 

Compared to the fluxes shown in recent studies over forest sites, those obtained in this study fell within these ranges, but the 

mean values were the largest. NH3 fluxes over a Brazilian Amazon forest measured by Ramsay et al. (2020) using AGM 315 

ranged from −30.2 to 9.5 ng m−2 s−1 with mean and standard deviation of 2.83 ± 0.94 ng m−2 s−1. Xu et al. (2023) measured 

NH3 fluxes using AGM over a Japanese deciduous forest, and fluxes ranged from −0.256 to 0.335 µg m−2 s−1 with mean and 

standard deviation of 0.057 ± 0.120 µg m−2 s−1 during summer. More recently, Melman et al. (2025) measured NH3 flux also 

using AGM over a Dutch coniferous forest, and showed range from −1.9 to 1.4 µg m−2 s−1 with mean of −0.050 µg m−2 s−1. 

However, it should be noted that the measurement devices, errors, seasons, times, NH3 concentrations, meteorological 320 

conditions, and statistical methods used in these studies were substantially different, and a direct comparison is only a rough 

guide. Therefore, we investigated the characteristics of seasonal and diurnal variations in NH3 fluxes. 1-month of hourly 

measurements by Ramsay et al. (2020) indicated NH3 emissions were likely to occur in the afternoon (from 14:00 to 16:00). 

Xu et al. (2023) showed seasonal and diurnal differences in fluxes, with the largest emissions occurring during the summer 

and daytime (from 8:00 to 17:00). 2-year measurements by Melman et al. (2025) characterized seasonal and diurnal NH3 325 

exchange: emissions around noon in summer and deposition in spring, autumn, and winter. Although the time periods of 

NH3 emissions varied in these studies, emissions consistently occurred during the daytime in the warm season. Therefore, it 

can be said that our results are plausible. 

Same with previous studies, those mentioned above speculated that daytime NH3 emissions were mainly derived from the 

stomata of plants. However, Ramsey et al. (2020) and Melman et al. (2025) did not measure stomatal conductance (gs), a 330 

parameter indicating the degree of stomatal opening or ease of gas flow. Husted and Schjoerring (1996) obtained a linear 

relationship between NH3 flux and leaf conductance in oilseed rape (Brassica napus) under controlled environmental 

conditions. Gessler et al. (2000) also found that NH3 fluxes depend linearly on water vapor conductance, which is also an 

index of stomatal opening, in mature beech trees (Fagus sylvatica) at a German field site using a dynamic chamber technique. 

In the deciduous forest site studied by Xu et al. (2023), Tanaka et al. (2023) estimated gs for the dominant species around the 335 

observation tower (Quercus serrata). gs in August 2020 peaked during 9:00 to 16:00, and there was no change during this 

time. The daytime observations of Xu et al. (2023) were conducted during this time and fluxes correlated strongly with solar 

radiation, which is also a meteorological element that strongly controls gs. Pitman (1996) showed gs for six species including 

a dominant species (Hopea ferrea) in a dry evergreen forest of SERS and found that the peaks of gs typically occurred 

between 9:00 and 12:00. This also coincides with the sampling time of D1, when the largest emissions were observed. The 340 

differences in the timing of daytime NH3 emissions in these studies may reflect the differences in gs. Igarashi et al. (2015) 

measured gs in teak (Tectona grandis Linn. f.) in a typical tropical deciduous forest located in northern Thailand over six 

years and found that gs had a hysteretic relationship with the LAI. They also revealed that gs tended to be largest when LAI is 
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between 2.5 and 3.0, and tended to be smaller as LAI decrease during the dry season. Because the mean LAI at the DDF of 

SERS at the beginning of the first half was approximately 3.1, it is likely that gas exchange between the leaf stomata and the 345 

atmosphere was most active during this period. However, as can be seen from the decrease in LAI (Fig. A3), it was difficult 

to consider that emissions were mainly from the stomata during the second half when leaf fall progressed. However, the 

fluxes in the second half were at the same level as those in the first half, and indicating there must have been an alternative 

source of emissions to the leaf stomata (Fig. 9). 

Based on previous findings summarized by Flechard et al. (2013), soil and leaf litter were the most likely emission sources in 350 

the second half. Ueda et al. (2017) specified the soil in the DDF as Ultisols, which are usually acidic, poor nutrient, and have 

a low content of organic matter. According to Tammadid et al. (2024), the soil pH in the DDF of SERS was in the range 

from 4.44 to 4.73, with a mean value of 4.54 (acidic). Xu et al. (2024) analyzed soil (Andosols) at the same forest site as Xu 

et al. (2023) and Tanaka et al. (2023), and found that the possibility of emissions from acidic soil (pH = 5.4) was extremely 

low. Moreover, no ammonium ions were detected in the soil in the measurements. The same is probably true for the soil in 355 

the DDF of SERS, which has an even lower pH and poorer nutrient. In addition to soil analysis, Tammadid et al. (2024) 

revealed the litterfall production was highest in January (about 1.5 tons dry matter ha−1) and lowest in December in the DDF 

of SERS. During this period, the LAI in the DDF usually decreases considerably and is accompanied by leaf fall (Matsuda et 

al., 2012). Hansen et al. (2013) measured NH3 flux using the relaxed eddy accumulation method (REA) over a deciduous 

forest in Denmark and found a shift in the direction of flux from deposition to emission, with a simultaneous decrease in LAI. 360 

Their analysis, using a bi-directional exchange model, also indicated that litter is one of the main sources of NH3 emissions. 

A vertical profile measurement using the denuder sampling technique by Xu et al. (2024) at the same forest site as that of Xu 

et al. (2023) also revealed large NH3 emissions from the forest floor immediately after leaf fall. LAI during the emission 

period decreased by about half from 2.5 to 1.3 in 1 month in Xu et al. (2024), which is very closed to the LAI change in the 

DDF of SERS. While previous studies suggest that emissions from the decomposition of leaf litter are likely to occur under 365 

humid conditions (Hansen et al., 2013), the leaching of inorganic compounds from leaf litter is a rather unique process under 

the highly dry conditions of forests in Thailand. For example, Yamashita et al. (2010) conducted vertical flux measurements 

of inorganic nitrogen using ion exchange resin and buried bag methods in a dry evergreen forest of SERS and found that 

leaching of inorganic nitrogen from the leaf litter into the soil was substantially larger than atmospheric nitrogen deposition 

and that leaf litter served as the primary source of ammonium in the forest. It is possible that a portion of the NH3 produced 370 

during leaf litter decomposition is emitted into the atmosphere as the dry season and leaf fall progressed. In Hansen et al. 

(2013), flux measurements were conducted under conditions where both air and soil temperatures were below 10 °C, raising 

concerns regarding whether leaf litter decomposition could progress under these low-temperature conditions. In contrast, the 

air temperature at SERS was higher throughout the observation period, suggesting more favorable conditions for 

decomposition. This evidence supports the idea that the source of NH3 emissions in the DDF of the SERS shifted 375 

dynamically from stomata in the first half (December) to leaf litter in the second half (from January to February). As we only 
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performed flux measurements in this time, it is further emphasized that it is necessary to measure plant physiological 

parameters such as stomatal conductance, as well as leaf litter production and emission potential in the future. 

3.4 Factors controlling ammonia fluxes 

Unlike the NH3 concentration and transfer velocity, no clear correlation was found between the NH3 flux and the 380 

meteorological elements, regardless of the observation period. This is thought to be due to the large variability in the flux 

and/or the complexity of the flux determination. Therefore, we divided air temperature, relative humidity, friction velocity, 

and solar radiation into several categories according to their ranges and focused on the flux distribution in each category (Fig. 

10). As shown in Fig. 10, the ranges of temperature and relative humidity were slightly different because there were 

differences in the variation between the first and second halves of the observation periods. Regardless of the observation 385 

period, NH3 fluxes clearly showed trends according to the ranges of these meteorological elements: larger emissions when 

the temperature and the friction velocity were higher and the integrated solar radiation was larger. And fluxes shifted toward 

deposition as the relative humidity increased. 

Observations and bi-directional exchange models have demonstrated that temperature is the most important factor 

controlling NH3 emissions (Flechard et al., 2013; Zhang et al., 2010). However, to the best of our knowledge, only a few 390 

field studies have clearly demonstrated the relationship between flux and temperature in forest sites. While no direct 

correlation could be found in Xu et al (2023), emissions tended to occur when the air temperature near the canopy was larger 

than 27 °C. They also found emissions likely to occur under dry conditions; relative humidity below 70%. Several field 

studies have also pointed to humidity and surface wetness as factors controlling flux (Ramsay et al., 2021; Hansen., 2013). 

Neirynck et al. (2005) measured the NH3 flux over a mixed suburban forest in Belgium and suggested that a wetted canopy 395 

may be a more efficient sink than a dry canopy. Regardless of the observation period, NH3 emission changed obviously at a 

temperature of 25°C and relative humidity of 60%, which is consistent with previous findings. Although further verification 

is needed at other observation sites, it is possible that the tropical dry deciduous forest exists in environments where 

emissions are more likely to occur during the dry season. At the same forest site as Xu et al. (2023), observations using the 

REA method have shown that friction velocity strongly controls HNO3 emissions (Xu et al., 2021). This study confirmed 400 

large NH3 fluxes with increase in friction velocity, indicating that the emission was enhanced by turbulence. During both the 

first and second halves, emissions are likely to occur with increase in air temperature and integrated solar radiation. However, 

based on the previous discussion, the roles of temperature and solar radiation may have differed during these periods. During 

the first half, when leaves were still abundant, solar radiation contributed to the opening of leaf stomata, which might 

indirectly facilitate emissions from leaves with increasing temperature. On the other hand, in the second half when there 405 

were fewer or no leaves and leaf litter was abundant, the forest floor was warmed by direct sunlight. Warm condition 

probably promoted the decomposition of leaf litter, resulting in continuous NH3 emissions. In the first half, the median flux 

increased stepwise in response to the amount of integrated solar radiation. In contrast, the change in median flux after the 
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first increase was smaller in the second half. These results may also be due to the different roles of solar radiation during the 

observation periods. 410 

 

 

Figure 10: Distribution of NH3 flux according to the range of air temperature ((a), (e)), relative humidity ((b), (f)), friction velocity 

((c), (g)), and solar radiation ((d), (h)) at each sampling time during the first half ((a), (b), (c), (d)) and second half ((e), (f), (g), (h)) 

of the observation period. Solid line indicates median value and dashed lines indicate the 75th (top) and 25th (bottom) percentiles. 415 
“(x” indicates values greater than x, and “x]” indicates values less than or equal to x. Air temperature and relative humidity were 

recorded at 34 m, and friction velocity were derived at 31.5 m at the observation tower. Solar radiation was recorded at the 

weather station of SERS and the integrated values of 1-h values during each sampling time are shown. 

 

3.5 Uncertainties 420 

The AGM has larger measurement errors than more direct measurement methods, such as the REA and eddy covariance 

methods, because this method assumes steady-state conditions and derives flux from the difference in concentrations 
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measured at two heights. Although the case is limited, several high-time resolution flux observations using AGM over 

forests have shown levels of measurement error in NH3 fluxes. Wolff et al. (2010) obtained a median flux error of 

approximately 50% for a German spruce forest. A median error of 33 % was calculated for the study of Ramsay et al. (2020). 425 

Melman et al. (2025) reported a median random error of approximately 50%, indicating that the random error varies 

depending on season and sometime can be up to about 175%. The fluxes measured in this study are in the range of −0.110 to 

1.352 µg m−2 s−1, which probably includes some measurement errors. Manual measurements, such as those in this study, 

have limitations in term of time resolution for flux measurements and the number of samples that can be obtained during a 

campaign. Therefore, it is technically difficult to show measurement error statistically, as in previous studies. However, even 430 

if there was a measurement error of approximately 50% or more as reported in previous studies, the direction of the daytime 

NH3 flux tended to show upward throughout the observation period. Therefore, the conclusion that the tropical DDF acts as a 

net source of NH3 during the dry season remains robust. 

In addition, the fluxes obtained in this study may have included outliers. Regardless of the observation period, all values that 

appeared to be outliers were obtained at sampling time of D1 (Fig. 9). This result cannot be easily interpreted as a 435 

coincidence. In agricultural fields, specific large emission events can be observed after fertilization, which are unthinkable at 

the forest site. Based on the findings published in recent years, the dynamic exchange mechanism at the canopy and/or 

ground surfaces could be a reasonable factor causing abnormally large NH3 emissions. According to Saylor et al. (2025), 

dew at surfaces may have a significant impact on NH3 bi-directional exchange; dew formation induces NH3 dissolution in 

moisture (absorption), and dew evaporation due to drying of the surface causes the re-emission of NH3 to the atmosphere. 440 

Field measurements across different surfaces have shown peaks in NH3 concentrations in the morning with a decrease in 

relative humidity, confirming this process (Wentwortth et al., 2016). Although dew formation may seem unlikely in the DDF 

during the dry season, the meteorological conditions necessary for dew formation are frequently met during the nighttime. 

These include a sharp decrease in air temperature, lower wind speed, and an increase in relative humidity. Even in the 

absence of dew, the formation of a thin water film on the surfaces may play a similar role in the absorption and re-emission 445 

of NH3. The nighttime fluxes on 16 December and 29 January were the few cases that showed deposition during the 

observation period; fluxes were −0.083 µg m−2 s−1 and −0.036 µg m−2 s−1, respectively. Relative humidity at 34 m increased 

from the night of 16 December until 7:30 of 17 December and dropped from 87% to 63% until 12:40. Same variation was 

also observed from the night of 29 January to the noon of 30 January; relative humidity dropped from 82% to 46%. 

Temperature also increased up to about 29 °C during both periods. The daytime fluxes (D1) on 17 December and 30 January 450 

showed large emissions; fluxes were 1.256 µg m−2 s−1 and 0.834 µg m−2 s−1, respectively. This result led us to believe that 

the dynamic mechanism described above may indeed be real. On the other hand, there were samples like 26 January (D1) 

which showed a large emission of 1.352 µg m−2 s−1 even though no deposition occurred at the night before. In addition to 

dew formation, changes in dew pH may affect bi-directional exchange because the equilibrium between gaseous-phase and 

liquid-phase NH3 also depends on pH. For example, acidic dew is thought to promote the deposition of NH3 and suppress the 455 

deposition of other acid gases (Wentwortth et al., 2016). The pH of the dew on the surface is more complex and probably 
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depend on the amount and chemistry of the previously deposited substances. Because our observations alone cannot allow 

for further discussion about this mechanism, we should use bi-directional exchange models considering the dynamic 

exchange on surfaces (Sutton et al., 1998) to verify this hypothesis as the next step. 

4 Conclusion 460 

In this study, we conducted NH3 flux measurements in a tropical DDF in Thailand for the first time and found that the 

characteristics of NH3 concentration and flux were generally consistent with those of previous studies. On the other hand, we 

hypothesize that NH3 concentrations are controlled by meteorological elements as well as by changes in canopy structure 

accompanied by defoliation. Specifically, the dominant NH3 emission source may shift dynamically from leaf stomata to leaf 

litter in response to changes in canopy, forest floor, and meteorological conditions. Notably, during the observation period 465 

(December 2023 to February 2024), the monthly mean air temperatures were 1.2 to 1.8 °C higher than the monthly mean 

values over the 3-year from 2020 to 2022. In addition, the total annual rainfall in 2023 was 550 mm lower than the 3-year 

mean. These warmer and drier conditions may have suppressed NH₃ deposition during the dry season. Observations under 

representative environmental conditions during both the dry and wet seasons are scheduled to be conducted in future studies. 

To draw a conclusion, measuring meteorological elements, concentrations, and fluxes alone is insufficient. Future studies 470 

must incorporate measurements of plant physiological parameters such as stomatal conductance, capturing surface wetness 

and dew formation, in addition to the analysis of leaf litter and soil parameters. 

Improving the measurement accuracy using more advanced techniques is also a crucial next step, and we are currently 

addressing this challenge by installing an REA system (Xu et al., 2022; Xu et al., 2021) at the DDF of SERS. Moreover, high 

temporal resolution is an essential issue that must be addressed in future studies. Furthermore, the applicability of bi-475 

directional exchange models in the tropical DDF is planned to be quantitatively evaluated as the next step, and model inter-

comparison, as in Jongenelen et al. (2025), should also be conducted. Although some recent studies tend to rely heavily on 

sensitivity analyses of NH3 emission potentials of leaf stomata and soil and related resistances, it is scientifically more 

appropriate to improve and refine models based on onsite information and conditions. The NH3 bi-directional exchange 

processes and emission sources can be accurately characterized only through such integrative approaches. In recent years, 480 

there have been studies that treat the bi-directional exchange of NH3 in regional scale chemical transport models (Fu et al., 

2015; Bash et a., 2013). A global scale estimate of NH3 deposition considering bi-directional exchange was also conducted 

using a satellite-based technique (Liu et al., 2020). Detailed assessments of atmospheric deposition processes have also been 

conducted from point models to regional models, such as in AQMEII4 project (Galmarini et al., 2021). This study presents a 

valuable dataset for verifying the results of these latest studies and contributes to the further improvement of the models. 485 
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Appendix A: Additional figures 

 

Figure A1: Windrose at sampling time of D1 ((a), (d)), D2 ((b), (e)), and N ((c), (f)) during the first half ((a), (b), (c)) and the second 

half ((d), (e), (f)) of the observation period. 

 490 

 

Figure A2: Canopy conditions of the dry deciduous forest around the observation tower at the begging of the first half (a) and 

second half (b), and the end of the campaign (c). All the photos were taken from the same direction facing north. 
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 495 

Figure A3: Variation in the satellite-derived LAI at the observation tower. The dataset of MCD15A3H, which is the product of the 

Moderate Resolution Imaging Spectroradiometer mounted at the satellite Terra and Aqua was used. 
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Figure A4: Satellite imagery (6 km × 6 km) of the observation site during four periods: (a) December 15–31, 2023; (b) January 1–500 
10, 2024; (c) January 11–21, 2024; and (d) January 22–February 7, 2024. The images were retrieved from the dataset of Sentinel-2 

Surface Reflectance Harmonized (COPERNICUS/S2_SR_HARMONIZED) via © Google Earth Engine. For each period, imagery 

was filtered for the observation site, and scenes with cloud cover below 20% were selected. 
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