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Abstract:  54 

India is a large country characterised by diverse bioclimatic regions and semi-natural and 55 

managed ecosystems, with some of the largest areas of arable land and mangroves, globally. 56 

Eddy covariance represents the state-or-the-art for directly quantifying the exchange of mass 57 

and energy between land surface and atmosphere. Here, we collate eddy covariance flux 58 

observations from several sites across India, covering major land use and vegetation types and 59 

spanning twenty-seven site-years. The pattern of maximum and minimum CO2 exchange differ 60 

widely among the sites and ecosystems. Croplands exhibit maximum CO2 uptake during the 61 

monsoon in response to rainfall. Some forests, croplands, and mangroves behave as well-62 

watered ecosystems, whereas others oscillate between well-watered and water-stressed states, 63 

due to temperature and moisture dynamics. Respiration changes commensurately with 64 

photosynthetic CO2 uptake, primarily comprising growth respiration. Grasslands have a higher 65 

carbon retention capacity, followed by croplands, forests, and mangroves. CO2, water, and 66 

sensible and latent heat fluxes peaked during different times of the day across ecosystems, 67 

imprinting phase-lags that vary by site and season. Water-limited ecosystems register the 68 

highest ecosystem water use efficiency (WUE), whereas the irrigated croplands have the lowest 69 

WUE. Forests have intermediate WUE of these two; however, Indian forests (predominantly 70 

tropical and subtropical) have lower WUE than their temperate and boreal counterparts. 71 

Canopy-atmosphere coupling is tightest during the dry periods, with their physiological 72 

controls regulating the properties of the surface atmosphere. This is reversed during the 73 

monsoon when environmental control dominates physiological control. This information is 74 

essential for the long-term monitoring of these ecosystems and climate studies and will be 75 

useful to different communities, including scientists, economists, resource managers, and 76 

policymakers. 77 

Keywords: Eddy covariance, Carbon dioxide, Evapotranspiration, Energy flux, India, LULC 78 

  79 
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1. Introduction 80 

The eddy covariance (EC) technique provides the most accurate and defensible method of 81 

quantifying ecosystem-atmosphere exchanges of heat, CO2 and water vapour . Networks of EC 82 

flux towers were initiated in different parts of the globe in the early 1990s (Baldocchi, 2020), 83 

and include AmeriFlux (Novick et al., 2018), EuroFlux and later ICOS in Europe (Aubinet et 84 

al., 1999; Rebmann et al., 2018), AsiaFlux in Asia (Yu and Hirano, 2021), OzFlux in Australia 85 

and New Zealand (Beringer et al., 2016). These measurements have transformed our 86 

understanding of terrestrial ecosystem functioning, biogeochemical process and water balance, 87 

as well as their variability and environmental drivers. EC flux tower data have revolutionised 88 

our ability to develop remote sensing of land-atmosphere interactions through satellite 89 

biophysical product development (Running et al., 1999), improved ecosystem and climate 90 

models (Williams et al., 2009), and are increasing useful to emerging artificial intelligence (AI) 91 

developments in the biogeosceinces (Ichii et al., 2017; Jung et al., 2019). 92 

A coordinated effort to measure land-atmosphere mass and energy exchange is yet to 93 

emergy for the Indian subcontinent, although this lack of a coordinated effort was flagged more 94 

than a decade ago (Sundareshwar et al., 2007). India extends from the stretching from the 95 

tropics to the subtropics and is the world’s most populated country, A major fraction of its land 96 

area is under cultivation (~53% areal cover, e.g., Nayak et al., 2010), with forests (~21.8%, 97 

Forest Survey of India, 2024), grasslands and shrublands (~19%, Nayak et al., 2010) being the 98 

other major contributors. Most of cropped area is multi-cropped, with  different cropping 99 

practices applied in different regions depending on local climate, soil types and water 100 

availability (Patel et al., 2020).  The monsoon is a characteristic feature of this geographic 101 

region (Rajeevan et al., 2010) and agricultural practices (with the major fraction by area being 102 

rainfed, e.g., Jain et al., 2019) as well as the growth of natural plants are closely tied to monsoon 103 

rainfall. Among the forests, broadleaf deciduous and evergreen forests contribute most to the 104 

Indian terrestrial carbon sink (18.5% and 10%, rspectively, Nayak et al., 2010). Added to this, 105 

several of the world’s major mangrove patches are located along the vast coastline of India 106 

(Giri et al., 2011; Jia et al., 2023), which offer a large carbon storage and provide important 107 

ecosystem services, such as protection from cyclones, food and other biological resources 108 

(Alongi, 2014; Mandal & Naskar, 2008).   109 

Passive and active remote sensing approaches, mounted atop satellites, radars, lidars and 110 

unmanned aerial vehicles (UAV)/drones offer unprecedented capabilities in monitoring 111 
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ecosystem dynamics and carbon balance and assessing responses to climatic change and 112 

extremes. However, to utilise their products fully and with high confidence for India, a 113 

comprehensive knowledge of the local ecosystem’s functioning is essential but remains 114 

lacking. This knowledge gap has stalled the development of Earth system models, specifically 115 

representations of vegetation local dynamics. This ‘missing’ carbon sink data from Indian 116 

ecosystems is now essential in order to estimate the Intended Nationally Determined 117 

Contribution (INDC), Biennial Update Report (BUR), and National Communication 118 

(NATCOM), which India needs to report periodically, being a signatory to the Paris Climate 119 

Accord (Chaturvedi, 2015; Ravindranath et al., 2017). However, data uncertainty remains high 120 

for the Indian region (Pandey et al., 2024), and the dearth of reliable measurements has resulted 121 

in uncertainties in regional and global carbon budgets  (Patra et al., 2013; Kumar & Scheiter, 122 

2019; Friedlingstein et al., 2022). EC systems have been operated across the Indian 123 

subcontinent by a range of research teams, but currently lack coordination. However, they are 124 

insufficient in number to represent the diversity of land use and land cover (LULC) in India 125 

(Figure 1), and very few published studies are available using these observations. 126 

Consequently, although several studies have attempted to synthesise the findings from EC 127 

studies at global, continental, and regional scales, none have included any Indian sites 128 

(Baldocchi, 2008; Hirata et al., 2008; Kato and Tang, 2008; Kondo et al., 2017; Saigusa et al., 129 

2008; Kang and Cho, 2021). Here we provide the first synthesis of EC measures of carbon and 130 

water fluxes made at twelve different locations (Figure 1). The specific objectives of the study 131 

were to; (i) quantify the magnitude and variance of evapotranspiration, energy fluxes and the 132 

new ecosystem carbon dioxide exchange (NEE) for flux sites in India, (ii) to analyse ecosystem 133 

carbon and water use efficiencices, and (iii) to explore the influence how land use and climatic 134 

forcing control observed flux variability at sub-continental scale.   135 

2. Data and Methods 136 

2.1. Site locations 137 

The locations of twelve EC flux measurement sites are shown in Figure 1 with a 138 

summary of key information provided in Table 1. Of these sites, Kaziranga National Park 139 

(KNP), Barkachha (BKC) and Pichavaram Mangrove (PVM) are established by the Indian 140 

Institute of Tropical Meteorology (IITM) Pune under the MetFlux-India network of the 141 

Ministry of Earth Sciences (MoES), Government of India (GoI) (Deb Burman et al., 2017). 142 

Dharwad (DIT), Kanpur (UIT), Berambadi (BIT), Nawagam (NIT), Samastipur (SIT), and 143 

Jaisalmer (JIT) sites were established as part of the INCOMPASS (Interaction of Convective 144 
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Organisation with Monsoon Precipitation, Atmosphere, Surface and Sea) project funded by 145 

MoES (GoI) and NERC (Natural Environment Research Council) UK (Turner et al., 2020). 146 

Sites at Betul Forest (BFT) and Sundarbans Mangrove (SFT) were set up as part of the Indian 147 

Geosphere-Biosphere Programme (IGBP) by the Indian Space Research Organisation (ISRO), 148 

Department of Space, GoI (Jha et al., 2013). The Kosi Watershed (KKM) forest site was 149 

established by the Fourth Paradigm Institute, Council of Scientific and Industrial Research 150 

(CSIR) and GB Pant National Institute of Himalayan Environment, Ministry of Environment, 151 

Forest and Climate Change (MoEFCC, GoI).  152 

The sites cover a range of climate regions (Table 1) and annual rainfall regimes, soil 153 

types and land use and management practices (Figure 2). They can be classified into four broad 154 

land cover categories, namely, forests (KNP, BFT and KKM), agricultural fields or croplands 155 

(DIT, BKC, BIT, NIT and SIT), grasslands/shrubs (JIT and UIT) and mangroves (PVM and 156 

SFT). According to the Köppen-Geiger climate classification (Kottek et al., 2006), the most 157 

common climate types are humid subtropical (CWa) and tropical savannah (Aw), each found 158 

at five sites (Table 1). CWa climate is characterised by a hot, humid summer and mildly cold 159 

winter, whereas Aw is characterised by a dry winter. Among the remaining sites, NIT 160 

experiences a hot semi-arid (BSh) climate, characterised by hotter summers and moderately 161 

cool winters; JIT exhibits a hot desert (BWh) climate. 162 

2.2. Measurement details 163 

2.2.1. In situ measurements 164 

Each EC system consisted of a sonic anemometer that measured three components of 165 

wind velocity and sonic temperature and an infrared gas analyser (IRGA) that measured 166 

atmospheric mass densities of CO2 and H2O. Depending on the location, the measurement 167 

height (z) is either 8 to 10 m, or positioned to be at least 1.5 times the mean height of the canopy 168 

in the area surrounding the flux towers (Burba, 2022). The measurement frequency was either 169 

10 or 20 Hz, depending on the instrument capability and/or data collection strategy of the 170 

individual research teams. Respective data measurement periods for each of the sites are listed 171 

in Table 1. Details of the instrumentation deployed at each site are provided in the 172 

Supplementary Information (Section ST1). The EC measurements are supplemented with 173 

observations of solar irradiance and meteorology, and soil physics at several heights on the flux 174 

tower and depths within the soil, respectively. Additionally, plant physiological measurements 175 

such as leaf area index (LAI) were also conducted at several sites (Table 1).   176 
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As noted above, the sites were established to address specific objectives defined by 177 

specific funding programmes, and therefore, the periods of record differ for the sites (Table 1). 178 

Over the Indian subcontinent, sub-seasonal and seasonal variations in meteorology dominate 179 

over the interannual. The combined data set provides a broad picture of the seasonal and annual 180 

cycle of ecosystem-atmosphere exchanges.   181 

2.2.2. Additional data 182 

 Climatological normals (1981 – 2010) for air temperature and precipitation for each 183 

EC site were provided by the nearest surface meteorological observatory managed by the India 184 

Meteorological Department (IMD, data downloaded from 185 

https://dsp.imdpune.gov.in/index.php). The IMD weather station codes corresponding to the 186 

flux sites are listed in Table 2.       187 

Continuous measurements of incoming global radiation (Rg) were not available at NIT, 188 

SIT and JIT. At these sites and at BKC continuous measurements of longwave radiation were 189 

also unavailable. We substituted missing radiation components using the Indian Monsoon Data 190 

Assimilation and Analysis reanalysis (IMDAA) database available for open access at 191 

https://rds.ncmrwf.gov.in/). IMDAA has a 12 km horizontal spatial resolution and one hourly 192 

temporal resolution (Rani et al., 2021). First, the radiation component of interest is averaged 193 

over a 1° x 1° spatial domain centred at the study site, and the original hourly records are 194 

linearly interpolated to give a half-hourly time series. 195 

Long-term high-quality in situ soil water content data is not available at any of the flux 196 

sites, and therefore we use IMDAA soil moisture data at the first (0.00-0.10 m) and third (0.35-197 

1.00 m) layers of the soil. We label water content in these layers as surface soil moisture (SM) 198 

and root-zone soil moisture (RM), respectively. Soil moisture climatologies are based on 1981 199 

– 2010 average conditions. 200 

The district-level LULC maps for each flux tower were accessed from the Bhuvan 201 

portal (https://bhuvan-app1.nrsc.gov.in/thematic/thematic/index.php#). This product is 202 

developed by the National Remote Sensing Centre (NRSC), ISRO, under the Space-based 203 

Information Support for Decentralised Planning at Panchayat level (SIS-DP) project Phase 2 204 

from 2018-23. The multi-temporal Linear Imaging Self-Scanning Sensor (LISS) IV images of 205 

2015-16 were utilised for mapping various land surface features using the visual image 206 

interpretation technique at a 1:10,000 scale. The broad LULC classification for each site is 207 

given in Table S1 and visualised in Figure S4. 208 

https://dsp.imdpune.gov.in/index.php
https://rds.ncmrwf.gov.in/
https://bhuvan-app1.nrsc.gov.in/thematic/thematic/index.php
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At the sites where its in-situ records were not available, the LAI data were extracted 209 

from the MCD15A3H.061 (Version 6.1, Level 4) product by the Moderate Resolution Imaging 210 

Spectroradiometer (MODIS) using the Google Earth Engine (GEE) platform 211 

(https://earthengine.google.com/). This LAI product was available at a 4-day interval and 500 212 

m, temporal and spatial resolutions, respectively. The non-vegetated areas and the low-quality 213 

and cloud-contaminated points were excluded using a land cover mask and the quality control 214 

layer available with each dataset. Finally, the average LAI values of all pixels within a 700 m 215 

zone surrounding each of these flux towers were used to create the representative LAI time 216 

series at that location.   217 

2.3. Software tools 218 

All gridded reanalysis data files were processed on the high-performance computer 219 

Pratyush at IITM. All flux data processing is done using the R programming language 220 

(https://www.r-project.org/). The plots are made using the ‘seaborn’ library in Python 3 221 

(Waskom, 2021). 222 

2.4. Data processing and quality control 223 

The open-access software EddyPro® version 6.2.0 (Fratini and Mauder, 2014) 224 

(https://www.licor.com/env/support/EddyPro/software.html) was used to calculate half-hourly 225 

flux densities of H, LE and NEE from the raw data. Positive fluxes represent net mass transfer 226 

from the ecosystem to the atmosphere, and negative fluxes the reverse. The options used in 227 

EddyPro pre-processing, post-processing, and quality flags are detailed in Deb Burman et al., 228 

(2019) for KNP, Rodda et al., (2021) for BFT, Mukherjee et al., (2018) for KKM, Morrison et 229 

al., (2019b) for DIT, UIT and BIT, Deb Burman, et al., (2020) for BKC, Gnanamoorthy et al., 230 

(2020) for PVM, Bhat et al (2020) for JIT, NIT and SIT, and Reddy et al., (2022) for SFT. As 231 

the high-frequency EC measurements are prone to several artefacts arising from inappropriate 232 

measurement geometry or external disturbances, a set of corrections were applied before and 233 

after calculating the fluxes (Burba, 2022). These are described in detail in Supplementary 234 

information (Section ST2).   235 

2.4.1. Gap-filling, flux-partitioning and footprint analysis 236 

Gaps in the half-hourly fluxes resulting from missing measurements or removal of data 237 

during quality control were filled using the marginal distribution sampling (MDS) technique 238 

(Falge et al., 2001).  The gap-filling and partitioning of the CO2 flux into estimates of gross 239 

https://www.r-project.org/
https://www.licor.com/env/support/EddyPro/software.html
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primary production (GPP) and total ecosystem respiration (TER) were performed using the 240 

open-source REddyProc R-package (Wutzler et al., 2018).The gap-filled NEE (= - GPP + TER) 241 

is partitioned into GPP (gross primary productivity, a measure of total photosynthetic carbon 242 

uptake by the autotrophs) and TER (total ecosystem respiration, comprises autotrophic and 243 

heterotrophic respirations from the ecosystem) using the nighttime respiration-based regression 244 

method  (Lloyd & Taylor, 1994) implemented in Reichstein et al (2005) except at KKM, where 245 

this method failed (Mukherjee et al. 2018), and an alternative daytime light use efficiency-246 

based method by Lasslop et al., (2010) was used. However, both methods have been shown to 247 

produce comparable results at KNP, where the TER derived from the nighttime method 248 

corresponded well with its LUE-derived counterpart (Deb Burman et al., 2020).  249 

The flux source areas for each site are estimated using the analytical two-dimensional 250 

flux footprint (2DFFP) model (Kljun et al., 2015), and the footprint climatologies shown in 251 

Fig. S4. The calculation methodology is explained in Supplementary Information (Section 252 

ST3). 253 

2.5. Ecosystem parameters 254 

Water use efficiency (WUE) at the ecosystem level is defined as the ratio of GPP to 255 

evapotranspiration (ET) (Zhu et al., 2014). After converting LE to ET, we used linear 256 

regressions of daily GPP and ET sums for each site year. Finally, the mean slope for these 257 

regression lines for all available years at a site is taken as the WUE of that site.  258 

Aerodynamic and surface conductances for canopy-atmosphere H2O exchange (Ga and Gs, 259 

respectively, in m s-1) are computed following Thom (1972) and an inverted form of the 260 

Penman-Monteith equation, respectively. The canopy-atmosphere decoupling coefficient (Ω) 261 

is computed following Jarvis & McNaughton, (1986). For all these calculations,  the ‘bigleaf’ 262 

R-package was used (Knauer et al., 2018). The α-coefficient in the Priestley-Taylor formulation 263 

of PET is computed as a ratio of actual to equilibrium evapotranspiration following Priestley 264 

& Taylor, (1972). The surface energy budget (SEB) closure is computed at a daily scale for all 265 

the sites as the linear fit slope between (H+LE) to net radiation (Rn), ignoring the soil heat flux, 266 

which is usually the smallest component in the SEB and not measured at most of the sites.   267 

3. Results and discussions 268 

3.1.Climate and soil moisture variations 269 
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Mean monthly air temperature (Taclim in °C) and total monthly precipitation (Pnclim in 270 

mm month-1) for all the study sites are summarised in Figure 2 and Table 2. The local 271 

microclimates vary widely among our study sites, as expected at subcontinental scale. PVM is 272 

the hottest, with an annual mean temperature of 28.5 °C, and KKM the coolest, with 13.7 °C 273 

(Table 2). Annual rainfall distribution among these sites is also heavily skewed, with the wettest 274 

site SFT receiving 1783 mm of rainfall annually, as compared to a mere 187 mm at JIT, which 275 

is the driest (Table 2).  276 

Intra-annual distributions of Taclim and Pnclim are also distinctively different among the 277 

sites. With a mean Taclim of 28.1 °C, August is the warmest month at KNP, whereas BIT 278 

experiences the warmest conditions as early as April, with a mean monthly Taclim of 27.5 °C. 279 

However, May is the warmest month at most of the other sites, followed by June (Table 2). 280 

January is the coldest month at all the sites, except BFT, BIT and DIT, where December is the 281 

coldest (Table 2). In January, the mean Taclim was 24.9 °C at PVM, as compared to 6.8 °C at 282 

KKM (Table 2). In fact, the warmest month at KKM (June) has a mean Taclim of 18.6 °C, which 283 

is much lower than the coldest month at PVM (Table 2). The year-round temperature at all the 284 

sites remains much higher than KKM.  285 

July and August have maximum precipitation at all the sites, except at DIT, BIT and 286 

PVM, where the maximum Pnclim occurs in September, October and November, respectively 287 

(Table 1). The timing of the driest months vary widely among the sites. It is to be noted here 288 

that KNP experiences showers from March to May due to western disturbances (Mahanta et 289 

al., 2013) and this is clearly distinguishable in its annual Pnclim pattern (Figure 1a). PVM 290 

experiences a slightly different distribution of Pnclim compared to the rest of the sites (Figure 291 

1k); most of its rainfall activity is concentrated in October, November and December, 292 

influenced by the northeast monsoon (Khole and De, 2003). Following IMD, December to 293 

February is considered winter, March to May is considered pre-monsoon, June to September is 294 

considered monsoon, and October to November is considered post-monsoon. 295 

Climatologically, KNP and JIT  have the highest and lowest soil moisture, respectively, 296 

throughout the year (Fig. S2). At all the sites, SMclim largely follows the local precipitation 297 

regime and remains low during the drier parts of the year, except at KNP, where SMclim remains 298 

relatively high even during the winter (Fig. S2). In fact, the annual maximum SMclim at all the 299 

other sites, except KKM, is comparable with the wintertime SMclim at KNP (Fig. S2). 300 

According to Mukherjee et al., (2024), KKM is a much drier site than other Pine-dominated 301 
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ecosystems. RMclim, representing the moisture content in the deeper soil layers, does not 302 

respond promptly to precipitation and shows a damped variation compared to SMclim (Fig. S2). 303 

As we discuss next, such divergent patterns of temperature and water availability 304 

influence the carbon uptake, water loss and energy budgets of the ecosystems. The main text 305 

explains their seasonal variability, whereas their diurnal and spatial variations are discussed in 306 

supplements ST4, ST5 and ST6, respectively, followed by a discussion on their carbon use 307 

efficiency in ST7.  308 

3.2. Seasonal variation of carbon fluxes  309 

The monthly boxplots of NEE, GPP, TER, H, and LE for the entire measurement period 310 

at each of the sites are plotted in Figures 3, 4, and 5, respectively.  311 

3.2.1. Forests 312 

The pre-monsoon is the most conducive season for photosynthesis in forested 313 

ecosystems in India, supported by a warmer environment with non-limiting water and radiation 314 

balance (Fig. 2a). KNP is a weak annual source of CO2 to the atmosphere (NEE ~ +115 gC m-315 

2 y-1, Fig. 3a). Seasonally, the strongest net CO2 sink (negative NEE) occurs in May (Fig. 3a). 316 

This is driven by the highest rates of photosynthetic carbon uptake (GPP) that characterise this 317 

month (Fig. 4a). The respiration is also highest in May (Fig. 4a), likely due to a large autotrphic 318 

contributon. The CO2 uptake is subdued during the monsoon season (Fig. 4a) due to cloudiness 319 

and a high vapour pressure deficit (Deb Burman et al., 2020; Sarma et al., 2022). The NEE is 320 

positive or near zero in winter (Fig. 3a) as photosynthesis in this ecosystem is lowest in the dry 321 

and cold winter season (Sarma et al., 2022), which also has the lowest respiration (Fig. 5a). 322 

BFT is a strong annual CO2 sink with markedly different seasonal cycle of NEE (NEE 323 

~ -520 gC m-2 y-1, Fig. 3b) relative to KNP. At BFT, photosynthesis and respiration peak during 324 

the monsoon (Fig. 4b) and the strongest net CO2 sink (negative NEE) takes place in August 325 

(Fig. 3b). NEE is positive from February to May when both GPP and TER are low, and the 326 

largest net source occurs in June when TER increases more rapidly than GPP (Figs. 3b and 4b). 327 

Contrary to KNP, rainfall is almost zero at BFT during the pre-monsoon, which is also the 328 

warmest season in this region (Fig. 2b). However, both being deciduous forests, variations in 329 

environmental conditions are strongly imprinted in their year-round carbon exchange with the 330 

atmosphere and phenology. These are reflected in the independent records of leaf area index 331 

(LAI in m2 m-2); at KNP, LAI peaks in the pre-monsoon and is lowest in winter (Deb Burman 332 
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et al., 2017), whereas at BFT, LAI is smallest during the pre-monsoon and peaks during the 333 

monsoon (Rodda et al., 2021). 334 

The evergreen KKM forest is a strong annual CO2 sink (NEE ~ -720 gC m-2 y-1, Fig. 335 

3c). Compared to deciduous KNP and BFT, the intra-annual variation of NEE and its 336 

components is small at KKM. The NEE is negative in all months, indicating the forest acts as 337 

a sink of CO2 throughout the year. The strongest net CO2 sink occurs during the monsoon 338 

months at this site (Fig. 3c), which is the warmest and wettest season locally (Fig. 2c). The 339 

weakest net CO2 uptake takes place during winter (Fig. 3c), which is the coldest and driest 340 

season in that region (Fig. 2c). In contrast, two mixed deciduous forests in the western 341 

Himalayan foothills of northern India sequester maximum carbon in the post-monsoon, and 342 

their carbon uptake was negatively affected during the monsoon due to radiation limitations 343 

(Watham et al., 2020).  344 

The mean annual NEE across the three forests in this study (~ -375 gC m-2 y-1) is larger 345 

than the temperate forests (~ -340 gC m-2 y-1) and comparable to the Mediterranean forests (~ 346 

-380 gC m-2 y-1) globally (Luyssaert et al., 2007). However, BFT was a stronger sink of CO2 347 

than a mixed forest and an evergreen forest in Xishuangbanna and Dinghushan in China, 348 

respectively, located at similar latitudes, with their annual NEEs being -119 gC m-2 y-1 and -349 

413 g C m-2 y-1, correspondingly (Tan et al., 2010; Njoroge et al., 2021). Located within the 350 

same latitudinal belt, an experimental mountain forest in Nantou sequestered more CO2 (-561 351 

g C m-2 y-1) than BFT but less than KKM (Maneke-Fiegenbaum et al., 2018), whereas the NEE 352 

of a dry mixed forest in Sonora, Mexico, varied from +102 gC m-2 y-1 to -249 gC m-2 y-1, 353 

modulated by the monsoon rainfall (Verduzco et al., 2015). 354 

3.2.2. Croplands  355 

The cropland sites (DIT, BKC, BIT, NIT and SIT) were net annual sinks for atmospheric 356 

CO2 (annual NEE -450 to -140 gC m-2 y-1, respectively), with the exception of BKC, which 357 

was a net source (NEE +130 gC m-2 y-1) (Figs. 3d-h). At DIT, the strongest net sink occurs 358 

within the monsoon season (September), when GPP and TER attained their seasonal maxima. 359 

The site functioned as a net CO2 source in pre-monsoon (net emissions peak in May) when 360 

GPP and TER were also small  (Fig. 4d). The cropping practice at DIT, representative for this 361 

region, is most active from June to October, with corn and soybean being the main produce 362 

(Morrison et al., 2019a). This practice depends on monsoon rainfall and is known as ‘Kharif’ 363 

(rainfed) agriculture (Krishna Kumar et al., 2004). This is reflected in its NEE pattern, which 364 
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becomes increasingly negative from June onwards, and the strongest net CO2 sink occurs in 365 

September (Fig. 3d). Also, GPP and TER are at their maximum during the monsoon (Fig. 4d). 366 

During winters, Pigeon Pea is grown at this site, and the site acts as a weak net CO2 sink 367 

(negative NEE) during this time (Fig. 3d). The NEE is positive during the pre-monsoon, 368 

signifying that this cropland acts as a net source of CO2 during the non-cropping times. Annual 369 

variations in GPP and TER (Fig. 4d) underly the patterns of NEE at DIT. The highest intra-370 

month variations are seen in NEE, GPP and TER in August, which is the flowering time of 371 

Kharif crop growth when planted in June (Kulkarni et al., 2022). 372 

Also, at BKC, the ‘Kharif’ cropping is followed, and the most negative seaonsonal NEE 373 

and maximum GPP were observed in July (Figs. 3e and 4e) (Deb Burman, et al., 2020). 374 

However, TER peaks later in the seaaons (September) after harvest (Fig. 4e), which leads to 375 

the highest net CO2 emissions during this month (Fig. 3e). Except for during the monsoon and 376 

pre-monsoon seasons, NEE at this sites remains almost CO2 neutral (Fig. 3e).  377 

For the BIT cropland, we did not have enough data in August. Noting this data 378 

limitiaiton, the strongest net CO2 sink took place in October (Fig. 3f), and the site was a weak 379 

sink throughout the monsoon.  The vegetation activity surrounding this tower consists mainly 380 

of small-scale agriculture. driven by the Kharif cropping practice. Consequently, GPP and TER 381 

also peaked during this period of the year (Fig. 4f).  382 

The seasonal cycles of NEE, GPP and TER were rather similar at NIT and SIT 383 

croplands, and these sites were CO2 sinks or close to neutral throughout the year (Figs. 3g,h). 384 

At NIT, the minimum NEE was in September (Fig. 3g), which is also the month with maximum 385 

GPP (Fig. 4g). The NEE  maximum occurs in November (Fig. 3g), driven by the annually 386 

highest TER in this month (Fig. 4g). At this site, GPP and TER both drop drastically in 387 

December (Fig. 4g). At SIT,  NEE remains negative from July to October, and the maximum 388 

net sink occurs in September (Fig. 3h). Hence, the monsoon is the most active season for carbon 389 

uptake at these two sites, and both GPP and TER drop drastically in December. A key difference 390 

between these two croplands is in their carbon sequestration during the pre-monsoon. In this 391 

season, NEE is negative at NIT but positive at SIT (Figs. 3d-e). In comparison, the mean NEE 392 

varied from -6.54 to 2.87 gC m-2 d-1 at an experimental rice farm in Cuttack in Odisha in East 393 

India (Swain et al., 2016). The mean NEE varied from -4.23 to 1.66 gC m-2 d-1 at a jute 394 

plantation in Barrackpore in West Bengal in East India (Barman et al., 2022).As compared to 395 

these, a fertilised rice paddy in Caotun, Taiwan, located at a similar latitude to NIT and BKC 396 
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(~ 24°N) and cultivated using precision agriculture was a net source of CO2 with an annual 397 

mean daily NEE of 0.74 gC m-2 d-1 (Tseng et al., 2010). However, a lowland irrigated rice crop 398 

in Los Baños, Philippines (~ 14°N) sequestered ~ 252 gC m-2 y-1, averaged over multiple 399 

cropping cycles (Alberto et al., 2015).  400 

3.2.3. Grasslands  401 

Both JIT and UIT grasslands are net CO2 sinks on an annual timescale, yet their sink 402 

strength varies by almost a factor of two (~ -380 and -730 gC m-2 y-1, respectively) and the 403 

seasonal patterns are different (Figs. 3i-j). The difference in annual GPP (~ 900 and 3100) and 404 

TER (~ 520 and 2340 gC m-2 y-1) are fourfold; the primary reason is the more favourable 405 

climate at UIT (Figs. 2i-j). NEE at JIT (a dry desert-type seasonal grassland) is negative during 406 

pre-monsoon and monsoon seasons, with the strongest net sink in August (Fig. 3i) driven by 407 

the maximum photosynthetic uptake in this month (Fig. 4i). GPP remains positive yet small 408 

even during winter (Fig. 4i); during this period TER (Fig. 4i) exceeds GPP and the site acts as 409 

net CO2 source (Fig. 3i).  The grassland at JIT depends on rainfall, which is reflected in the net 410 

patterns of net CO2 uptake and TER as explained above.  411 

Like DIT, grassland at UIT has negative NEE from April to October (Fig. 3j). The 412 

strongest net uptake and highest GPP and TER occur during the monsoon season (August). In 413 

winter, the site is a weak net CO2 source, as shown by maximum NEE and minimum GPP and 414 

TER (Figs. 3j and 4j). The non-commercial grassland at this site grows vigorously from June 415 

to October when water is abundant, whereas it remains dormant during the rest of the year 416 

(Morrison et al., 2019a). Except for monsoon months, soil moisture can not support vegetation 417 

growth (Fig. S2j). Although the root-zone soil moisture remains high during these times, it lays 418 

beyond the rooting depth of the grass (Soni et al., 2006). Similar patterns are replicated in its 419 

GPP and TER records (Figs. 4j).  420 

During August and September, GPP at UIT grassland exceeds that of KNP and KKM 421 

forests (Figs. 4a, 4c and 4j) in support of Bhat et al., (2020) and Umair et al., (2020). Ma et al., 422 

(2007) reported a grassland to have significantly higher GPP than a tree canopy during the 423 

former’s growth stage. However, the maximum GPP of UIT grassland (Fig. 4j) remains lower 424 

than the corn and soybean crops grown at DIT (Fig. 4d). These are supportive of the 425 

observations at BKC as in all cases the residual grass covers on the sites do not exchange much 426 

CO2 with the atmosphere. Our findings are similar to results from a 20-year-old Cenchrus 427 

ciliaris grassland in South India (Lalrammawia and Paliwal, 2010). Globally, the tropical and 428 



15 
 

subtropical grasslands are known for their variable carbon balance, ranging between sources 429 

and sinks of atmospheric CO2, even for the ecosystems located in comparable climates and 430 

having similar species composition. Several of these were net sources of atmospheric CO2 such 431 

as a semi-arid grazed savannah in Queensland, Australia (NEE ~ 35 gC m-2 y-1, Hutley et al., 432 

2005), a savannah dominated by grass and shrubs in Burkina Fasso (NEE ~ 304 gC m-2 y-1, 433 

Brümmer et al., 2008), and a mixed grassland savannah in Mato Grosso, Brazil (NEE ~ 275-434 

330 gC m-2 y-1, Vourlitis et al., 2022). Exceptions include a savannah woodland in semi-arid 435 

Botswana (NEE ~ -12 gC m-2 y-1 ,Veenendaal et al., 2004), and a low tree and shrub savannah 436 

in Ferlo, Senegal (NEE ~ -271 gC m-2 y-1, (Tagesson et al., 2015)). An occasionally grazed 437 

grassland at Sumbrungu, Ghana, with annual mean precipitation of 375 mm and canopy height 438 

of 4.5 m, sequestered most of the CO2 in the wet season  like the Indian grasslands.This 439 

ecosystem was, however, a net source of CO2 (NEE ~ 128 gC m-2 y-1, Quansah et al., 2015). 440 

Over the course  of five years, a semi-arid savannah in the Kruger National Park in South Africa 441 

was also observed to show an oscillating NEE in repsose to interannual differences in rainfall 442 

(NEE varying from -138 gC m-2 y-1 to 155gC m-2 y-1, (Archibald et al., 2009)).  443 

3.2.4. Mangroves 444 

The mangrove ecosystems at PVM and SFT sites are net annual CO2 sinks (~ -150 and 445 

-250 gC m-2 y-1, respectively) (Figs. 3k-l). Compared to dryland forests, croplands and 446 

grasslands, mangroves have minimal seasonal or annual variability in their CO2 fluxes (Figs. 447 

3-4k,l). The NEE is most negative in January and most positive in November at PVM (Fig. 448 

3k); the GPP and TER are maximum and minimum in September and November, respectively 449 

(Fig. 4k). Most of the rainfall at this site is confined to the previous three months (Fig. 2k), 450 

which results in increased freshwater flow to the estuary and reduces the basin salinity 451 

(Gnanamoorthy et al., 2020). This improves the stomatal conductance and enhances  carbon 452 

uptake in December and January (Deb Burman et al., 2022). During June and July, the NEE 453 

remains positive (Fig. 3k); this is the warmest period of the year in the region with the least 454 

amount of rainfall (Fig. 2k). However, the CO2 exchange in mangroves is more complex than 455 

their ‘dry’ terrestrial counterparts. Details of the mechanisms controlling the strength and 456 

variability of carbon uptake at PVM were reported in Gnanamoorthy et al., (2020). 457 

Contrary to PVM, the most negative NEE at SFT is  in June and the maximum in March 458 

(Fig. 3l). The site is mostly a net CO2 source from January to March (Fig. 3l). From July to 459 

October, both GPP and TER are at their highest (Fig. 4l). As a result, NEE becomes mostly 460 

positive during these months, which is attributed to the radiation limitation in the presence of 461 
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convective clouds (Reddy et al., 2022). Thus, despite the seasonal variability of CO2 462 

sink/source strength of mangrove ecosystems being weaker than in the other Indian 463 

ecosystems, the magnitude and timing of carbon uptake differ between PVM and SFT, although 464 

both the mangroves are located on the east coast of India.  465 

In comparison to these, the annual NEE of mangroves with similar floristic 466 

compositions located elsewhere in the world varied widely. A subtropical mangrove in 467 

Zhanjiang Mangrove National Nature Reserve, China, varied from -622.5 to -832.8 gC m-2 y⁻1, 468 

over a decade of observation. This mangrove, however, recorded a minimal seasonal variation 469 

of NEE, similar to the Indian sites (Gou et al., 2023). On the contrary, a mangrove at the Mai 470 

Po Nature Reserve mangrove ecosystem in Hong Kong, China, recorded significant seasonal 471 

fluctuation and an average annual NEE of -824 gC m-2 y-1(Liu and Lai, 2019); notably, this 472 

mangrove sequestered more atmospheric CO2 in the dry season than wet, unlike PVM. The 473 

annual NEE of a mangrove at Puerto Morelos, Mexico was -709 gC m-2 y-1 (Alvarado-474 

Barrientos et al., 2021). All these mangroves are located at similar latitudes to SFT. However, 475 

consequent to their higher carbon sequestration, the mean canopy heights of these mangroves 476 

were comparable to or higher than the Indian mangroves. We found no other mangrove located 477 

as close to the tropics as PVM, with at least one year of EC flux observations reported in the 478 

literature. 479 

3.3.Seasonal variation of water and energy fluxes 480 

Overall, the SEB closure at our study sites (Table 3) ranges within the reported values 481 

at FLUXNET sites, globally (Mauder et al., 2024), with the exception of BKC, which faced a 482 

drought in 2014 (Deb Burman et al., 2020). This might have resulted in significant soil heat 483 

flux and storage at this site, which, however, could not be measured and hence not reflected in 484 

its SEB closure.  485 

3.3.1. Forests  486 

Surface energy fluxes differ significantly between the three dryland forest ecosystems, 487 

both in their magnitude and seasonal patterns (Fig. 5a-c). At the KNP deciduous forest, LE 488 

exceeds H throughout the year  (Fig. 5a), indicating that this forest always behaves as a well-489 

watered ecosystem, including during dry winter conditions (Deb Burman et al., 2022). The 490 

seasonal cycle of LE is symmetric with a broad maximum during April to August. The dip in 491 

ET during July is due to the presence of rain-bearing clouds that reduce the total available 492 

energy (Deb Burman et al., 2020). In winter, H and LE remain comparable (Fig. 5a).  493 
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The seasonal cycle of energy fluxes at BFT is in stark contrast to KNP (Fig. 5b). During 494 

the first half of the year, the energy balance is dominated by H, whereas during the rest of the 495 

year LE exceeds sensible heating (Fig. 5b). The maximum monthly H and LE values are of 496 

comparable magnitude; in addition, their monthly variations seem to be in anti-phase with 497 

respect to each other (Fig. 5b)). This implies that the monsoon cycle (Fig. 2b) plays an 498 

important role in controlling the partitioning between energy fluxes. Also, the range of variation 499 

of H and LE and available energy (H + LE) are much wider at BFT compared to KNP. Due to 500 

persistent rainfall in this period, root zone moisture content is also replenished and stays high 501 

until December (Fig. S2b). As a result, LE remains high in this period (Fig. 5b). However, 502 

consistent water loss and lower rainfall from October onwards results in a gradual decline in 503 

soil moisture from January (Fig. S2b). Nonetheless, air temperature rises from January (Fig. 504 

2b). As a combined effect, the sensible heat feedback from this forest increases until June at 505 

the expense of the latent heat. Contrary to the BFT site, RM and SM remain high throughout 506 

the year at KNP, meaning there is no water limitation at this site (Fig. S2a). 507 

An intermediate pattern of variation in heat fluxes is observed at the evergreen KKM 508 

forest, where the year-round values of H and LE remain comparable to KNP, but their relative 509 

seasonal cycle resembles that of  BFT (Fig. 5c). At this site, both heat fluxes increase from 510 

January to May, with H leading LE (Fig. 5c). In July, H declines to a magnitude that is similar 511 

to the winter months and remains lower than LE until October. LE continues to increase and 512 

peaks in August (Fig. 6c). Afterwards, LE decreases and becomes smaller than H since 513 

November (Fig. 5c). The sub-daily scale causal relationship between H and NEE at KKM was 514 

investigated using mutual information and transfer entropy network, with the former as source 515 

and the latter as target variables. It showed H to be an important driver for accelerated carbon 516 

sequestration by the KKM ecosystem. (Khadke et al., 2024). 517 

The above variations can be explained by patterns of temperature and soil moisture 518 

availability. KKM  receives the majority of the rainfall from June to October (Fig. 2c), which 519 

boosts its ET and subsequently decreases H (Fig. 5c). Air temperature increases from January 520 

to May while in the same period KKM also experiences sporadic rainfall (Fig. 2c). As a 521 

consequence, both H and LE rise during this period (Fig. 6c). On average, soil and root zone 522 

moisture content at KKM are higher than BFT but lower than KNP (Figs. S2a-c). 523 

The SEB at these forests was closed from 72% to 83% (Table 3). Much like KNP, LE 524 

was higher than H throughout the year in a tropical rainforest in Xishuangbanna, China (Li et 525 
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al., 2010). The daytime maximum H and LE at this forest approximately varied from 125 W 526 

m-2  to 200 W m-2 and 300 W m-2 to 350 W m-2, respectively, between the local wet and dry 527 

seasons. KNP and KKM record similar sub-daily variations in H and LE throughout the year, 528 

as these two are located in the same climate zone, whereas H and LE record much wider 529 

excursions at BFT (Figs. S8-S9).  530 

3.3.2. Croplands 531 

At all cropland sites, LE peaks during the monsoon and post-monsoon, whereas the 532 

largest sensible heat fluxes are observed in the pre-monsoon season (Fig. 5d-h). At three of the 533 

cropland sites (DIT, BKC and BIT), H and LE alternately dominate each other for given periods 534 

in a year (Figs. 5d-f), whereas at NIT and SIT, LE  almost always exceeds H (Figs. 5g-h). Thus, 535 

there is almost a 180° phase difference between H and LE at DIT and BIT (Figs. 5d and 5f), 536 

very similar to the BFT forest site (Fig. 5b). As described, LE is larger than H during the 537 

monsoon at all these sites, except for June at DIT (Figs. 5d-h). However, even during the pre-538 

monsoon and winter, H and LE remain comparable at BKC, NIT, and SIT (Figs. 5e, 5g-h), 539 

whereas H is considerably larger than LE in these two seasons at DIT and BIT (Figs. 5d and 540 

5f). Contrary to these findings, at a tropical lowland rice cultivation site in eastern India, LE 541 

surpassed H throughout the year (Swain et al., 2018), including the ‘dry’ periods. The site at 542 

BKC faced a drought in 2014 (Deb Burman et al., 2020). This might have resulted in significant 543 

soil heat flux and storage, which were not measured and hence contributed to a comparatively 544 

lower degree of SEB closure at this site.  545 

At an upland rice paddy located in Los Baños, Philippines,  in a similar climate to DIT 546 

and BIT, LE was higher than H through the growing phase of the crop, which was inundated; 547 

at other times, H was significantly larger (~45%) than LE (Alberto et al., 2011). LE always 548 

dominated H at a rotated crop plantation between rice and milk vetch in Nanchang, China, had 549 

(Liu et al., 2019) similar to a rice paddy in Mymensingh, Bangladesh (Hossen et al., 2012). 550 

However, LE were dominated by H by an order of magnitude at a flooded irrigated rice in 551 

Paraíso do Sul, Brazil (Timm et al., 2014). 552 

3.3.3. Grasslands 553 

The surface energy fluxes behave differently for the two grassland ecosystems (JIT, 554 

UIT). At JIT, H exceeds LE even during wet periods (Fig. 5i), whereas LE dominates over H 555 

at UIT, except in December - January (Fig. 5j). The JIT site is the driest ecosystem in this study, 556 

and LE remains considerable only from June to September (Fig. 5i); locally these four months 557 
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are wet although the rainfall received in these months (≤ 75 mm mo-1) remain well below the 558 

other sites (Fig. 2i). Being located in the Thar desert, soil moisture remain low throughout the 559 

year (Fig. S2i). Additionally, the high surface albedo limits the available energy. Both of which 560 

result in most of the aviable energy being partitioned into H (Fig. 5i). 561 

  The UIT grassland is well-watered for most parts of the year, and maximum LE is 562 

observed in June (Fig. 5j), corresponding to the warmest month (Fig. 2j). The dip in LE during 563 

July and August (Fig. 5j)  is again probably due to cloudiness and lower available energy at the 564 

surface. The SM has its annual maximum in these two months (Fig. S2j). H is a maximum at 565 

UIT in the winter (Fig. 5j), the coldest and driest season (Fig. 2j). 566 

 The SEB closure at JIT and UIT are 82% and 81% respectively (Table 3) which are 567 

well within the range for the other grasslands in Asia (Kang and Cho, 2021) and higher than 568 

the semi-arid grasslands in Arizona, USA (Krishnan et al., 2012). Similar to JIT, H dominated 569 

LE at a semiarid alpine steppe in Bange (~ 31.5°N), China, whereas H and LE were prevalent 570 

in dry and wet periods, respectively at an alpine meadow in Lijiang (~ 27°N), China. At an arid 571 

rangeland in Bernal (~ 21°N), Mexico,  SEB was closed at 72% where the daily maximum LE 572 

varied from 40 W m-2 to 100 W m-2 (Guevara-Escobar et al., 2021), similar to JIT where the 573 

daily maximum LE varied from 35 W m-2 to 122 W m-2 (Fig. S9).   574 

3.3.4. Mangroves 575 

The most striking feature of the surface energy balance variability at both the mangrove 576 

sites is that LE does not significanly dominate over H, as could be expected as these sites are 577 

partially or fully inundated in estuarine water throughout the year. At PVM, H is larger than or 578 

equal to LE from February to May and during September and October (Fig. 5k). Notable 579 

monthly precipitation (≥ 50 mm mo-1) at PVM is seen from August to December (Fig. 2k), and 580 

exceeds  H in this period (Fig. 5k). Lower air temperature combined with riverine freshwater 581 

inputs from upstream regions of the Cauvery basin due to the prolonged rainfall until December 582 

also maintains LE at high values in January (Fig. 5k), whereas rising air temperature and 583 

declining precipitation from February to May (Fig. 2k) increases H and limits LE in this period 584 

(Fig. 5k). In fact, H is annually highest in May (Fig. 5k) which is also the warmest month in 585 

this region (Fig. 2k). 586 

In comparison to PVM, the annual cycles of H and LE are different at SFT (Fig. 5l). At 587 

SFT, LE remains higher than H except from July to September (Fig. 5l). Although these three 588 

months are locally wettest, probably increased environmental temperature in the same period 589 
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increases H more than LE (Fig. 2l). Water salinity was found to be the primary controlling 590 

variable for both the biotic and abiotic components of evapotranspiration, namely transpiration 591 

and evaporation, respectively, at the PVM mangroves, as explained in detail in Deb Burman et 592 

al., (2022). 593 

Compared to CO2 fluxes, there have been fewer published studies on mangrove energy 594 

balance. SEB closure at a mangrove ecosystem in the Florida Everglades was comparable to 595 

PVM and SFT, in which energy advected by tides has been shown to form a significant 596 

component (Barr et al., 2013) of the energy budget. Furthermore, similar to PVM, this 597 

mangrove oscillated between the behaviour of a well-watered and a water-stressed ecosystem 598 

during moist and dry seasons (Barr et al., 2014). In contrast to these, LE was consistently higher 599 

than H, including the dry periods at a mangrove in the subtropics (~0.65°S) where SEB closure 600 

was ~65% on average (Freire et al., 2022). Having explored the CO2 and energy balance of 601 

these ecosystems individually, we now further explore the linkage between these two, as they 602 

remain tightly coupled primarily due to the stomatal regulation (Gentine et al., 2019).  603 

3.4. Ecosystem water use efficiency 604 

The annual WUE of the ecosystems considered in this study shows a significant range of 605 

variation, from a minimum of 1.2 gC kg-1H2O at BKC to a maximum of 3.8 gC kg-1H2O at JIT 606 

(Table 3). The mean WUE of the studied ecosystems is 2.3 gC kg-1H2O. The water-stressed 607 

ecosystems are adapted to a more limited water regime (Webb et al., 1978), which elevates 608 

their WUE to above-average values (Table 3). This is higher than the global mean WUE of 609 

semi-arid ecosystems (1.60 gC kg-1H2O) (Zhang et al., 2020). Driven by precipitation and SM 610 

variabilities, the WUE of semi-arid shrubland in China varied from 1.33 gC kg-1H2O to 1.62 611 

gC kg-1H2O (Jia et al., 2016), which also remains lower than our findings for water-limited 612 

sites. 613 

In contrast, ecosystems with more available water have below-average WUE; these include 614 

the rainfed agricultural sites at DIT, BIT and JIT (Table 3) and are comparable with other Indian 615 

agri-ecosystems. The mean WUE of an irrigated citrus orchard in central India is reported to 616 

be 1.77 gC kg-1H2O (Peddinti et al., 2020). A rainfed cotton crop in the same region had a WUE 617 

of ~ 2.0 gC kg-1H2O (Chakraborty et al., 2022). According to Oo et al., (2023), the WUE of an 618 

irrigated triple-cropped rice cultivation site in southern India varied from 1.18 gC kg-1H2O to 619 

2.21 gC kg-1H2O. A drip-irrigated maize plantation in central India has a WUE of 1.24 gC kg-620 

1H2O (Karimindla et al., 2024). However, being situated in a semi-arid region, the cropland at 621 
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NIT has a higher WUE at 3.38 gC kg-1H2O (Table 3).  By contrast, a winter plantation of 622 

chickpeas, grown under non-irrigated conditions in south India, had a much lower WUE at ~ 623 

0.78 gC kg-1H2O (Chakraborty et al., 2021).  624 

The low WUE of the croplands has significant implications for climate change. To ensure 625 

food security for an increasing population, agricultural expansion may take place at the cost of 626 

natural ecosystems in future (Chaplin-Kramer et al., 2015). This will place further stress on the 627 

the water cycle, coming at a high cost for net carbon gains.  On the other hand, the ecosystems 628 

with larger WUE, such as grasslands, may be more resilient to water stress in adverse climates.  629 

Indian forests show a narrower range of WUE than crops. Among the forested sites, the 630 

coniferous forest at KKM has the highest WUE of 2.73 gC kg-1H2O, closely followed by 631 

deciduous KNP at 2.70 gC kg-1H2O. The dry deciduous forest at BFT has a low WUE of 1.44 632 

gC kg-1H2O, comparable to rainfed agricultural systems. Globally, coniferous forests are 633 

traditionally known for their conservative water use strategies (Brodribb et al., 2013; Frank et 634 

al., 2015) and our findings at KKM support this. In addition, enhanced water availability with 635 

increasing spells of rainfall, particularly during monsoon at KKM, resulted in higher carbon 636 

assimilation following a power law relationship developed between daily rainfall and NEE. 637 

(Lohani et al., 2023).   638 

According to Beer et al., (2009) the ensemble average WUE of several grassland 639 

ecosystems in the temperate USA is 2.93 gC kg-1H2O. Based on multiple years of EC 640 

measurement, Hu et al., (2008) reported the WUE of several grasslands in China to vary 641 

between 0.31 gC kg-1H2O to 1.38 gC kg-1H2O; in comparison to this, we observe higher WUE 642 

at all our grassland sites  (Table 3).  643 

The number of studies reporting the WUE of mangroves is limited. According to Liang et 644 

al., (2022), mangroves can have a higher WUE than the other vegetation. This primarily arises 645 

out of the extra energy requirement at the plant level to extract fresh water from a saline 646 

reservoir (Reef and Lovelock, 2015), for which the plants adapt.  647 

According to  Xiao et al., (2013), the WUE of Gaoqiao and Yunxiao mangroves in China 648 

are 2.01 gC kg-1H2O and 2.11 gC kg-1H2O, respectively, both of which are located at latitudes 649 

(21.57 °N) similar to SFT. To compare, SFT has marginally lower WUE at 1.92 gC kg-1H2O 650 

while PVM has the maximum WUE among mangroves at 2.37 gC kg-1H2O (Table 3). That site 651 

is closest to the tropics and experiences the highest salinity. The northernmost part of the Bay 652 

of Bengal is one of the least saline ocean basins globally (Sengupta et al., 2016). Being located 653 
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here, SFT has access to more freshwater, which lowers its WUE, as reported earlier by Nandy 654 

& Ghose (2001). Our findings attest to the fact that the mangrove WUE remains one of the 655 

highest among the terrestrial ecosystems closely regulated by the water salinity.  656 

3.5. The nature of ecosystem-atmosphere coupling  657 

The surface and aerodynamic conductance and surface-atmosphere coupling are 658 

illustrated in Fig. 6 and 7. The α coefficient in the Priestley-Taylor formulation represents the 659 

relative magnitude of ET compared to its reference ET. This reference ET is assumed to be the 660 

atmospheric water loss from a hypothetical crop surface with a canopy height of 12 cm, surface 661 

conductance of ~ 0.014 m s-1 and albedo of 0.23, closely resembling a well-watered green 662 

grassland. The daytime values of α are plotted in Figure 7.  663 

In forests, aerodynamic conductance (Ga) exceeds surface (stomatal) conductance (Gs) 664 

throughout the year, except at BFT during the monsoon, when Gs strongly increases (Figs. 6a-665 

c).  During this period at BFT, the decoupling coefficient (Ω) is high, and the ratio of actual to 666 

equilibrium evapotranspiration (α) becomes >> 1 (Fig. 7b), indicating that LE is partly driven 667 

by the downward sensible heat flux (Fig. 5b). According to Liu et al., (2019) this is 668 

characteristic of the energy-limited regime. This is also the case in early monsoon at KKM 669 

(Fig. 5-6c). In croplands, Gs is larger during periods of maximum CO2 uptake, whereas it 670 

decreases during the inactive periods (Figs. 6d-h). The grassland sites have smaller 671 

aerodynamic and surface conductance than the other vegetation types (Figs. 6i-j). Gq is the 672 

smallest among all at PVM, which is probably dictated by a high basin salinity, as explained in 673 

Deb Burman et al., (2022). Compared to this, the mangrove at SFT records higher Gs, which 674 

probably explains larger ecosystem-atmosphere exchanges at this site than PVM. 675 

Overall, the forests have the maximum Ga among all the ecosystem types, primarily 676 

attributable to their tall, rough, canopies, resulting in more turbulent mixing. The maxima in 677 

Ga and Gs occur at different times of the year, and such variations are found across all ecosystem 678 

types. Interestingly, Gs is high in all ecosystems during the period of maximum CO2 and water 679 

exchange even though Ga peaks at other times during the year and remains smaller during the 680 

period of strongest exchange. 681 

The median of α is always smaller than unity at KNP; it is highest in April and May and 682 

remains much smaller than 1 during other times in the year (Fig. 7a). This starkly contrasts 683 

with BFT, where α is always larger than 1 except March, April and May (Fig. 7b). α is highest 684 

and larger than 1 during the monsoon at KKM; during other months, α remains smaller but 685 
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close to 1 in this forest (Fig. 7c). α values significantly larger than unity have been reported 686 

earlier from forests in wet conditions (Shuttleworth & Calder, 1979; Viswanadham et al., 1991). 687 

The value of α is larger than unity at the croplands during monsoon, except BKC and 688 

NIT, where it increases but never exceeds one (Figs. 7d-h). It is striking to note that at both the 689 

grasslands, JIT and UIT, α exceeds one during the monsoon period (Figs. 7i-j). In fact, the year-690 

round values of α are larger at the grassland sites than the croplands considered in this work. 691 

Among the mangroves, α is the smallest at PVM (Figs. 7k-l). At PVM, it is never larger than 692 

one, but at SFT α is mostly higher than one in monsoon (Figs. 7k-l). 693 

Omega (Ω) signifies the relative strength of environmental and physiological controls 694 

on the surface atmosphere. Among the forests, the median Ω is larger at KNP (Fig. 7a) 695 

compared to BFT (Fig. 7b) and KKM (Fig. 7c), signifying stronger controls of the forest 696 

canopies on the surface atmospheric properties at the latter two sites. Ω is higher during the 697 

monsoon period, similar to a tropical semi-deciduous forest in Brazil (Vourlitis et al., 2008).  698 

Values of Ω at the cropland sites showed a high degree of seasonality, with its maximum 699 

values larger and minimum values smaller than forests (Figs. 7d-h); this is primarily because 700 

of alternating periods of vigorous crop growth and unvegetated soils. Compared to the 701 

croplands, Ω behaves differently between the grassland sites at JIT and UIT. The year-round 702 

maximum Ω at JIT is 0.4, smaller than 0.6 at UIT (Figs. 7i-j). The values of Ω at JIT are, 703 

however, comparable to a savannah in Brazil (Rodrigues et al., 2014). Among all sites, the 704 

lowest Ω is reported at the mangrove in PVM, where its value is never larger than 0.2 (Fig. 7k). 705 

Compared to PVM, SFT records larger variations in Ω (Fig. 7k). 706 

At all sites, larger and smaller values of Ω are recorded in wet and dry periods, 707 

respectively (Fig. 7). Lower precipitation at JIT and PVM (Figs. 2i,k), even during the 708 

monsoon, probably explains the much smaller values of Ω at these sites, again highlighting the 709 

role of monsoon in controlling the canopy-atmosphere coupling.  710 

4. Conclusions 711 

Summarily, the key findings from this synthesis of flux tower sites located across India are as 712 

follows.  713 

a. The months of most and least CO2 exchange vary widely among the Indian forest 714 

ecosystems. While pre-monsoon and winter are the most and least favoured seasons 715 

for photosynthesis in a broadleaf moist deciduous forest in northeast India, 716 
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monsoon and pre-monsoon are the most and least favoured seasons in a dry 717 

deciduous forest in central India. In contrast to both, monsoon and winter are the 718 

seasons at a coniferous evergreen forest in the sub-Himalayan region, 719 

correspondingly. The intra-annual variation of CO2 uptake is strongly regulated by 720 

phenology in the deciduous forests, whereas abiotic environmental conditions in the 721 

evergreen forest represent the more dominant control.  722 

b. Rainfed croplands reach their maximum CO2 uptake during the monsoon season, as 723 

this is the time when agricultural practices are most active in India. However, post-724 

harvesting, they become CO2 neutral or a net source when the fields are covered 725 

mainly by grass with lower productivity. This is also true of grasslands, which 726 

generally take up more CO2 during the monsoon but remain dormant or a minor 727 

source of atmospheric CO2 throughout the rest of the year. 728 

c. A prominent phase difference was observed between CO2 uptake patterns at the 729 

mangroves on the eastern coast of India on the Bay of Bengal situated across a 730 

salinity gradient.  731 

d. Some forests act as well-watered ecosystems with an extensive evapotranspiration 732 

feedback to the atmosphere, whereas others oscillate between a similar state  and a 733 

water-stressed ecosystem, largely explainable by seasonal temperature and moisture 734 

dynamics.  735 

e. Mangroves act as well-watered ecosystems during some parts of the year, whereas 736 

at other times, they behave as water-limited ecosystems, probably driven by basin 737 

salinity, modulated by the monsoon river outflow.  738 

f. Grasslands show contrasting relative variations in sensible and latent heat fluxes, 739 

i.e., a strong partitioning of net available energy, predominantly driven by rainfall 740 

and soil moisture availability.  741 

g. The timings of daily maximum CO2 uptake and water loss vary among different 742 

ecosystems, imprinting a phase difference on their diurnal cycles. At any site, the 743 

preferable time for maximum CO2 exchange in a day varies with the season. 744 

Similarly, phase lags are seen between the turbulent heat fluxes. The duration of 745 

these lags varies with season and site.  746 

h. In general, grasslands have higher overall carbon retention capacity than croplands 747 

and forests. Mangroves retain the least amount of the assimilated CO2 as carbon.  748 

i. Stressed ecosystems such as semi-arid grasslands, croplands, and mangroves have 749 

the highest WUE. Irrigated croplands have the lowest WUE. Indian forests, which 750 
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are mostly tropical and subtropical, have intermediate WUE of these two; however, 751 

their WUE remains smaller than temperate and boreal forests.  752 

j. Plant physiological processes dictate the ecosystem-atmosphere exchanges during 753 

the dry periods, which is overridden by environmental control during monsoon 754 

season. 755 

Our synthesis highlights significant differences in the spatiotemporal patterns of CO2, 756 

water, and energy flux across India, driven by the heterogeneity in climate and semi-natural 757 

and managed vegetation types. Such exchanges arise due to the interplay between biotic and 758 

abiotic factors, which will evolve under a changing climate (Woodward, 2002; Cao et al., 759 

2010), and are therefore essential to understanding of near-term climate change (three decades 760 

or more). Decadal scale eddy covariance flux measurements are available elsewhere on the 761 

globe  (Baldocchi, 2020), and the same must be achieved in India to mitigate the impacts of 762 

climate change and to meet the sustainable development goals. Our study can be considered a 763 

baseline study in this direction.  764 

5. Implications for future research 765 

Several key ecosystem types in India are still not covered under existing flux tower 766 

monitoring, such as the forests of the Western Ghats, high-altitude rangelands in Ladakh, 767 

Himalayan forests at higher elevations, etc. While some of these ecosystems are rich in 768 

biodiversity and potentially offer a large sink for atmospheric CO2, some others remain 769 

ecologically fragile and vulnerable to the adverse effects of climate change, such as species 770 

migration, extinction, treeline shifting (Gopalakrishnan et al., 2011; Singh et al., 2012). A 771 

denser and more representative network of EC flux towers is required to monitor these 772 

ecosystems’ health and carbon sequestration potential now and into the future, which is crucial 773 

for climate mitigation and modelling climate impacts and adaptation requirements (Deb 774 

Burman et al., 2024).  775 

Other potent greenhouse (GHG) and trace gases such as CH4, N2O, and NH3 contribute 776 

significantly to anthropogenic climate change. Among these, CH4 is emitted due to anaerobic 777 

respiration and measured at some mangrove and rice paddy cultivation sites in India (Jha et al., 778 

2014; Swain et al., 2016; Gnanamoorthy et al., 2022). The remaining two are mostly emitted 779 

from fertilised agricultural lands. Given the large tracts of croplands and rice cultivation in 780 

India, they must also be continuously monitored. Together, these will be helpful for a 781 

comprehensive GHG budget at national, regional, and global scales, and updating GHG 782 

emissions and removals under the LULUCF sector to India’s Nationally Declared 783 
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Contributions (NDCs) under the UNFCCC process. Soil CO2 emission is another crucial 784 

component in it which can be significantly high depending on the ecosystem type, composition 785 

and organic matter content of the soil. At present, these are only sporadically reported from 786 

India and need to be expanded to its diverse soil types (Gnanamoorthy et al., 2019; Rao et al., 787 

2025; Samanta et al., 2025). Additionally, in the present era of artificial intelligence and 788 

machine learning, suitable solutions to unprecedented problems can be found using these 789 

voluminous datasets (Reichstein et al., 2019; Deb Burman and Das, 2024; Sahu et al., 2025; 790 

Sarkar et al., 2022).  791 

Recently, the greening of India has been much discussed (Chen et al., 2019), while 792 

some others have questioned its value for carbon sequestration and offsetting emssions from 793 

fossil fuels (Sarmah et al., 2021; Das et al., 2023). The productivity of Indian ecosystems has 794 

been assessed using coupled climate model projections for future scenarios (Dubey & Ghosh, 795 

2023; Uchale et al., 2023). However, uncertainties in such assessments can be minimised with 796 

their validation against EC measurements.  797 

Continuous and more representative measurements across the microclimate and 798 

vegetation spectra will also enable us to decipher the roles of synoptic and planetary scale 799 

events such as the El Niño Southern Oscillation (ENSO), Indian Ocean Dipole (IOD), etc., on 800 

the productivity of these ecosystems (Malhi et al., 2018) and their resilience to short-scale, fast 801 

events such as heatwaves, drought, etc., both of which are projected to increase in strength and 802 

frequency in a changing climate (Krishnan et al., 2020).  803 

Last but not least, the majority of the Indian population is going to be living in urban 804 

centres in the near future due to rapid infrastructure development (Kii, 2021). Increased 805 

economic activity in these urbanised regions will also result in more emissions impacting 806 

climate and human health. Hence, an ‘urban’ flux network also needs to be established to 807 

monitor and mitigate emissions from urban areas, which remain mostly anthropogenic in 808 

nature.  809 
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Table Captions: 1393 

Table 1: Details of the flux tower sites used in this study. 1394 

Table 2: Climatological features at the flux tower sites used in this study. 1395 

Table 3: Closure of surface energy budget at a daily scale and water use efficiency (WUE) at 1396 

an annual scale of the ecosystems studied in this work. 1397 
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Tables: 1400 

Table 1: Details of the flux tower sites used in this study. 1401 

 1402 

Seri

al 

Num

ber 

Land 

Use 

Type 

Clima

te 

Type 

Site 

Name 
Abbrev

iation 
Site 

Locatio

n 

(Latitu

de, 

Longitu

de, 

Altitud

e) 

Soil 

Type 

Canopy 

Type 
Canopy 

Compo

sition 

Canopy 

Height 

(m) 

Leaf 

Area 

Index 

(LAI 

in m2 

m-2) 

Meas

ureme

nt 

period 

Key 

Refer

ence 

1. Forest Humid 

subtro

pical 

(CWa) 

Kazira

nga 

Nation

al Park 

KNP 26.58 

°N, 93.1 

°E, 80 

m 

AMSL 

Sandy 

loam 

(sand: 

silt: clay 

= 60%: 

29%: 

11%); 

mild 

acidic 

(pH 5.7) 

(Deb 

Burman 

et al., 

2020) 

Semi-

evergreen 

broadleaf 

moist dec

iduous 

forest 

Gmelina 

arborea 

Roxb., 

Mallotu

s 

repanda

s (Willd) 

Müll. 

Arg., 

and 

Tetrame

les 

nudiflor

a R. Br. 

20 0.75 – 

3.25 

2016 – 

2018 

Deb 

Burma

n et al., 

(2021) 

2. Forest Tropic

al 

savann

ah 

(Aw) 

Betul 

Forest 

BFT 21.86 

°N,  

77.42 

°E, 507 

m 

AMSL 

Loamy 

soil 

texture, 

mixed 

hyperth

ermic 

typic 

ustochre

pts 

 

Dry 

deciduou

s forest 

Tectona 

grandis 

22 0.02 – 

3.00 

2016 – 

2018 

Rodda 

et al., 

(2021) 

3. Forest Humid 

subtro

pical 

(CWa) 

Kosi 

Water

shed 

KKM 29.38 

°N, 

79.37 

°E, 

1217 m 

AMSL 

Sandy 

clay 

(sand: 

silt: clay 

= 65%: 

4%: 

31%) 

Conifero

us 

evergreen

 forest 

Pinus 

roxburg

hii 

Sarg., 

Quercus 

leucotri

chophor

a A. 

20 0.80 – 

2.50 

2014 – 

2016 

Deb 

Burma

n et al., 

(2021) 
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(Mukhe

rjee et 

al., 

2024). 

Camus, 

Celtis 

australi

s L., 

Albizia 

lebbeck 

L. 

Benth 

and 

Cedrus 

deodara 

(Roxb. 

ex D. 

Don) G. 

Don 

4. Cropla

nd 

Tropic

al 

savann

ah 

(Aw) 

Dharw

ad 
DIT 15.50 

°N, 

74.99 

°E, 692 

m 

AMSL 

Vertisol 

(sand: 

silt: clay 

= 19%: 

32%: 

49%) 

(Morris

on et al., 

2019b) 

Agricultu

re farm 
mixed 

croppin

g 

0.6 0.1 – 

1.96 * 

2016 – 

2017 

Morris

on et 

al., 

(2019a

) 

5. Cropla

nd 

Humid 

subtro

pical 

(CWa) 

Barka

chha 

BKC 25.06 

°N,  

82.59 

°E, 169 

m 

AMSL 

 

Red 

lateritic 

(Kashiw

ar et al., 

2018)  

Homogen

eous 

grassland 

with 

seasonal 

sesame 

plantation 

during 

monsoon 

(Kharif, 

from June 

to 

Septembe

r) 

 5 0.38 – 

1.75 * 

June 

2014 – 

March 

2016 

Deb 

Burma

n et al., 

(2020) 

6. Cropla

nd 

Tropic

al 

savann

ah 

(Aw) 

Beram

badi 
BIT 11.76 

°N, 

76.59 

°E, 873 

m 

AMSL 

Alfisol 

(sand: 

silt: clay 

= 65%: 

10%: 

20%) 

(Morris

on et al., 

2019b) 

Mixed 

agricultur

e 

 0.5 0.1 – 

2.25 * 

2016 - 

2017 

Morris

on et 

al., 

(2019a

) 
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7. Cropla

nd 

Hot 

semi-

arid 

climat

e 

(BSh) 

Nawa

gam 
NIT 22.80 

°N, 

72.57 

°E, 55 

m 

AMSL 

 

Silty 

loam 

(Shami

m et al., 

2012) 

Agricultu

re (rice) 
 1 0.10 – 

5.30 

(rice) 

0.10 – 

4.20 

(wheat

) 

July 

2016 – 

Octob

er 

2018 

Bhat et 

al., 

(2020) 

8. Cropla

nd 

Humid 

subtro

pical 

(CWa) 

Samas

tipur 
SIT 26.00 

°N, 

85.67 

°E, 39 

m 

AMSL 

Sandy 

clay 

loam; 

alkaline 

 

(Kumar 

et al., 

2023) 

Agricultu

re (rice 

and whea

t) 

 1 0.1 – 

2.38 * 

July 

2016 – 

Septe

mber 

2018 

Bhat et 

al., 

(2020) 

9. Grassl

and 

Hot 

desert 

climat

e 

(BWh) 

Jaisal

mer 
JIT 26.99 

°N, 

71.34 

°E, 120 

m 

AMSL 

Desert 

soils 

containi

ng sand 

dunes, 

aeolian 

loamy 

soil with 

coarse 

texture 

and 

calcareo

us soils; 

moderat

e to 

strong 

alkaline 

(pH 9.5) 

(Dinesh 

et al., 

2017) 

Natural 

Sewan 

grass 

 1 0.1 – 

0.86 * 

July 

2016 –  

Septe

mber  

2018 

Bhat et 

al., 

(2020) 

10. Grassl

and 

Humid 

subtro

pical 

(CWa) 

Kanpu

r 

UIT 26.51 

°N, 

80.22 

°E, 129 

m 

AMSL 

Fluvisol 

(sand: 

silt: clay 

= 19%: 

32%: 

49%) 

 

Natural 

grassland 

 2.9 0.1 – 

1.50 * 

2016 - 

2017 

Morris

on et 

al., 

(2019a

) 



45 
 

(Morris

on et al., 

2019b) 

11. Mangr

ove 

Tropic

al 

savann

ah 

(Aw) 

Pichav

aram 

Mangr

ove 

PVM 11.43 

°N, 

79.79 

°E 

Clayey; 

alkaline 

(pH 

7.15) 

(P 

Gnanam

oorthy 

et al., 

2019) 

Tropical 

mangrove 

Rhizoph

ora spp. 

and 

Avicenni

a 

marina 

3 1.40 – 

3.00 

(Avice

nnia) 

3.25 – 

4.50 

(Rhizo

phora) 

Octob

er 

2017 – 

Septe

mber 

2018 

Gnana

moort

hy et 

al., 

(2020) 

12. Mangr

ove 

Tropic

al 

savann

ah 

(Aw) 

Sunda

rbans 

Mangr

ove 

SFT 21.82 

°N, 

88.62 

°E 

 

 

Silty 

clay and 

loam 

(Rodda 

et al., 

2016) 

Tropical 

mangrove 

Avicenni

a alba, 

Bruguie

ra 

gymnorr

hiza, 

and 

Rhizoph

ora 

5 0.1 – 

2.29 * 

2014 - 

2016 

Reddy 

et al., 

(2022) 

 * values taken from MCD15A3H.061 1403 
 1404 

 1405 

  1406 
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Table 2: Climatological features at the flux tower sites used in this study. 1407 

Sit

e 

Climate 

Referen

ce 

Station 

(IMD 

site 

code) 

Mean annual 

air 

temperature 

(°C) 

Mean annual 

precipitation 

(mm y-1) 

Warmes

t month  

(°C) 

Coldest 

month 

(°C) 

Wettest 

month  

(mm) 

Driest 

month 

(mm) 

KN

P 

Tezpur 

(42860)  

23.8 1725 August 

(28.1) 

January 

(17.5) 

July  

(309) 

Decem

ber 

(10) 

BF

T 

Betul 

(42860) 

24.7 1208 May 

(32.4) 

Decembe

r 

(18.78 

August 

(395) 

April 

(8) 

KK

M 

Muktes

hwar 

(42147) 

13.7 1136 June 

(18.6) 

January 

(6.8) 

July 

(269) 

Novem

ber (9) 

DI

T 

Dharwa

d 

(43200) 

24.7 964 May 

(28.5) 

Decembe

r 

(21.2) 

Septemb

er (177) 

Februar

y (0) 

BK

C 

Babatpu

r 

(42479) 

24.1 948 May 

(31.5) 

January 

(14.5) 

August 

(268) 

Decem

ber (5) 

BI

T 

Chamra

jnagar 

(43322) 

24.4 818 April 

(27.5) 

Decembe

r 

(21.0) 

October 

(187) 

January 

(3) 

NI

T 

Vallabh

vidyana

gar 

(42744) 

27.0 916 May  

(32.7) 

January 

(20.0) 

August 

(303) 

March  

(0) 

SI

T 

Darbha

nga 

(42391) 

24.3 1033 June 

(28.8) 

January 

(16.0) 

July  

(318) 

Novem

ber (6) 

JIT Jaisalm

er 

(42328) 

26.8 187 June 

(34.0) 

January 

(16.0) 

August 

(72) 

Novem

ber (2) 

UI

T 

Kanpur 

(42366) 

24.3 733 June 

(33.6) 

January 

(15.3) 

August 

(223) 

Novem

ber (3) 
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PV

M 

Cuddalo

re 

(43329) 

28.5 1267 May 

(31.7) 

January 

(25.0) 

Novembe

r 

(362) 

April 

(17) 

SF

T 

Sagar 

Island 

(42903) 

26.6 1783 May 

(29.7) 

January 

(20.4) 

July 

(359) 

January 

(11) 

 1408 

  1409 
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Table 3: Closure of surface energy budget (SEB) at a daily scale and water use efficiency 1410 

(WUE) of the ecosystems studied in this work. 1411 

  1412 

Site SEB closure (%) WUE  

(gC kg-1H2O)  

KNP  83 2.70 

BFT 72 1.44 

KKM 77 2.73 

DIT 93 1.76 

BKC 41✝ 1.23 

BIT 81 1.24 

NIT 71✝ 3.38 

SIT 66 2.66 

JIT 82✝ 3.83 

UIT 81 2.39 

PVM 79 2.37 

SFT 70 1.92 

✝The radiation records are partially or fully taken from IMDAA 1413 

  1414 
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Figure Captions: 1415 

Figure 1: Flux tower sites used in this work on the map of India, along with the LULC 1416 

classification, taken from Roy et al., (2015) [KNP—Kaziranga National Park (KNP), BFT—1417 

Betul Forest, KKM—Kosi Watershed, DIT—Dharwad, BKC—Barkachha, BIT—Berambadi, 1418 

NIT—Nawagam, SIT—Samastipur, JIT—Jaisalmer, UIT—Kanpur, PVM—Pichavaram 1419 

mangrove and SFT—Sundarbans mangrove]. 1420 

Figure 2: Monthly average air temperature (Taclim) and monthly precipitation (Pnclim) based on 1421 

30 years (1981 to 2010) climatology at (a) Kaziranga National Park (Tezpur), (b) Betul Forest 1422 

(Betul), (c) Kosi Watershed (Mukteshwar), (d) Dharwad (Dharwad), (e) Barkachha (Babatpur), 1423 

(f) Berambadi (Chamrajnagar), (g) Nawagam (Vallabhvidyanagar), (h) Samastipur 1424 

(Darbhanga), (i) Jaisalmer (Jaisalmer), (j) Kanpur (Kanpur), (k) Pichavaram Mangrove 1425 

(Cuddalore), and (l) Sundarbans Mangrove (Sagar Island). The regions left to the first broken 1426 

line and right to the last broken line represent winter; the region between the first and second 1427 

broken lines denotes pre-monsoon; the region between the second and third broken lines 1428 

denotes monsoon, and the region between the third and fourth broken lines denotes post-1429 

monsoon. Data source: India Meteorological Department (IMD) and names of respective IMD 1430 

observatories whose data are used are shown inside the brackets. 1431 

Figure 3: Monthly box plots and cumulative values of net ecosystem exchange of CO2 (NEE) 1432 

for each of the 12 sites as labelled (a) Kaziranga National Park (KNP), (b) Betul Forest (BFT), 1433 

(c) Kosi Watershed (KKM), (d) Dharwad (DIT), (e) Barkachha (BKC), (f) Berambadi (BIT), 1434 

(g) Nawagam (NIT), (h) Samastipur (SIT), (i) Jaisalmer (JIT), (j) Kanpur (UIT), (k) 1435 

Pichavaram Mangrove (PVM) and (l) Sundarbans Mangrove (SFT). Units are gC m-2 d-1. 1436 

Figure 4: Same as Figure 3 but for gross primary productivity (GPP) and total ecosystem 1437 

respiration (TER). Units are gC m-2 d-1. 1438 

Figure 5: Same as Figure 3 except cumulative values but for sensible heat flux (H) and latent 1439 

heat flux (LE). Units are W m-2. 1440 

Figure 6: Same as Figure 3 except cumulative values but for aerodynamic and surface 1441 

conductances (Ga and Gs, respectively). Units are m s-1. 1442 

Figure 7: Same as Figure 3 except cumulative values but for the α-coefficient in the Priestley-1443 

Taylor formulation of potential evapotranspiration (α) and canopy-atmosphere decoupling 1444 

coefficient (Ω). Both are unitless. 1445 
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 1446 

Figures: 1447 

 1448 

Figure 1: Flux tower sites used in this work on the map of India, along with the LULC 1449 

classification, taken from Roy et al., (2015) [KNP—Kaziranga National Park (KNP), BFT—1450 

Betul Forest, KKM—Kosi Watershed, DIT—Dharwad, BCK—Barkachha, BIT—Berambadi, 1451 

NIT—Nawagam, SIT—Samastipur, JIT—Jaisalmer, UIT—Kanpur, PVM—Pichavaram 1452 

mangrove and SFT—Sundarbans mangrove]. 1453 
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 1455 

Figure 2: Monthly average air temperature (Taclim) and monthly precipitation (Pnclim) based on 1456 

30 years (1981 to 2010) climatology at (a) Kaziranga National Park (Tezpur), (b) Betul Forest 1457 

(Betul), (c) Kosi Watershed (Mukteshwar), (d) Dharwad (Dharwad), (e) Barkachha (Babatpur), 1458 

(f) Berambadi (Chamrajnagar), (g) Nawagam (Vallabhvidyanagar), (h) Samastipur 1459 

(Darbhanga), (i) Jaisalmer (Jaisalmer), (j) Kanpur (Kanpur), (k) Pichavaram Mangrove 1460 

(Cuddalore), and (l) Sundarbans Mangrove (Sagar Island). The regions left to the first broken 1461 

line and right to the last broken line represent winter; the region between the first and second 1462 

broken lines denotes pre-monsoon; the region between the second and third broken lines 1463 

denotes monsoon, and the region between the third and fourth broken lines denotes post-1464 

monsoon. Data source: India Meteorological Department (IMD) and names of respective IMD 1465 

observatories whose data are used are shown inside the brackets. 1466 
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 1468 

 1469 

Figure 3: Monthly box plots and cumulative values of net ecosystem exchange of CO2 (NEE) 1470 

for each of the 12 sites as labelled (a) Kaziranga National Park (KNP), (b) Betul Forest (BFT), 1471 

(c) Kosi Watershed (KKM), (d) Dharwad (DIT), (e) Barkachha (BKC), (f) Berambadi (BIT), 1472 

(g) Nawagam (NIT), (h) Samastipur (SIT), (i) Jaisalmer (JIT), (j) Kanpur (UIT), (k) 1473 

Pichavaram Mangrove (PVM) and (l) Sundarbans Mangrove (SFT). Units are gC m-2 d-1. 1474 

  1475 
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 1476 

Figure 4: Same as Figure 3 but for gross primary productivity (GPP) and total ecosystem 1477 

respiration (TER). Units are gC m-2 d-1. 1478 

  1479 
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 1480 

Figure 5: Same as Figure 3 except cumulative values but for sensible heat flux (H) and latent 1481 

heat flux (LE). Units are W m-2. 1482 

  1483 
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 1484 

Figure 6: Same as Figure 3 except cumulative values but for aerodynamic and surface 1485 

conductances (Ga and Gs, respectively). Units are m s-1. 1486 

 1487 
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 1489 

Figure 7: Same as Figure 3 except cumulative values but for the α-coefficient in the Priestley-1490 

Taylor formulation of potential evapotranspiration (α) and canopy-atmosphere decoupling 1491 

coefficient (Ω). Both are unitless. 1492 
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