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Exploring and closing the energy balance of eddy covariance measurements along a land use gradient in the West African Sudanian savanna
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A good understanding of land-atmosphere exchange processes is essential for developing sustainable land management practices in Africa, in order to enhance food security and strengthen the resilience against climate change and extremes in this vulnerable region. In this study, we explore the energy balance closure (EBC) of three eddy covariance (EC) sites implemented along a land use gradient (pristine savanna forest, cropland, and degraded grassland) in the Sudanian savanna of West Africa. Our results show that the EBC strongly varies over the monsoon season and the EC sites. However, the best EBC is observed at the pristine site, which has the most homogenous vegetation. Thus, landscape heterogeneity seems to play an important role in the quality of the EC measurements. Moreover, we develop a novel post-closure method based on a quantile-mapping technique conditioned on monsoonal circulation patterns specifically determined for the West African Monsoon. This method is also compared to two well-established methods, the Bowen-ratio (BR) correction and a pure quantile-mapping using various bias measures. Our results show that the novel post-closure method outperforms the other methods and, therefore, leads to better elimination of the underestimation of the turbulent fluxes at the three savanna sites. In addition, specific characteristics of turbulent fluxes, like their strong diurnal cycle, are well represented by the new correction method.
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1 Introduction

The West African Sudanian savanna in Burkina Faso and Ghana is one of Africa’s bread-basket zones, where surplus food is produced and distributed to national and international markets (Berger et al., 2019). It is characterized by strong ongoing changes in land use and land management practices (LULM), associated with a significant agricultural intensification due to rapid population growth (Foley et al., 2011; Berger et al., 2019). These LULM have recognized effects on the surface climate, both in terms of changes in surface energy budget mediated by albedo, roughness, and other land surface properties (Sy et al., 2017; Bonan, 2008) and through variations in surface gas emissions such as CO2, CH4, and N2O (Pitman et al., 2009; Ondiek et al., 2021).

To measure atmosphere-ecosystem interactions and the different components of the surface energy balance like net radiation, sensible and latent heat flux (turbulent fluxes), eddy covariance (EC) stations have been established worldwide over the past decades. However, EC measurements are still very underrepresented in data-scarce regions, such as West Africa, with only a few EC stations operated by initiatives like AMMA or WASCAL as part of mesoscale environmental observatories (Bliefernicht et al., 2018; Galle et al., 2018). The EC stations of the WASCAL observatory are located in the Sudanian savanna in northern Ghana and southern Burkina Faso along a land use gradient (degraded grassland, fallow and croplands and near-natural pristine savanna). Therefore, they provide a unique opportunity to study the impact of LULM on land surface properties in this region. So far, only a few studies have used the EC measurements from the WASCAL sites. For instance, Quansah et al. (2015) compared diurnal and seasonal estimates of CO2-fluxes from the three sites based on the first year of measurement and quantified their magnitude and temporal variability in gross primary production, net ecosystem exchange (NEE) and ecosystem respiration in response to changing vegetation characteristics and distinct soil moisture conditions. In a subsequent study, Berger et al. (2019) analyzed the impact of different rain events and the dry spell length on the NEE of CO2 over a period of 4 years for the three EC sites. In a recent study by Rahimi et al. (2021), the NEE of the EC sites was used for model calibration and validation of the process-based biogeochemical model (LandscapeDNCD).

Despite its fundamental role in directly measuring fluxes of gases, energy, and momentum, the EC technique underestimates turbulent heat fluxes compared to the available energy at almost all research sites—meaning that the energy balance is not closed, thus violating the first law of thermodynamics (e.g., Foken, 2008; Stoy et al., 2013; Mauder et al., 2018; Widmoser and Michel, 2021). The persistent issue of non-closure in the energy balance is regarded as a significant challenge in micrometeorology, crucially hindering progress in environmental and atmospheric sciences (Mauder et al., 2018). Several factors can cause systematic errors in the EBCs, such as: (I) instrumental errors, (II) data processing errors, (III) additional sources of energy which are not accounted for (e.g., heat storage in canopy, the potential energy of water), and (IV) large-scale additional sources of energy not captured by regular EC tower measurements (Panin et al., 1998; Inagaki et al., 2006; Foken, 2008; Stoy et al., 2013; Eder et al., 2014; Soltani et al., 2018; Mauder et al., 2020). In recent years, much progress was made in determining the sources of the EBC gap and improving instrumentation as well as post-processing steps, and the primary cause of the observed lack of closure can nowadays be attributed to mesoscale transport (Mauder et al., 2020). There is no universal approach to post-close the energy balance since it is uncertain how to partition the residuals, as their composition is site-specific (Ingwersen et al., 2015; Imukova et al., 2016). One option is to attribute the missing fluxes completely to the latent heat flux (LE) (Falge et al., 2005; Imukova et al., 2016; Wohlfahrt et al., 2010), another is to attribute them completely to the sensible heat flux (H) (Ingwersen et al., 2011; Imukova et al., 2016). However, the most common post-closing method is to assume that the residual turbulent fluxes have the same Bowen-ratio as the measured fluxes—the Bowen-ratio (BR) method (Blanken et al., 1997; Twine et al., 2000; Mauder et al., 2013; Ingwersen et al., 2015). It has been applied in various studies (e.g., Blyth et al., 2010; Winter and Eltahir, 2010; Ingwersen et al., 2011; Gerken et al., 2012; Mauder et al., 2018), but still has some limitations, which may introduce systematic biases in the turbulent fluxes (Chen and Li, 2012) and only corrects daytime fluxes, as it has weaknesses for negative Bowen-ratio values (Staudt et al., 2010). Some studies suggest splitting the residual determining a correction factor based on the ratio between buoyancy flux and sensible heat flux (Charuchittipan et al., 2014; Gatzsche et al., 2018). A good agreement for the Buoyancy correction is found during conditions with high Bowen ratio values, while for lower Bowen ratio values (<1.5), the BR method performed better (Gatzsche et al., 2018; Mauder et al., 2018).

In this study, we quantify the systematic errors in the measurements of turbulent fluxes at the three WASCAL EC sites in detail. In contrast to other studies available in the literature, we analyze the EBC over a multi-year period (2013–2016), and in different seasons and monsoonal periods based on large-scale atmospheric circulation patterns specifically determined for West Africa (Bliefernicht et al., 2022). Moreover, we develop a novel post-closure approach accounting for large-scale circulation patterns to reduce systematic errors, and its performance is compared with other well-established correction methods like the BR method.



2 Materials and methods


2.1 Study region and EC stations of the WASCAL observatory

The study sites are located in Central-Southern Burkina Faso and northern Ghana. The area belongs to the northern zone of West Africa’s Sudanian savanna belt (White, 1983). The climate is semi-arid and highly influenced by the West African monsoon (Berger et al., 2019). There is a pronounced dry season between November and March, a rainy season between May and September, and two transitional periods in April and October. The mean annual precipitation ranges between 700 and 1,100 mm (Bliefernicht et al., 2018). The region is marked by steep local gradients in land use intensity (Berger et al., 2019). For analyzing the influence of land use change on water, energy, and CO2 cycles, the three measurement stations were set up in areas with different land use practices that lead to different vegetation covers (Figure 1). In Nazinga there is near-natural pristine savanna due to wildlife conservation, in Kayoro there is a mixture of fallow and cropland, and Sumbrungu is a highly degraded grassland site, occasionally used as pasture for cattle and sheep (Quansah et al., 2015). Other site characteristics like climate, soil, and topography as well as the latitude were chosen to be as similar as possible to assure that long-term differences between the analyzed variables were primarily the result of land use changes. The instrumentation is nearly identical at each site but with individual measurement heights (Table 1), depending on the respective mean vegetation height (Bliefernicht et al., 2018). For a more detailed description of the three sites and the instrumentation of the EC stations, refer to Quansah et al. (2015) and Bliefernicht et al. (2018).

[image: Figure 1]

FIGURE 1
 Study site showing the three eddy covariance stations in the Sudanian savanna of Southern Burkina Faso and Northern Ghana. In addition, further information like land use, the implemented automatic weather stations, and relevant watersheds of the WASCAL observatory are shown. A map of West Africa with stations marked as red points is shown on the right side for orientation.




TABLE 1 Summary of the characteristics of the EC measurement sites Nazinga, Kayoro and Sumbrungu.
[image: Table1]



2.2 Eddy covariance data

For the study we used EC data from 10/18/2012 to 09/26/2016 (Table 1) with the variables needed for the energy budget as well as turbulence data. The fluxes were integrated over half-hour periods from the covariance of vertical wind velocity and gas concentrations measured at 20 Hz frequency using 3-dimensional sonic anemometers (Gill WindMaster; Gill Instruments Ltd., Lymington, Hampshire, England) and open-path infrared gas analyzers (LI-7500A; LI-COR, Lincoln, NE, USA). All sites are equipped with the same instrumentation. The raw turbulence data and the three-dimensional wind speeds were processed with the “Turbulence Knight” (TK3.1) software. The software performs several kinds of post field processing and produces turbulence fluxes automatically (Quansah et al., 2015; Soltani et al., 2018). It uses standardized quality assessment routines and user-specified consistency limits to detect and reject physically or electronically impossible values of the measurement data including CO2, sensible and latent heat fluxes (Quansah et al., 2015; Mauder and Foken, 2015). For more information about the calculation of the turbulent fluxes and quality control used by the TK3.1 software refer to Mauder et al. (2013) and Mauder and Foken (2015). It is important to note that this analysis is based exclusively on raw observational data, with no gap-filling algorithms applied.

Moreover, we performed a quality control of the aggregated 30-min measurements for each energy balance variable and conducted several subsequent calculations to determine the required variables for the EBC. At each EC station, the ground heat flux (G) was measured with three heat flux plates at the same depth, and we performed a cross-comparison of those time series by using correlation measures to eliminate unreliable time series. In Nazinga we only used the measurement information from two sensors for the calculation of the mean ground heat fluxes, as the central device showed much lower correlation with the other two devices here, possibly indicating a defect in the sensor. Because the exchanges of longwave radiation LWx [W/m2] between the instrument and the ground or atmosphere were recorded instead of the longwave radiation, which is needed, we applied the sensor body temperature T [K] to obtain this variable:

[image: image]



2.3 Circulation patterns

We applied a fuzzy rule-based classification of atmospheric circulation patterns (CPs) introduced by Bliefernicht et al. (2022) to acquire a better understanding of how the distinct phases of the West African monsoon (WAM) impact the EBC and to use this additional information for the development of the post-closure approaches. In general, this classification was developed to relate large-scale monsoon features such as the West African heat low (WAHL) (Lavaysse et al., 2009) to daily rainfall variability in Central Burkina Faso (Bliefernicht et al., 2022). Depending on the spatial patterns of mean sea level pressure anomalies (Figure 2) and the movement of the WAHL, the different WAM seasons can be divided into three main periods: CP1, CP6, CP7 are predominant during the dry period, CP2, CP3, CP8 during the transitional periods and CP4, CP5 dominate during the wet period. In this study, we transfer the classification method to the period of 2012–2016 using ERA5-reanalysis data (Hersbach et al., 2020) to derive a time series of daily CPs. Table 2 shows the wetness index (WI) of each CP and some further statistics. For a more detailed description of the methods and CPs, see Bliefernicht et al. (2022).

[image: Figure 2]

FIGURE 2
 Atmospheric circulation patterns based on mean sea level pressure anomalies determined for the investigation period (2012–2016) of this study using a classification proposed by Bliefernicht et al. (2022).




TABLE 2 Relative frequency, mean precipitation and wetness Index (WI) for the atmospheric circulation patterns using the classification approach by Bliefernicht et al. (2022).
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2.4 Post-closure approaches

In this study, three different closure approaches to minimize the bias of the EC measurements are applied: the standard Bowen-ratio (BR) method after Mauder et al. (2013), a novel correction method that is based on quantile mapping of the empirical distributions from the EBC variables, hereafter referred to as QM method, and an extension of the QM method conditioned on regional CPs, hereafter referred to as QM-CP method.


2.4.1 Bowen-ratio method

The BR describes the ratio of the sensible heat flux H to the latent heat flux LE (Bowen, 1926; Imukova et al., 2016):

[image: image]

The BR method assumes that both latent and sensible heat flux are “equally” underestimated and the Bowen ratio is maintained (Twine et al., 2000; Mauder et al., 2018). The method is used in various studies for post-closing the energy balance (e.g., Ingwersen et al., 2011; Mauder et al., 2013; Imukova et al., 2016; Mauder et al., 2018). Here, we applied it according to Mauder et al. (2013). We present an adapted mathematical description to provide better comparability between the different methods used. According to Mauder et al. (2010) and Mauder et al. (2013), the thermally driven large-scale and non-propagating eddies only develop in a convective boundary layer. Thus, the systematic error is determined for daytime conditions, defined as situation with a global radiation (Rg) > 20 Wm−2 (Mauder et al., 2013). As a first step, we calculated the correction factor c for a given measurement day as follows:

[image: image]

with K as the number of observations per day with global radiation Rg > 20 Wm−2. Then, we calculated the corrected sum of the turbulent fluxes TF* for every 30-min daytime value of the respective day by using the correction factor:

[image: image]

with TFi as the original measured sum of the turbulent fluxes for every time step. To partition the corrected sum of the turbulent fluxes into sensible and latent heat flux we calculated the evaporative faction EFj for each day j:

[image: image]

EFj on day-time conditions usually ranges between 0 and 1 and we therefore used it as weighting factor to determine the corrected latent heat fluxes
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and the corrected sensible heat fluxes
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This procedure is applied to all time steps of the investigation period.



2.4.2 Quantile-mapping method

The base of the Quantile Mapping (QM) method are the empirical cumulative distribution functions (CDF) of the turbulent fluxes (TF) and the available energy (AE). This method corrects turbulent fluxes by aligning the corresponding quantiles of both empirical CDFs. QM is a very common method and has been frequently applied in climate and hydrological sciences to remove biases from measurements (Ringard et al., 2017; Katiraie-Boroujerdy et al., 2020) and model simulations (Siegmund et al., 2015; Ayugi et al., 2020; Enayati et al., 2021). The bias of the EC measurements is a function of the empirical distribution function, which allows to correct the bias of the flux measurements over their entire range, and therefore for higher but also for lower turbulent fluxes like those at nighttime. For the QM method the following steps were performed, exemplarily also shown in Figure 3 for a single measurement value:

1. We used the original measurement values for the 30-min time steps for the available energy AEi = (Rni − Gi) and the sum of the turbulent fluxes TFi = (Hi + LEi) as initial point.

2. Then we determined the empirical distribution function for TF and AE.

3. We calculated the quantile ɑi of TFi using the corresponding empirical distribution.

4. To determine the corrected sum of TFi*, we used the inverse ɑi of the empirical distribution of AE.

5. We repeated step 3 to 4 for every time step.

[image: Figure 3]

FIGURE 3
 Schematic representation of the quantile-mapping method to correct the sum of observed turbulent fluxes FOi. The method uses the empirical distributions function of the turbulent fluxes (H + LE) and the available energy (Rn-G). The correction is shown for a single measurement using data from Nazinga.


As in the BR method, we used the evaporative fraction EF for the partitioning of the corrected turbulent fluxes and in this case also for nighttime values. To avoid negative values of the EF and to keep the correct ratio between [image: image] and [image: image], we used the absolute values of the fluxes for the EF calculation.

1. EFi we calculated as follows:

[image: image]

1. Then we determined the difference Di (residual component) between the measured turbulent fluxes and the corrected turbulent fluxes for every time step:

[image: image]

1. We calculated the corrected latent and sensible heat flux using EFi as weight for distributing Di to the respective flux:

[image: image]
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2.4.3 Quantile-mapping method conditioned on circulation patterns

The EBC varies not only between different sites, but also for different turbulence intensities and wind directions (Mauder et al., 2020). In the study region, these factors strongly depend on monsoon dynamics (Nicholson, 2013). To take their effects into account, we developed the QM-CP method. It also employs the empirical CDFs for determining the measurement bias. But instead of using a single functional relationship for the correction of the flux measurements, we determined the empirical CDFs for each CP. For this, we classified the EC measurements in eight subsets, according to the CP that was assigned for each day. Then, we applied the same steps described above for the QM method to every subset.




2.5 Performance measures

The performance of EC measurements is usually assessed through a scatter plot between the available energy and turbulent fluxes (Mauder et al., 2010; Soltani et al., 2018; Eshonkulov et al., 2019; Grachev et al., 2020). In contrast to other post-processing studies (e.g., Eder et al., 2014; Imukova et al., 2016; Xin et al., 2018), we performed here a more detailed analysis to determine if the correction method could eliminate the bias of the EC measurements. Therefore, we implemented some additional bias measures to assess the quality of the approach quantitatively.

The half-hourly averaged data sets of Rn, G, LE and H for Nazinga, Kayoro and Sumbrungu were used to evaluate the performance of the EC measurements for the study period. We calculated the sums of Rn − G and H + LE for all joint measurement pairs over the whole time period and visualized them in a scatter plot. We performed a linear regression between the half-hourly averaged turbulent fluxes (H + LE) and the available energy (Rn − G):

[image: image]

where m is the slope and b the intercept. Under best conditions, m should be close to 1 and b close to zero, indicating a nearly perfect closure of the energy balance. However, the available energy is usually found to be 10–30% larger than the turbulent fluxes (Foken, 2008; Stoy et al., 2013; Mauder et al., 2020; Finnigan et al., 2003). We calculated several performance measures to evaluate the quality of the EBC for the whole investigation period, four different seasons (DJF, MAM, JJA, and SON) and eight different CPs at each site. First, we calculated the mean values of the sum of TF ([image: image]) and the sum of AE ([image: image])
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to determine the first-degree bias (B1):
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A negative bias indicates an average underestimation of the turbulent fluxes. Moreover, we calculated the standard deviation of the sum of TF ([image: image]) and of AE ([image: image]):
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to determine the second-degree bias (B2):

[image: image]

A negative value indicates an underestimation of the variability of the sum of TF. Additionally, a relative bias measures, RB1, was calculated, as ratio from the B1-value to the mean sum of the available energy.

[image: image]

Additionally, we implemented a conditional bias measure to evaluate the overall performance of each correction method. Therefore, for each site we calculated the occurrence frequency of each CP (fk) over the study period. Then, the absolute value of the bias of each CP was weighted according to its fk. These conditioned bias values for each CP we summed up, providing a conditional bias measure (CB) for each site and each correction method. We performed this for B1 as well as for B2 (CB1 and CB2, respectively):
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with K as the number of CPs and f as the relative frequency of the CP within each measurement site.




3 Results and discussion


3.1 Energy fluxes and data availability across different land use

Maintaining a flux site in quite remote regions can be challenging and different problems occurred during the measurement period at the three sites. Especially the natural site Nazinga is not reachable during the wet season. Thus, sensor defects that require maintenance can cause big data gaps. Further, the theft of solar panels, entire devices, and attacks on guards were also challenges that occurred (Bliefernicht et al., 2018). We only considered the datapoints when all four energy balance variables were available. Therefore, the data availability for calculating EBC is even lower. Nonetheless, the data from the three investigated sites allows insights into the hydrometeorological characteristics of the region (Figure 4). Similar patterns of net radiation can be seen at all three sites, whereby a seasonal cycle with higher net radiation can be observed during the northern hemisphere summer. The ground heat flux shows a similar seasonal pattern. However, it peaks during the dry season (northern hemisphere winter) where more sun can reach the ground due to a less cloudy sky. Consequently, the available energy Rn − G is slightly higher during the wet season in summer than during the dry season in winter. The latent heat flux also shows a clear seasonality with higher values during the wet season, where the soil water availability is higher, and more energy can be transported through evapotranspiration. In the drier winter months, the latent heat flux becomes very small, and more energy is transported through sensible heat. This pattern can be seen across all land use sites. However, at the natural site in Nazinga (Figure 4a) we also see high seasonal differences in the sensible heat flux with lower values in the wet season and higher values in the dry season. At the other two sites with less vegetation height and cover, Kayoro and Sumbrungu (Figures 4b,c, respectively), we observe less pronounced seasonal variations in the sensible heat flux. The latent heat flux further has lower values at these two sites. While Nazinga is characterized by tall grasses of up to 2.5 m, dominated by perennial C4 grasses and a dense savanna woodland (Berger et al., 2019), at Kayoro the grass layer is much lower (around 1 m). The tree layer is more sparse and influenced by grazing animals. In Sumbrungu the herbaceous layer is only about 10 cm high (Berger et al., 2019). Thus, the vegetation in Nazinga offers more plant mass and surface for transpiration of water, facilitating a higher latent heat flux. This shows how the relative composition of tree and grass canopy that have different capacities for photon interception and absorption as well as transpiration (Kelliher et al., 1993; Miranda et al., 1997) strongly influences the surface energy balance of a landscape. These eco-physiological processes are especially intricate in savanna ecosystems, as the two layers (tree and grass) introduce multiple levels of complexity, differing in their phenological cycle (Whitecross et al., 2017), rooting depths (Bachofen et al., 2024) and water use strategies (Miller et al., 2010).

[image: Figure 4]

FIGURE 4
 Time series of the energy balance components from the eddy covariance (EC) stations at three different sites from 2013 to 2016. The plots show net radiation (Rn, green), latent heat flux (LE, blue), sensible heat flux (H, purple), and ground heat flux (G, yellow) at Kayoro (Kay), Nazinga (Naz), and Sumbrungu (Sum).




3.2 Energy balance closure assessments

The EBC analysis carried out over the measurement period for the sites Nazinga, Kayoro, and Sumbrungu revealed EBC gaps ranging from 10 to 30%. Nazinga had the highest coefficient of determination at 0.88, indicating a more consistent EBC, while Sumbrungu had the lowest at 0.85. With intercept values of 18.3 for Nazinga, 8.3 for Kayoro, and 24.6 for Sumbrungu, and corresponding slope values of 0.81, 0.68, and 0.66, the data suggest the best energy balance performance at Nazinga (Figure 5). This indicates that the EBC is the best in the natural site of Nazinga, worse in Sumbrungu and worst in Kayoro. This might be due to the higher heterogeneity of the landscape around Kayoro and Sumbrungu compared to that at the Nazinga site. Here, the surrounding vegetation canopy is much more homogenous compared to the other sites, which may cause turbulent structures that are better recorded by the EC method. A study by Stoy et al. (2013) across Fluxnet sites in 173 ecosystems shows, that landscape-level heterogeneity is negatively related to EBC. Also, Foken (2008) state that surface heterogeneity enhances buoyancy-driven turbulences. It further causes large-scale eddies that cannot be captured by a single EC tower with an half-hourly averaging period due to their size and slow motion and therefore leads to a bigger EBC gap (Kanda et al., 2004; Foken et al., 2011; Eder et al., 2014; de Roo and Mauder, 2018). Quansah et al. (2015) obtained very similar EBC results for the first year of the EC measurements. Their regression fits resulted in a coefficient of determination of 0.92 in Nazinga, 0.90 for Kayoro and of 0.89 for Sumbrungu. The slopes and intercepts were 0.89 and 9.85, 0.67 and 11.34, and 0.67 and 32.60 for the three sites, respectively, (Quansah et al., 2015). Thus, they were slightly higher than those in the analysis conducted here, which indicates that the EBC for the first year of measurements was better than for the time periods analyzed in this study. This suggests that throughout 2013 the meteorological conditions for EC measurements (stationary and turbulent transport) were slightly better than in the other years (2014–2016). Seasonal and CP-dependent energy balance closure.
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FIGURE 5
 Energy balance closure for Nazinga (a), Kayoro (b), and Sumbrungu (c) for the total investigation period (2012–2016). Rn represents the net radiation, G the ground heat flux, H the sensible heat flux and LE the latent heat flux. R2 is the coefficient of determination, indicating how well the regression line represents the values.


We examine the EBC additionally for four monsoon seasons and for the different CPs by computing different performance measures for these sub-classes (Supplementary 1, 2). Figure 6 shows the regression fits of the EBC exemplarily for CP4 (typical for the monsoon phase) and CP6 (typical for the dry phase). The quality of the flux measurements is relatively high for the different seasons and CPs with coefficient of determination values ranging between 0.84 and 0.88. The scatter plots also indicate that there are differences in EBC for the wet and dry CPs. This effect becomes much clearer when calculating relative values of the two bias measures and relating them to the wetness index of the CPs (Figure 7). There is a tendency that the EBC (in terms of the mean and variance) is better for the rainy (high WI) than for the dry season (low WI). However, in the case of Nazinga, a slight overestimation of the fluxes occurs during the dry season. Quansah et al. (2015) suggest that the EBC can be affected by changes in the meteorological conditions prevalent during the dry and rainy season. Dust accumulation on the sensors, which affects the measurements, is a possible reason for the positive bias (B1) in the dry season in Nazinga, as itis located in a natural reserve and not maintained as regularly as the other two sites. Bagayoko et al. (2006) also found that the sensitivity of the measurement system to dust and raindrops has a significant effect on the reliability of EC measurements in this region. The overestimation could also be attributed to an overestimation of LE during dry conditions (Liu et al., 2024). Our results stand in contrast to recent findings of Liu et al. (2024), who found that the EBC gap improves over dry soil compared to wet soils due to an overestimated latent heat flux. However, this might be explained by the open-path gas analyzer, as the underestimation of LE under atmospheric conditions with high relative humidity is smaller when using this instrument than when using closed path systems (Zhang et al., 2023).

[image: Figure 6]

FIGURE 6
 Energy balance closure regression fits for Nazinga (a,d), Kayoro (b,e), and Sumbrungu (c,f), exemplary for two circulation patterns: CP4 (a–c) which is characteristic for the wet season, and CP6 (d–f) which is characteristic for the dry season. Rn represents the net radiation, G the ground heat flux, H the sensible heat flux and LE the latent heat flux. R2 is the coefficient of determination, indicating how well the regression line represents the values.


[image: Figure 7]

FIGURE 7
 Relative bias measure for the mean (a) and the variance (b) of the turbulent fluxes for different wetness conditions in the study region. The statistics were calculated for each circulation pattern for the entire investigation period (2012–2016).


Moreover, it stakes out that the differences between the biases of the EBCs were greater among the three stations than among the CPs at each station. This leads to the assumption that site factors, and in this case also the land use in which the three sites differ, have a greater impact on the EBC than the atmospheric conditions. Zhou et al. (2019) found that the EBC gap increases with surface heterogeneity, as long as the heterogeneity scale is smaller than the boundary layer height. As the landscape in the studied areas becomes heterogeneous at quite small scales (Bliefernicht et al., 2018), this strengthens our argument. Further, not only the mean but also the variance of the turbulent fluxes is too low. This underestimation is even more pronounced in terms of relative values for each site as illustrated in Figure 6.



3.3 Cross-comparison of post-closure approaches

All post-closure approaches reduce the underestimation of the turbulent fluxes leading to a regression slope closer to 1 (Figure 8). The slope of the regression line improved significantly, with an enhancement by approximately 33–40%, particularly at sites where the underestimation was most pronounced. However, the scatterplots alone do not reveal clear distinctions between the performances of the three post-closure approaches. For a closer look at the quality of the correction methods for the different monsoon phases, we determine B1 and B2 for each CP (Figure 9). All post-closure approaches can reduce the strong biases for the different WAM phases (Table 3). However, in many cases the BR correction does not lead to a full reduction of the biases. In several cases, new overestimates are introduced, especially for the B1-values at Sumbrungu (Figure 9e), but also for several CPs at the other sites, which were even higher than the original bias (e.g., CP1, CP6 and CP7 for the mean of Nazinga, Figure 9a). We find a similar pattern looking at the relative bias measure RB1 (Supplementary 3). This indicates a clear limitation of this methodology. A potential reason might be the overestimation of evapotranspiration, as pointed out by Mauder et al. (2018) in a study of two grassland sites. As Finnigan et al. (2003) and Mauder and Foken (2006) have shown that the energy balance closure can be improved with a higher averaging time. Furthermore, Wohlfahrt et al. (2009) suggest adjusting the energy balance closure (EBC) using a longer-term (i.e., monthly) correction factor. However, our analysis (not shown) shows that applying the Bowen ratio method with a monthly correction factor does not improve the results compared to using daily hourly corrections across the different EC sites.
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FIGURE 8
 Energy balance closures for Nazinga (a–c), Kayoro (d–f), and Sumbrungu (g–i), corrected (in colors) with the Bowen-ratio method (blue), the quantile mapping method (orange) and the quantile mapping conditioned on circulation patterns (red), compared to the uncorrected energy balance closure (gray). The dotted black line indicates the 1:1 line.
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FIGURE 9
 Bias measures B1 (a,c,e) and B2 (b,d,f) for Nazinga (a,b), Kayoro (c,d) and Sumbrungu (e,f) calculated for the uncorrected values (gray), the values corrected with the Bowen-ratio method (blue), quantile-mapping method (orange) and the quantile-mapping method conditioned on circulation patterns (red), grouped by circulation patterns.


The correction of the turbulent fluxes with the QM method achieves a further reduction of both bias values in most cases compared to the BR method. In contrast to the BR method, a correction of the entire distribution function is performed, minimizing any systematic deviations from the mean and variance and therefore outperforming the BR method. However, the outcomes in Figure 9 also show that significant biases of the turbulent fluxes remain for certain CPs if the QM method is used. After performing the bias correction for each CP using the QM-CP approach, the bias is even further reduced for each CP and no longer visible in the chart. Thus, the post-closure approach based on the empirical distribution function of the turbulent fluxes conditioned on the monsoon phases outperforms the other methods. The overall performance measures CB1 and CB2 confirm this (Figure 10). With the QM-CP correction, CB1 and CB2 are almost fully eliminated (with values between 0.02 and 0.1 W/m2). Therefore, the novel QM-CP method performs best in comparison to the other two correction methods.

[image: Figure 10]

FIGURE 10
 Overall performance measures in terms of the conditional bias measures CB1 and CB2, calculated for the uncorrected and corrected values at the three sites Nazinga (light gray), Kayoro (gray), and Sumbrungu (dark gray), in Wm−2.




3.4 Time series of the partitioned corrected fluxes

We further use the post-closure approaches to generate corrected partitioned sensible and latent heat fluxes to analyze the impact of the bias correction methods on both. Figure 11 shows the corrected and uncorrected fluxes for 3 days in the rainy season (July 20th–23rd 2014) for the sites where the underestimation of the turbulent fluxes was strongest (cropland site at Kayoro) and weakest (near-nature site at Nazinga). In the rainy season, LE is usually distinctly higher than H compared to the dry season (Timouk et al., 2009). It is noticeable that all correction methods preserve the diurnal cycle of the turbulent fluxes for the different sites and lead to no obvious outliers due to the correction. The QM approaches lead to higher H during the day at both sites, especially over midday, while the BR method leads to a lower H compared to the original time series. LE is increased by all approaches, at the natural site to a similar degree across methods, at the cropland site the quantile mapping approaches increase it more than the BR correction at two of the 3 days.
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FIGURE 11
 Uncorrected and corrected turbulent fluxes for the cropland site (a,b) and the near-natural site (c,d) for the rainy season 2014 using different post-closure approaches (BR, Bowen ratio method; QM, quantile mapping; QM-CP, quantile mapping conditioned on atmospheric circulation patterns).


The time series examples (Figure 11) clearly show that the typical diurnal cycle of the turbulent fluxes can be preserved by all applied post-closure approaches. However, there are strong differences regarding the magnitude and orientation of the corrected turbulent fluxes, leading to significant differences in comparison to the original and corrected measurements for specific days and diurnal periods (noon). The difference between the QM approaches is not very large as the bias reduction due to the introduction of the CPs is minor as shown in the previous section.

There are also several possibilities for a further advancement of the post-closure methods. Especially, the adjustment factor (EF) used for the partitioning of the residuals should be explored in more detail in future. For instance, Mauder et al. (2018) found that a daily adjustment factor leads to less scatter in the evapotranspiration than sub-hourly factor as chosen for the quantile-mapping approaches in this study. To keep the scatter in the corrected data on a lower level, the EBC adjustment factor should be determined for longer periods as already proposed by Mauder et al. (2013). This can be done for each CP by determining a mean diurnal profile for EF which can then be used for partitioning the turbulent fluxes. There is a controversial discussion about the diurnal constancy of EF, the “daytime self-preservation” (Gentine et al., 2007). In many experimental conditions, the EF is found to be stable during daylight hours (Shuttleworth, 1991; Nichols and Cuenca, 1993; Crago, 1996). However, various studies question that. Although Lhomme and Elguero (1999) confirmed that in conditions of “fair weather,” the curve representing the diurnal course of EF has a typical concave-up shape and appears relatively constant around mid-day, they have shown that it is not necessarily constant during daytime especially in “non-fair weather conditions.” Thus, determining a mean profile for EF for different weather conditions (or circulation patterns) seems to be relevant and the corresponding impact of choosing this profile for an adjustment of the turbulent fluxes needs to be explored in future studies in more detail.



TABLE 3 Statistical measures for evaluating the correction methods applied.
[image: Table3]

In order to check whether the corrections have a positive effect on the ascertainment of the latent heat flux and therefore evaporation, the results of this study should be verified with independent reference datasets. One option is the comparison with highly precise lysimeter estimates of actual evapotranspiration to identify practical approaches for a correction of the energy fluxes (Gebler et al., 2015; Wohlfahrt et al., 2010). Mauder et al. (2018) performed these comparisons with EC measurements from two grassland sites in southwestern Germany within the TERENO (Terrestrial Environmental Observatories) network. However, this type of measurement is not (yet) available for the sites examined in this study. A further option is integrated numerical modeling of the relevant land surface processes, as it provides useful insights about the possible partitioning of the energy balance residuals into sensible and latent heat fluxes (Ingwersen et al., 2011). In future the use of machine-learning techniques could also be useful in this context. Zhang et al. (2023) have applied such method to correct the LE in conditions of high relative humidity (>70%). They emphasize the potential underestimation of ET and LE during such conditions as source of uncertainty, which is often not characterized. The outcome was compared to LE corrections based on the BR methods and to the total LE attribution of the residual.




4 Summary and conclusions

This study evaluated EC measurements from 2013 to 2016 at three distinct land use sites (degraded grassland, cropland, near-nature) within the West African Sudanian savanna. The focus was on assessing EBC over the seasonal cycle of the West African Monsoon. Key findings include:

• EBC gaps: Turbulent heat fluxes were consistently underestimated by 10–30%, with the highest accuracy observed at the near-natural site and the lowest at the cropland site.

• Seasonal Variability: The underestimation of turbulent fluxes showed significant seasonal variation, being lowest during the dry season.

• Site-dependent factors: Factors such as the homogeneity of land use appeared to have a more substantial impact on EBC than atmospheric dynamics.

• Method comparison: The BR correction was least effective and partly introduced new biases, while the QM methods improved bias reduction. Notably, the QM-CP method performed the best, significantly outperforming both the BR correction and standard QM methods.

Overall, the research underscores the influence of land use and large-scale atmospheric circulation patterns on EBC accuracy. It highlights the QM-CP method as a significant advancement, demonstrating its effectiveness in reducing measurement biases in this understudied environment.
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