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Key Points:
· Changes in surface heat fluxes in response to deforestation are diverse among climate models
· Deforestation under climate conditions with smaller Bowen ratios decreases latent heat fluxes and increases sensible heat fluxes
· The relationship between mean-state climate conditions and deforestation responses helps explain inconsistent results among climate models


Abstract
Deforestation alters the exchange of heat, moisture, and momentum between the Earth’s surface and the atmosphere, which can significantly affect the surface energy balance and water budget. However, changes in surface heat fluxes in response to deforestation are diverse among multi-model simulations. Changes in surface heat fluxes may lead to further energy partitioning and different land-atmosphere interactions. This study explores factors that might cause different changes in surface fluxes under tropical deforestation. The mediating effect of the Bowen ratio on changes in turbulent surface fluxes in response to the removal of tropical rainforests is examined with the Community Earth System Model of the National Center for Atmospheric Research. Different flux partitioning in the mean state of the Bowen ratio is associated with various flux changes under deforestation. When the mean Bowen ratio is smaller, deforestation tends to increase sensible heat fluxes and reduce latent heat fluxes. Our research further indicates that the simulated mean-state Bowen ratios in the Land Use Model Intercomparison Project model archive might modulate changes in surface heat fluxes that provide some clues for the land surface model developments.
Plain Language Summary
Although deforestation in the tropics over the past few decades has been a driver of climate change, its effects on the climate are inconsistent among climate models. Through a series of sensitivity tests with land surface models, we found that mean-state climate conditions may modulate the effect of deforestation on the climate. Deforestation under climate conditions with smaller Bowen ratios decreases latent heat fluxes and increases sensible heat fluxes. Mean-state climate conditions vary among multi-climate models, resulting in different responses to deforestation. The relationship between mean-state climate conditions and deforestation responses helps explain the inconsistent results among climate models.

















1 Introduction
Tropical forests have experienced rapid deforestation over the past few decades (Rosa et al., 2016). Being one of the anthropogenic drivers of climate change, deforestation has three major effects on surface properties: (1) an increase in surface albedo, (2) a decrease in evapotranspiration efficiency, and (3) a decrease in surface roughness (Davin & de Noblet-Ducoudré, 2010). These changes in surface properties alter the exchange of momentum, heat, and moisture between the surface and the atmosphere. Through latent and sensible heat fluxes, the surface transfers absorb energy and moisture back to the atmosphere. This interaction between the surface and the atmosphere is important in determining the surface energy budget, hydrological cycle, boundary layer development, and local hydroclimate (Denissen et al., 2021; Santanello et al., 2018). Previous studies have shown that changes in evapotranspiration efficiency and surface roughness are two dominant processes in tropical forests (Davin & de Noblet-Ducoudré, 2010). Thus, the removal of tropical forests leads to an overall increase in surface temperature and the repartitioning of latent and sensible heat fluxes (Bell et al., 2015; L. Chen & Dirmeyer, 2020; Davin & de Noblet-Ducoudré, 2010; Laguë et al., 2019; Winckler et al., 2019).

Previous modeling studies have shown that although tropical deforestation consistently causes higher temperatures, it does not influence surface heat fluxes in a consistent manner (C.-C. Chen et al., 2019; Mabuchi et al., 2005a, 2005b; Schneck & Mosbrugger, 2011; Takahashi et al., 2017). Some idealized experiments such as those in the Land Use Model Intercomparison Project (LUMIP; Lawrence et al., 2016) have also yielded results (Fig. 1) regarding changes in surface heat fluxes that disagree with models in phase 6 of the Coupled Model Intercomparison Project (CMIP6; Eyring et al., 2016) (Boysen et al., 2020). This inconsistency in changes in surface heat fluxes highlights the difficulties in quantifying the effects of land use change on the climate and suggests that the underlying mechanisms of land-atmosphere interactions remain unclear. This study investigates the reasons for the inconsistency in changes in simulated surface fluxes to better quantify the effects of tropical deforestation on the local climate by conducting a series of NCAR Community Land Model experiments and analyzing results from LUMIP experiments.
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Figure 1. Differences in sensible heat flux (∆SH) and latent heat flux (∆LH) between the LUMIP deforest-glob experiments (averaged over year 50 to year 80) and CMIP6 piControl experiments over South America, Africa, and Borneo.

2 Data and Methods
2.1 Experimental design
This study performed simulations using the Community Land Model version 4.0 (CLM4.0) in the Community Earth System Model version 1.0.3 with a horizontal resolution of 0.9° × 1.25°. To avoid excessive soil evaporation in CLM4.0 over the deforestation area, the soil evaporation resistance parameterization in CLM4.0 was replaced with dry surface layer-based soil resistances, as introduced in Swenson & Lawrence (2014). The offline simulations were forced with Global Soil Wetness Project Phase 3 (GSWP3; Hyungjun Kim, 2017). The air humidity in GSWP3 was modified to generate atmospheric forcings with the mean-state Bowen ratios of 0.24, 0.36, 0.41, and 0.45 over tropical forests. The four modified forcings were then used to perform sensitivity simulations representing the different climate states. Each modified forcing was used to drive two experiments: a control run and a deforestation run. In the deforestation runs, all the trees were replaced with C4 grasses. The difference between each of the four pairs of runs was calculated to show the effects of deforestation under different climate conditions.
2.2 Data
Deforest-glob is an idealized deforestation experiment within LUMIP in which 20 million km2 of forest area is converted to grassland at a rate of 400,000 km2/yr over a period of 50 years, followed by a period of at least 30 years with no changes in forest cover (Lawrence et al., 2016). Seven CMIP6 models participating in LUMIP were selected: BCC-CSM2-MR (Wu et al., 2019), CanESM5 (Swart et al., 2019), CESM2 (Danabasoglu et al., 2020), CNRM-ESM2-1 (Séférian et al., 2019), IPSL-CM6A-LR (Boucher et al., 2020), MPI-ESM1.2 (Mauritsen et al., 2019), and UKESM1-0-LL (Sellar et al., 2020). These models were selected because in these models, (1) leaf area indices decrease within the deforestation time period, and (2) variables required in this study are provided. The deforest-glob experiments carried out by these models and their corresponding piControl simulations were used for analysis. The piControl simulations and the final 30-year period (year 51 to year 80) of deforest-glob of the LUMIP archive were compared to analyze changes in surface heat fluxes. To better quantify the effects of deforestation, only grid cells for whom the loss of forest cover was greater than the median in each tropical forest were considered for analysis.
2.3 Analytical approach
The changes over three tropical forests (i.e., Amazon, Congo, and Borneo) were analyzed in this study. River basin masks of Amazon and Congo from the Information on Total Runoff Integrating Pathways (TRIP; Oki & Sud, 1998) were used. Results from both offline sensitivity tests and LUMIP experiments were analyzed by mixing the data from each grid cell together to explore the relationship between climate conditions and change in fluxes. By mixing together the signal of each grid cell from seven LUMIP models, we could explore the reasons for the inconsistency in the flux changes among models. 

Water-limited and energy-limited conditions for each grid cell were evaluated with the equation established in Denissen (2020):
All variables were linearly detrended and computed by subtracting the climatological seasonal cycle. The Kendall rank correlations of (1) anomalous evapotranspiration () and anomalous surface temperature () and (2) anomalous evapotranspiration () and anomalous soil moisture () were computed, and the difference between the two Kendall rank correlations was calculated as the ∆corr. ∆corr > 0 indicates that the evapotranspiration depends more on energy than available water, and the grid cell is thus more energy-limited, and the converse is the case for ∆corr < 0.
The Bowen ratio (the ratio of sensible heat flux to latent heat flux)
is used as an indicator of the available energy partitioning. A larger Bowen ratio indicates more available energy is partitioned to sensible heat flux, whereas a smaller Bowen ratio indicates more available energy is partitioned to latent heat flux.
3 Results
3.1 Offline CLM sensitivity tests
The offline CLM sensitivity tests indicated a relationship between the Bowen ratio and changes in the surface heat fluxes (Fig. 2). The scatter plots are the differences in the surface heat fluxes between the deforestation and control runs of each grid cell in the CLM experiments (Fig. 2a–f). The Bowen ratio was directly and inversely proportional to changes in latent heat fluxes and sensible heat fluxes, respectively, but as the Bowen ratio became greater, its influence on changes in latent heat fluxes became less pronounced. Figures 2g–l also indicate differences in altered surface heat fluxes in response to different mean-state climate conditions. Grid cells with Bowen ratios below the first quartile tended to have greater sensible heat fluxes and smaller latent heat fluxes after deforestation, whereas grid cells with Bowen ratios above the third quartile tended to have smaller sensible heat fluxes and slightly smaller latent heat fluxes after deforestation. That is, deforestation tended to increase sensible heat fluxes and decrease latent heat fluxes when it occurred in a climate with a smaller Bowen ratio. By contrast, it tended to decrease the sensible heat fluxes and have a minor influence on the latent heat fluxes when it occurred in a climate with a greater Bowen ratio.
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Figure 2. Relationship between Bowen ratio and changes in surface heat fluxes over tropical forests in offline simulations driven by atmospheric forcings with different Bowen ratios. (a-c) Relationship between Bowen ratio and change in sensible heat flux (∆SH). (d-f) Relationship between Bowen ratio and change in latent heat flux (∆LH). (g-i) Probability density of change in sensible heat flux (∆SH). (j-l) Probability density of change in latent heat flux (∆LH). Blue lines show the changes when the mean-state Bowen ratio is below the first quartile in the control run, and red lines show the changes when the mean-state Bowen ratio is above the third quartile in the control run.

To explore the mechanism underlying the relationship between changes in the surface heat fluxes and mean-state conditions, we analyzed how the aforementioned two dominant processes, evapotranspiration efficiency and surface roughness, affect the surface heat fluxes in the tropics (Fig. 3). Sensible and latent heat fluxes are turbulent fluxes featuring the exchange of energy between the surface and the atmosphere through turbulent mixing. The efficiency of turbulent fluxes is proportional to the roughness length. Deforestation reduces roughness length and results in a smaller frictional velocity and greater aerodynamic resistance, leading to a repartitioning of surface heat fluxes and longwave radiation. A smaller roughness length under deforestation makes it difficult for the surface to exchange energy with the atmosphere through turbulent mixing. Therefore, the surface temperature increases to emit more longwave radiation to remove energy from the surface and maintain the surface energy balance. This is consistent with Bell et al., 2015; Boysen et al., 2020; Laguë et al., 2019; Nelli et al., 2020; Winckler et al., 2017, 2019.

Figure 3 also shows how deforestation alters surface heat fluxes by decreasing evapotranspiration efficiency. Transpiration resistance is controlled by vegetation types. Replacing forests with grassland reduces transpiration and results in higher soil water content. Deforestation reduces leaf area, resulting in smaller amounts of stomata, less intercepted water, and reduced canopy evapotranspiration. The smaller leaf area increases the amount of shortwave radiation absorbed by the soil, which can increase the amount of soil evaporation in more energy-limited regions such as tropical forests. In addition to allowing the soil to receive more energy, a smaller leaf area also increases the amount of throughfall and thus the amount of soil moisture. The higher soil water content due to reduced transpiration and reduced leaf area favors soil evaporation. Changes in transpiration, canopy evaporation, and soil evaporation can influence the latent heat fluxes. As the latent heat flux is altered, the sensible heat flux simultaneously adjusts to maintain the surface energy balance. Both roughness length and evapotranspiration efficiency affect surface heat fluxes, and deforestation may result in varying flux through the interaction between the two mechanisms.

The table shown at the bottom of Fig. 3 displays the responses of surface fluxes to deforestation in Borneo from sensitivity tests with the greatest and the smallest Bowen ratios. In the simulation with the smallest Bowen ratio, the significant decrease in transpiration dominates the change in latent heat fluxes. This decrease in latent heat fluxes leads to an increase in sensible heat fluxes to maintain surface energy balance. In the simulation with the greatest Bowen ratio, the decrease in transpiration was not as significant and was compensated by an increase in soil evaporation; thus, sensible heat fluxes did not need to increase for the surface energy balance to be maintained. Consequently, deforestation leads to reductions in both surface heat fluxes when the Bowen ratio is greater. Similar results can be seen for Congo and the Amazon.
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Figure 3. How deforestation influences surface heat fluxes. The table shows average changes in fluxes between deforestation and control runs over Borneo in the experiments with the smallest and the greatest Bowen ratios. The green box illustrates the mechanism of evapotranspiration efficiency. The blue box illustrates the mechanism of surface roughness. The gray box illustrates the interaction between these two mechanisms.

3.2 LUMIP experiments
Similar but weaker relationships between mean-state flux partitioning (i.e., Bowen ratio) and the flux changes in response to deforestation can also be observed in LUMIP experiments (Fig. 4). Deforestation is more likely to increase sensible heat fluxes and decrease latent heat fluxes at grid cells with lower Bowen ratios (Fig. 4a–f). By contrast, deforestation is more likely to decrease sensible heat fluxes and increase latent heat fluxes at grid cells with higher Bowen ratios. That is, models with smaller mean-state Bowen ratios are more likely to have an increase in sensible heat fluxes and a decrease in latent heat fluxes. The flux changes in different Bowen ratios for Congo and the Amazon were not as distinct as that for Borneo. This may suggest that the nonlocal adjustment to deforestation is stronger for Congo and the Amazon.

Regions with sufficient precipitation and less radiation are characterized as energy-limited, whereas regions with less precipitation and more radiation are characterized as water-limited (Denissen et al., 2020; Konapala et al., 2020; Ryu et al., 2008). Energy-limited regions are generally wetter and have higher soil water content. With sufficient available water, energy-limited regions tend to have greater latent heat fluxes and hence lower Bowen ratios. Conversely, water-limited regions are usually drier, tend to have smaller latent heat fluxes, and thus have higher Bowen ratios (Denissen et al., 2021). As shown in Fig. 4g–h, grid cells with higher Bowen ratios were more water-limited in Congo and the Amazon. However, in Borneo, the ∆corr of grid cells with different Bowen ratios were comparable (Fig. 4i) and were higher than those in Congo and the Amazon. With the highest annual precipitation among the three tropical forests, Borneo is overall more energy-limited. In addition, the ∆corr of grid cells with Bowen ratios above the third quartile in Borneo were significantly higher than those in Amazon (P < .001) and Congo (P < .001). This is due to the land-sea distribution pattern in Borneo, in which higher surface temperatures induce lateral water vapor transport to Borneo from the surrounding oceans (Fig. 4j). Therefore, grid cells with Bowen ratios above the third quartile in Borneo were also more energy-limited than those for Congo and the Amazon.
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Figure 4. Changes in surface heat fluxes and water and energy conditions in the LUMIP model simulations. (a-f) Similar to Figure 4, but for the LUMIP deforest-glob and CMIP6 piControl experiments. The probability density of (g-i) ∆corr over tropical forests and (j) the moisture convergence over Borneo in CMIP6 piControl experiments. Blue lines show changes with the mean-state Bowen ratio below the first quartile in the control run, and red lines show the responses with the mean-state Bowen ratio above the third quartile in the control run. The statistical significance of the difference between ∆corr of Amazon and Borneo and between ∆corr of Congo and Borneo are shown in (g) and (h).

4 Discussion and Conclusions
The sensitivity tests showed that the mean-state partitioning of surface heat fluxes affects change in surface heat fluxes in response to deforestation. The near-surface vertical humidity gradient is related to the decrease in the amount of transpiration. A greater reduction in transpiration is the dominant mechanism underlying changes in latent heat flux, therefore leading to an increase in sensible heat flux to compensate for the change in the surface energy balance. A slighter decrease in transpiration and the compensation from the increase in soil evaporation results in a smaller decrease in latent heat fluxes, leading to a decrease in sensible heat fluxes. The decrease in transpiration and increase in soil evaporation affect the change in latent heat fluxes, and the change in latent heat fluxes determines whether sensible heat fluxes will increase to maintain the energy balance. The model simulations indicated that the inconsistency in changes in fluxes in response to deforestation may be related to the mean-state conditions. The results of this study may be crucial to explaining the inconsistency in flux responses between climate models and advancing our understanding of the effects of deforestation on the local climate.

Despite having similar results as offline sensitivity tests, LUMIP simulations had less distinct changes in surface heat fluxes for different mean-state conditions. In fully coupled simulations, both atmospheric conditions and sea surface temperature adjust accordingly to changes in the land surface conditions. In addition, changes in surface heat fluxes for different mean-state conditions differed between tropical forests. Borneo had the most significant changes in surface heat fluxes. This may suggest that climate feedbacks through changes in ocean and atmospheric conditions are stronger over Congo and the Amazon. Hence, signals in LUMIP experiments are not as clear as those in offline simulations.

The relationship between the mean-state Bowen ratio and the change in flux for each CMIP6 model is shown in Fig. S1–S3. Although a relationship similar to the results from offline simulations can be seen when the signal of each grid cell from LUMIP experiments is mixed, not all models indicate a similar relationship. In general, models or grid cells with a mean-state Bowen ratio above the third quartile tended to show greater decreases in sensible heat fluxes and increases in latent heat fluxes. Models or grid cells with a mean-state Bowen ratio below the third quartile tended to show greater increases in sensible heat fluxes and decreases in latent heat fluxes. However, some models exhibited opposite tendencies or diverse changes in fluxes under similar mean-state flux partitioning, such as BCC, CanESM, and CESM2 over the Amazon, and IPSL and UK over Congo. The relationship between the Bowen ratio and the change in surface heat fluxes may explain why models differ with respect to changes in surface heat fluxes. The varying rates of precipitation, net radiation, surface resistance, land-atmosphere coupling strength, and initial forest cover may lead to various mean-state conditions across models and further lead to varying responses to deforestation.
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