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Leaf optical properties (LOPs, i.e., leaf reflectance and transmittance), as a fundamental property of vegetation, are a key parameter in the canopy radiative transfer process. LOPs have a direct impact on the surface solar radiation partition and further affect surface flux exchanges. Recent works have provided reliable LOP data and mentioned that notable differences exist between the prescribed LOP values in current land surface models and measured LOP values, especially in the near-infrared (NIR) band. To evaluate the effects of different LOP values in land surface modeling, we ran two land surface models (the Community Land Model and the Common Land Model) with their default prescribed and measured values to examine the differences in simulated surface radiation partitions and fluxes. Our analyses show that differences in LOP values can lead to a large discrepancy in albedo, radiation partition, sensible heat flux and net radiation simulations. By using the measured LOP values, in the boreal forest zone, Southeast China, and the eastern United States, both models have a significantly increased surface albedo in the NIR band, with the difference exceeding 10% during JJA. Thus, the measured LOP values can improve the negative albedo bias in the boreal forest zone during summertime. Moreover, both models simulate less net radiation with a maximum reduction of 11 [image: image] when incorporating the measured LOP values. Therefore, the total sensible heat flux can be reduced by as much as 11 [image: image]. The results of this study emphasize that different LOP values can have a considerable effect on the surface radiation budget and sensible heat flux simulations which need attention in land surface model development. However, in current offline simulations, the measured LOP values cause slight changes in land surface temperatures and gross primary productivity (GPP).
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INTRODUCTION
Leaf optical properties (LOPs, i.e., leaf reflectance and transmittance) are among the most important driving factors of the Earth’s surface energy balance. Reliable LOP data are also required for the parameterization of the two-stream transfer model (Dickinson, 1983; Sellers, 1985), which is widely adopted in land surface models (LSMs). Thus, LOPs can directly impact surface albedo, which is one of the crucial parameters in the land surface radiation budget and energy balance (Zhai et al., 2014). Many kinds of studies also show that albedo plays an important role in land surface temperature change (Dickinson and Henderson-Sellers, 1988; Bounoua et al., 2002; Holland and Bitz, 2003; Winton, 2006) and has a significant effect on rainfall (Xue and Shukla, 1993; Dirmeyer and Shukla, 1996; Knorr et al., 2001; Levine and Boos, 2017). Feedbacks between albedo and climate are also critical for climate predictions (Pu and Dickinson, 2012; Kovenock and Swann, 2018). Thus, surface albedo shapes the Earth’s climate and climate change (Soden and Held, 2006; Randall et al., 2007).
In LSMs, the LOP values are generally prescribed for two broad bands in the shortwave region, i.e., the visible band (VIS) and the near-infrared band (NIR), and for different land cover types or plant functional types (PFTs), such as needleleaf evergreen tree (NET), needleleaf deciduous tree (NDT), broadleaf evergreen tree (BET) and broadleaf deciduous tree (BDT). These PFTs can be further classified as tropical (Tro), temperate (Tem) and boreal (Bor) by broad geoclimatic zones. Many current LSMs (e.g., the Community Land Model (CLM), the Jena Scheme of Atmosphere Biosphere Coupling in Hamburg (JSBACH), and the Joint United Kingdom Land Environment Simulator (JULES)) either rely on the “time-invariant optical properties look-up table” of the Simple Biosphere (SiB) model presented 30 years ago by Dorman and Sellers (1989) or lack references for the properties they do employ (Majasalmi and Bright, 2019). By examining the prescribed single-scattering albedo [SSA, i.e., the sum of reflectance ([image: image]) and transmittance ([image: image])] values of CLM (Lawrence et al., 2019), CoLM (Dai et al., 2003; Dai et al., 2004; Ji and Dai, 2010), Noah-Multi parameterization LSM (Noah-MP; Niu et al., 2011), JULES (Clark et al., 2011), SiB/SiB2 (Dorman and Sellers, 1989) and the Community Atmosphere Biosphere Land Exchange model (CABLE; Haverd et al., 2018), as shown in Figure 1, SSA values are very close to each other and almost identical to those in the SiB/SiB2 model.
[image: Figure 1]FIGURE 1 | Comparison of measured LOP values in the NIR band (A) and VIS band (B) with prescribed values in the different models.
Recent work by researchers has provided LOP data through various kinds of methods. For example, LOPs can be measured by using optical instruments (Middleton and Sullivan, 2000; Göttlicher et al., 2011; Lukeš et al., 2013; Mottus et al., 2014; Hovi et al., 2017; Rautiainen et al., 2018), simulated by leaf-level modeling of LOP models (Jacquemoud and Baret, 1990; Malenovský et al., 2007; Feret et al., 2008; Zhang et al., 2017) or retrieved by inversion of remote sensing data sets (Hagolle et al., 2005; Pinty et al., 2011; Verrelst et al., 2015). The reported LOP values from early literature (e.g., Goudriaan, 1977; Dickinson, 1983) are different from those in the listed models (Figure 1). More recently, Majasalmi and Bright (2019) used various spectral databases to synthesize and harmonize the key optical property information of the PFT classification shared by many leading LSMs and found notable differences between the CLM default and measured LOP values in the NIR band. The LOP values for different PFTs provided by Majasalmi and Bright (2019) are highlighted in Figure 1 and referred to as “measured”. Except for tropical broadleaf trees (i.e., BET-Tro and BDT-Tro), the measured SSA values are generally 0.1–0.29 higher than the prescribed values in the NIR band (Figure 1A). The most significant difference occurs for the needleleaf trees (i.e., NET-Tem, NET-Bor and NDT). In the VIS band, no difference greater than 0.04 is found (Figure 1B). Thus, Majasalmi and Bright (2019) suggested that NIR optical properties require an update.
To date, research has focused on the acquisition of LOP data. Although substantial work has been completed, these data have not been applied in LSMs. The effects of such a large difference in LOP values between prescribed model and measured values in model simulations are still unclear. To this end, in this study, we incorporate the measured LOP values, which are provided by Majasalmi and Bright (2019), in CLM5 and CoLM and compare the difference in simulated albedo as a result of changed LOP values. Moreover, we analyze the changes in surface radiation partition, surface fluxes, net radiation, and land surface temperatures. Finally, differences in simulated global annual gross primary productivity (GPP) are also compared.
MODELS AND EXPERIMENTS
Model Description
In this study, we use two widely adopted land surface models, the Community Model (CLM5) and the Common Land Model (CoLM2014), to conduct offline simulations. Both models calculate radiative transfer through the canopy and the ground surface using the two-stream radiative transfer model. CLM5 is the latest version of the land component in the Community Earth System Model (CESM) (Danabasoglu et al., 2020) and builds on the progress made in CLM4.5. Lawrence et al. (2019) present an overview of model developments. More detailed descriptions can be found in the technical manual (Lawrence et al., 2018).
CoLM combines the advantages of three land surface models: NCAR LSM (Bonan, 1996; Bonan, 1998), Biosphere-Atmosphere Transfer Scheme (BATS) (Dickinson et al., 1993) and Institute of Atmospheric Physics LSM (IAP94) (Dai and Zeng, 1997). CoLM2014 (http://globalchange.bnu.edu.cn/research/models) is an update of CoLM2005 (Dai et al., 2004; Ji and Dai, 2010) and CoLM (Dai et al., 2003).
Experimental design
For the purpose of examining the effects of different LOP values on land surface modeling, we run offline simulations of CLM5 and CoLM2014 with their default LOP values (named CLM and CoLM) and with the measured LOP values (named [image: image] and [image: image]) provided and suggested by Majasalmi and Bright (2019) (Table 1). The LOP values are given in different PFTs of CLM5 as an example. CoLM uses the “mosaic” approach to account for different land covers within a model grid cell. However, in contrast to PFT, CoLM2014 uses the land cover type classification to represent subgrid-scale heterogeneity. Therefore, the forest classification is slightly different from that of CLM5. To make the land cover type of CoLM2014 more consistent with that of CLM5, we map the forests of CoLM2014 by geoclimatic zones. That is, the needleleaf forest (i.e., NET and NDT) and broadleaf forest (i.e., BET and BDT) of CoLM2014 are further broken down to NET-Tem (NDT-Tem), NET-Bor (NDT-Bor), BET-Tro (BDT-Tro), BET-Tem (BDT-Tem) and BET-Bor (BDT-Bor). We consider the mixed forest of CoLM2014 as NET, which is mainly located in Canada. The land cover results of CLM5 and CoLM2014 are shown in Figure 2. After the new land cover mapping, the vegetation distribution of CoLM2014 is very close to that of CLM5; for example, needleleaf trees and BET are mainly distributed in the boreal forest zone and tropics, respectively.
TABLE 1 | Default prescribed and measured leaf optical property values for each PFT set in CLM (CoLM) and [image: image] ([image: image]).
[image: Table 1][image: Figure 2]FIGURE 2 | Fractional coverage of different vegetation cover types in CLM5.0 (A–D) and CoLM2014 (E–H).
Using the remotely sensed leaf area index, CLM and [image: image] are simulated with default settings (except for the LOP values). The component set in CLM is I2000Clm50Sp. Extension modes are not activated (e.g., biogeochemical cycles and carbon nitrogen cycling). Except for LOP values, CoLM and [image: image] are both kept as the default settings. Ten-year simulations at a spatial resolution of 0.9° x 1.25° for CLM ([image: image]) and 0.5° x 0.5° for CoLM2014 ([image: image]) are conducted. CRUNCEPv7 data are the climate forcing for both CLM5 and CoLM2014. The running time of these two models is 2000–2009. The first half of the decade (2000–2004) is considered as spin-up and the seasonal averages over the last five years (2005–2009) are compared and analyzed.
RESULTS
Albedo
We first compare the black-sky albedo in the NIR band simulated by CLM and [image: image] (Figure 3). Their differences, which can be as much as 3%–10% in most regions, are mainly located in the boreal forest zone, Southeast China and the eastern United States, most notably in JJA (Figure 3C). These areas are typically associated with dense coniferous trees and broadleaf trees (Figure 2) with a large difference in [image: image] values, especially for NDT (the measured [image: image] value is 0.28 greater than that of prescribed values, Table 1). Therefore, in areas with a high proportion of NDT (more than 90%, Figure 2B), Figure 3C shows that the differences can exceed 10%. The differences in simulated albedo generally exhibit a strong seasonal dependence. That is, the difference increases substantially in the growing season (MAM and JJA) and decreases during the nongrowing season (DJF and SON). However, there are still many regions with 1–5% differences. The difference in LOP values is mainly in the NIR band (Figure 1 and Table 1). The difference in VIS band albedo is less than 1% (not shown). For white-sky albedo, the consequence is similar to that for black-sky albedo. Therefore, [image: image] calculates all-sky albedo up to 1–5% greater than CLM in the abovementioned regions (not shown).
[image: Figure 3]FIGURE 3 | Differences in mean seasonal albedo between CLM and [image: image] (black spots indicate significant differences greater than 95%).
Figure 4 presents the difference in the black-sky albedo in the NIR band between CoLM and [image: image]. CoLM generally shows the same results as CLM. During MAM and JJA, the albedo increases by 3–10% in the boreal forest zone, Southeast China and the eastern United States. The differences also exceed 10% between CoLM and [image: image] in areas with a high proportion of NDT (Figure 2F). Figures 4A,D also show that in comparison to CoLM, [image: image] simulates albedo up to 1–5% more in similar regions during DJF and SON. Similar to that with CLM, in the VIS band, the difference is negligible. Therefore, the all-sky albedo of [image: image] generally increases by 1–5% in the same regions as CLM. It should be noted that the difference in all-sky albedo can be as much as 8% during JJA in the NDT regions. This result is comparable to the uncertainty introduced by PFT distributions, which has an impact on the seasonal cycle of surface albedo in the boreal forest zone of up to 10% during JJA (Hartley et al., 2017; Georgievski and Hagemann, 2018).
[image: Figure 4]FIGURE 4 | Information the same as that in Figure 3 but for CoLM.
We also compare the simulated albedo of each model with observations derived from CERES-EBAF data (Kato et al., 2013), which are applied for ILAMB (Collier et al., 2018). The CERES provides monthly albedo from 2000 to 2013 at a 0.5° spatial resolution. We use data from 2005–2009 and grid them to the CLM5 resolution in comparison to the CLM and [image: image]. The monthly average all-sky albedo of CLM (CoLM) and [image: image] ([image: image]) are obtained from the ratio of monthly average total reflected shortwave radiation flux to incident shortwave radiation flux, and the same is true of CERES data. When comparing CLM and CoLM (Figures 5A,C), it is apparent from Figures 5B,D that negative albedo bias can be significantly improved in the boreal forest zone during JJA. The driving forces behind this change are an increase in the NIR band albedo of [image: image] and [image: image]. This scenario suggests that the bias arising from model parameterizations can be compensated by LOP value adjustments.
[image: Figure 5]FIGURE 5 | Differences in all-sky albedo during JJA between CLM (A,B) [CoLM (C,D)], [image: image] ([image: image]) and CERES.
Energy Partition and Surface Fluxes
Figures 6A,D show the differences in the zonal average reflected solar radiation between CLM (CoLM) and [image: image] ([image: image]). Owing to the higher [image: image] values of [image: image] and [image: image] (Figure 1 and Table 1), the reflected solar radiation has a significant increase between 40°–60°N and 30°–55°S. The maximum increment occurs in JJA and can be as much as 6 [image: image]. During DJF at 40°S, in comparison to CLM and CoLM, [image: image] and [image: image] simulate the surface-reflected radiation up to more than 3 [image: image]. There are still noticeable differences (approximately 1–3 [image: image]) during the other seasons.
[image: Figure 6]FIGURE 6 | Zonal average differences in reflected solar radiation (A,D), solar absorption (B,E) and sensible heat flux (C,F) between CLM (CoLM) and [image: image] ([image: image]). The solid line and dashed line in Figure 6B,C and Figure 6E,F represent vegetation and the ground, respectively.
LOP values can also directly influence the energy partition between the canopy and ground. Differences in the zonal average solar radiation absorbed by vegetation and the ground between CLM (CoLM) and [image: image] ([image: image]) are shown in Figures 6B,E. [image: image] and [image: image] both show a considerable reduction in vegetation absorption (approximately 2–8 [image: image]) between 40° and 60°N during JJA. This is due to the higher measured [image: image] values of coniferous trees and broadleaf trees than that of prescribed values (Table 1) that contribute to reducing light interception by the canopy. The differences between CoLM and [image: image] can be as much as 10 [image: image] at 60°N. For the same reason, in the Southern Hemisphere, [image: image] and [image: image] calculate vegetation absorption at values less than those in CLM and CoLM by as much as 5 [image: image] during DJF. A higher [image: image] leads to a decrease in vegetation light interception, and more solar radiation penetrates vegetation and reaches the ground. At 60°N, [image: image] and [image: image] increase the ground absorption by up to 3 [image: image] during JJA. However, relatively small differences are found during the other seasons.
The changes in radiation partition lead to a difference in the sensible heat (SH) flux of vegetation and the ground (Figure 6C and Figure 6F). There is a significant positive correlation between solar radiation absorption (Figures 6B,E) and SH (Figures 6C,F). The difference in SH is also mainly located between 40°–60°N and 30°–55°S. As shown in Figures 6C,F, at 60°N, [image: image] and [image: image] simulate vegetation SH up to 6 [image: image] higher than that in CLM and CoLM during JJA. In the Southern Hemisphere at 25–50°S, [image: image] and [image: image] have a lower vegetation SH than CLM and CoLM by as much as 1–3 [image: image]. The differences between CLM and [image: image] can exceed 4 [image: image] during DJF. There is a slight increase in ground SH, which is less than 1 [image: image].
It should be noted that the LOP uncertainty has a considerable effect on the total SH (Figure 7). The most obvious change is in the growing season. Therefore, we only show the differences during MAM and JJA. Due to the significant reduction in vegetation absorption for [image: image] and [image: image], the results show that the total surface SH of [image: image] and [image: image] can be reduced by 1–10 [image: image] in the boreal forest, Southeast China and the eastern United States during JJA. Especially in the NDT regions (Figures 2B,F), the differences can exceed 10 [image: image]. Moreover, there are still 1–5 [image: image] differences in many regions during MAM. Thus, incorporating measured LOP values may overcome the problem of higher SH during the growing season of CLM (Burakowski et al., 2018). No significant differences (less than 1 [image: image] in most regions) in total latent heat are found.
[image: Figure 7]FIGURE 7 | Differences in the total sensible heat flux between CLM (A,B) [CoLM (C,D)] and [image: image] ([image: image]).
Net radiation, land surface temperature and photosynthesis
As shown in Figure 8, it is apparent that [image: image] and [image: image] have much lower net radiation ([image: image]) (3–10 [image: image]) than CLM and CoLM in the boreal forest zone, Southeast China and the eastern United States during JJA. This result is mainly due to the lower vegetation solar absorption in [image: image] and [image: image] (Figures 6B,E). Moreover, the difference can be as much as 11 [image: image] less in the NDT regions. During MAM, [image: image] and [image: image] generally simulate [image: image] at 1–7 [image: image] less than that in the abovementioned regions. Notably, no significant changes in net infrared radiation are found when compared with net shortwave radiation. Therefore, the driving force behind the [image: image] change is a decrease in shortwave radiation absorption.
[image: Figure 8]FIGURE 8 | The information is the same as that in Figure 7 but for net radiation.
We also compared the differences in 2 m air temperature, ground (vegetation) temperature and skin temperature (i.e., radiative temperature). In both CLM and CoLM, “2 m” is defined as 2 m above the apparent sink for sensible heat (Dai et al., 2001; Lawrence et al., 2018). Figure 9 shows the differences in the land surface temperature between CLM (CoLM) and [image: image] ([image: image]). Although the measured LOP values lead to a lower [image: image], the 2 m air temperature has small changes in current offline simulations. Compare to CLM and CoLM, the 2 m air temperature of [image: image] and [image: image] only decreased by 0.01–0.02K between 40° and 60°N during JJA (Figures 9A,D). And during MAM, the differences between CLM (CoLM) and [image: image] ([image: image]) are less than 0.01K in most regions. Although the measured LOP values have a higher [image: image] which leads to an increase (reduction) in the ground (vegetation) absorption (Figures 6B,E), there are few effects on ground and vegetation temperature. As shown in Figure 9B, [image: image] has a higher ground temperature by only 0.1–0.11K than CLM between 40° and 60°N during JJA. And in the Southern Hemisphere, there are about 0.08K differences during DJF. Moreover, due to higher [image: image] contributes to reducing light interception by the canopy, the measured LOP values result in a lower vegetation radiation absorption. Therefore, [image: image] simulates the vegetation temperature up to 0.07K lower than CLM at 60°N. For the same reason, CoLM shows a similar result as CLM. However, perhaps because CoLM takes no account of the effect of stem, the differences in ground and vegetation temperature between CoLM and [image: image] can be as much as 0.3K and 0.17K at 60°N (Figure 9E), respectively. The measured LOP values also have few effects on the skin temperature. The skin temperature of [image: image] can be lower by 0.04–0.065K than CLM between 40° and 60°N during JJA and MAM (Figure 9C). CoLM also shows the same result (Figure 9F). And for GPP, because the measured LOP and model prescribed values are very close in the VIS band (Figure 1B), there are slight changes in absorbed photosynthetically active radiation. Thus, the measured LOP values do not cause obvious changes in GPP simulations. The annual GPP calculated by [image: image] and [image: image] can only be 0.054 [image: image] (0.03%) and 0.041 [image: image] (0.02%) higher than that calculated by CLM and CoLM (not shown), respectively.
[image: Figure 9]FIGURE 9 | Zonal average differences in 2-m air temperature (A,D), vegetation (ground) temperature (B,E) and skin temperature (C,F) between CLM (CoLM) and CLM_mLOP (CoLM_mLOP). The solid line and dashed line in (B,C,E,F) represent vegetation and the ground, respectively.
DISCUSSION AND CONCLUSIONS
By examining the prescribed LOPs of 6 LSMs, it was found that there is a difference of 0.1–0.29 from the measured SSA. The effects of such a large difference in LOP values between the prescribed model values and measured values of land surface modeling are still unclear. To determine the effects, we employed two widely used land surface models (CLM5 and CoLM2014) to examine the potential effects by incorporating the measured LOP values. The results indicate that the measured LOP values have a significant effect on surface albedo simulation, radiation partitioning and SH exchange in the boreal forest zone, Southeast China and the eastern United States. By using the measured LOP values, the surface albedo in the NIR band increases by 3–10% in the abovementioned regions, especially in JJA. Thus, the negative bias of surface albedo between the model and observational data can be significantly improved in the boreal forest zone during JJA. The energy partition can also be directly influenced by the LOP values. Both models generally have increased ground radiation absorption and less canopy radiation absorption. The measured LOP values also have a considerable effect on the net radiation and SH calculation. The net radiation of [image: image] and [image: image] decrease by 3–11 [image: image] during JJA, Moreover, [image: image] and [image: image] show a 3–11 [image: image] reduction in total SH during JJA. The results of this study emphasize that different LOP values can have a considerable effect on the surface radiation budget and SH simulations. It needs to be noted that all the comparisons in this study are monthly average which includes both daytime and nighttime. Since the solar radiative transfer process only happens in the day, the difference due to the modification of LOPs supposes to be more pronounced if only the daytime is considered. However, the measured LOP values have few effects on 2 m air temperature. Perhaps this has something to do with the fact that we only did offline simulations. The 2 m air temperature of [image: image] and [image: image] only decreased by 0.01–0.02K. The measured LOP values also have few effects on ground (vegetation) temperature and skin temperature. As we mentioned above, due to the prescribed LOP values fell within the range of measured values in the VIS band, the GPP simulations also do not change obviously.
The measured LOP values provided by Majasalmi and Bright (2019) may not be “correct” per se. However, compared with the LOP values used in today’s LSMs, these data synthesize various observational data and spectral databases (Majasalmi and Bright, 2019). The purpose of this study is not to identify which optical parameter is the “correct” or better but to examine the effects of LOP values on surface radiation transfer and flux exchanges. As demonstrated from the results, LOP values could induce large uncertainties. In recent years, LSMs have aimed to develop more accurate and realistic physical processes. As a 1-D vertical canopy structure model, the two-stream model uses the fixed LOP values from a look-up table of “time-invariant” optical properties. It should be noted that LOPs generally show seasonal changes with vegetation growth and senescence stages (Yuan et al., 2017). In the future, a database of optical property data of tree species will be developed. These data could be used to realistically describe vegetation properties in LSMs to improve the accuracy of the model simulations. On the other hand, the two-stream model may be unrealistic in its assumption of the canopy structure and may introduce a large bias. In LSMs, the representation of canopy processes is given by the “big-leaf” model, which replaces the entire canopy with a single vegetation element regardless of the canopy profile (McGrath et al., 2016). However, different vegetation canopies may coexist and form multiple canopy layers, and significant three-dimensional canopy structures may exist (Yuan et al., 2014). And due to the non-linear response of photosynthesis, it is difficult to find a single value of leaf physiological properties to adequately represent the entire canopy under all conditions (McGrath et al., 2016). The shortwave radiation absorbed for photosynthesis is also used in the calculation of the energy budget. Therefore, using multilayer radiation transfer models to accurately describe the process of photosynthesis and radiation transfer within the canopy is the principal direction of current research and progress has already been made (Yuan et al., 2014; McGrath et al., 2016; Qiu et al., 2016). Yuan et al. (2014) developed a three-layer canopy radiation transfer model based on the three-dimensional structural canopy effect. McGrath et al. (2016) presented a multi-level radiation transfer scheme for the ORganising Carbon and Hydrology In Dynamic EcosystEms. And Qiu et al. (2016) developed a generalized radiative transfer scheme with nonuniform optical properties of adaxial and abaxial leaf surfaces and the nonuniform canopy structure in the vertical direction. In these researches, the radiation transfer model usually has more complex and realistic assumptions and shows a good improvement in some cases. In this study, we only operated offline simulations and found that LOP has a considerable impact on model simulation, such as albedo simulation. However, albedo is important not only in LSMs but also in land-atmosphere interaction and coupling models (Betts, 2000; Betts, 2001; Berbet and Costa, 2003; Boisier et al., 2012). Therefore, the effects of LOP values on coupled land-atmosphere model simulations are also worth considering.
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