[image: image1]Parameterization of soil evaporation and coupled transport of moisture and heat for arid and semiarid regions

		ORIGINAL RESEARCH
published: 13 March 2023
doi: 10.3389/feart.2023.1151405


[image: image2]
Parameterization of soil evaporation and coupled transport of moisture and heat for arid and semiarid regions
Chunlei Meng1*, Haidong Jin2 and Bo Jin2
1Institute of Urban Meteorology, China Meteorological Administration, Beijing, China
2Tianjin Meteorological Service, China
Edited by:
Kai Yang, Lanzhou University, China
Reviewed by:
Jianduo Li, China Meteorological Administration, China
Meixian Liu, SYSU, China
Linlin Lu, Aerospace Information Research Institute, Chinese Academy of Sciences (CAS), China
* Correspondence: Chunlei Meng, clmeng@ium.cn
Specialty section: This article was submitted to Atmospheric Science, a section of the journal Frontiers in Earth Science
Received: 26 January 2023
Accepted: 27 February 2023
Published: 13 March 2023
Citation: Meng C, Jin H and Jin B (2023) Parameterization of soil evaporation and coupled transport of moisture and heat for arid and semiarid regions. Front. Earth Sci. 11:1151405. doi: 10.3389/feart.2023.1151405

Soil moisture is an important parameter in numerical weather forecasting and climate projection studies, and it is extremely important for arid and semiarid areas. Different from those in relatively wet areas, for arid and semiarid areas, mechanisms associated with the transportation, condensation, and evaporation of water vapor in soil interior cannot be neglected. In this paper, schemes associated with soil evaporation and coupled transport of soil moisture and heat were developed for the integrated urban land model (IUM) to improve the simulation of soil moisture in arid and semiarid areas. The whole layer soil evaporation (WSE) scheme was developed to improve the simulation of soil evaporation. The soil’s inner layer water vapor transport is considered a part of WSE. The transport of water and heat in the inner soil was linked to the phase change of water. The NASA Soil Moisture Active Passive (SMAP) mission Level-4 Soil Moisture product and 10-cm volumetric soil moisture observations in 358 autonomic soil moisture observation sites were used for validating the simulation results. The results indicate that after using the WSE scheme and considering the coupled transport of moisture and heat in the soil interior, the simulation of soil moisture was improved definitely. For June, July, and August, the biases of soil moisture simulation decreased by approximately 22.5, 34.4, and 27.5%, respectively, while the RMSEs decrease by approximately 7.0, 8.7, and 9.6%, respectively. The improvement of soil moisture simulation indicates that in arid and semiarid areas soil water vapor transport is important and cannot be neglected.
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1 INTRODUCTION
Soil moisture is a key parameter in land surface modeling. It is an important parameter in numerical weather forecasting and climate projection studies and extremely important in agriculture and hydrology fields in arid and semiarid areas (Koster et al., 2004; Santanello JR. et al., 2019; Kumar et al., 2020; Humphrey et al., 2021). Different from those in relatively wet areas, for arid and semiarid areas, mechanisms associated with the transport, condensation, and evaporation of water vapor in the soil interior cannot be neglected. Compared to soil temperature, soil moisture states have a memory operating at subseasonal time scales (Koster et al., 2011; Seo et al., 2019; Seo et al., 2020), and it is more important in climate projection studies. As multiple factors can influence the simulation result of soil moisture, such as topography, evaporation, and infiltration, it is harder to simulate accurately.
Soil evaporation is one of the most important parameters in land surface modeling (Wang and Dickinson, 2012) because it links the energy balance and water balance of the land surface. Plenty of parameterization schemes were developed to parameterize soil evaporation (Godfrey and Stensrud, 2010; Jung et al., 2010; Lawrence et al., 2011; Mueller et al., 2011; Tang and Riley, 2013), but only a few of them considered soil inner layer evaporation. In the semiarid and arid regions, as volumetric soil moisture is relatively low, water vapor transport cannot be neglected. Soil inner evaporation is important and encompasses a considerable proportion of total soil evaporation.
For land surface models, soil moisture and heat transport are almost always considered separately. The simultaneous existence of water potential and temperature gravity can induce energy and moisture transport at the same time. The study of soil evaporation and coupled transport of soil moisture and heat (Wang and Yang, 2018) is important in land surface and climate modeling, especially for arid and semiarid areas.
In this article, schemes associated with soil evaporation and coupled transport of soil moisture and heat are developed for the integrated urban land model (IUM) (Meng, 2015) to improve the simulation of soil moisture in arid and semiarid areas. The whole layer soil evaporation (WSE) scheme was developed to improve the simulation of soil evaporation. The soil's inner layer water vapor transport is considered a part of soil evaporation. The transport of water and heat in the inner soil was linked to the phase change of water. The findings of this article are important for agricultural and climate change studies in arid and semiarid areas.
2 DATA AND METHOD
2.1 Study area
Northwestern China and its surrounding areas are examined in this study. The study area is located at 35–50°N, 72–112°E (Figure 1A). The land cover data are based on the United States Geological Survey (USGS) land cover dataset (Figure 1B). Arid and semiarid regions are predominant in the study area. Temperate continental climate occupies most regions of the study area. The temperature is extremely high in summer and extremely low in winter. Precipitation in the whole year is very low, and the annual precipitation in most of the regions is lower than 200 mm. Soil moisture observations at a depth of 10 cm in 358 autonomic soil moisture observation sites are chosen to validate the soil moisture simulation (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) Shaded relief elevation above sea level (m) and the locations of 358 soil moisture sites (red dots); (B) land cover based on USGS categories. (1. urban and built-up land. 2. Dryland cropland and pasture. 3. Irrigated cropland and pasture. 4. Mixed dryland/irrigated cropland and pasture. 5. Cropland/grassland mosaic. 6. Cropland/woodland mosaic. 7. Grassland. 8. Shrubland. 9. Mixed shrubland/grassland. 10. Savanna. 11. Deciduous broadleaf forest. 12. Deciduous needleleaf forest. 13. Evergreen broadleaf forest. 14. Evergreen needleleaf forest. 15. Mixed forest. 16. Water bodies. 17. Herbaceous wetland. 18. Wooded wetland. 19. Barren or sparsely vegetated. 20. Herbaceous tundra. 21. Wooded tundra. 22. Mixed tundra. 23. Bare-ground tundra. 24. Snow or ice).
2.2 Data
The NASA Soil Moisture Active Passive (SMAP) mission Level-4 (L4) Soil Moisture product (Reichle et al., 2019) provides global, 3-hourly, 9-km resolution estimates of surface (0–5 cm) and root zone (0–100 cm) soil moisture with a mean latency of −2.5 days. The SMAP soil moisture product has been widely used in soil moisture monitoring and assimilation and validated using in situ observations (Reichle et al., 2017; Chen et al., 2019; Colloander et al., 2020; Zheng et al., 2022).
The SMAP 10-cm volumetric soil moisture data and 10-cm autonomic soil moisture observation data from 358 sites in the research region are used for validation. Three months from June to August 2017 are used to perform the simulation results before and after considering the WSE scheme and coupled transport of soil moisture and heat. The spatial and temporal resolutions of SMAP soil moisture data are 9 km and 3 h, respectively. They were interpolated to 0.05 and 1 month by using a bilinear spatial interpolation method and arithmetic mean method, respectively (Figure 2). The temporal resolution of soil moisture observation data is 1 h, and it was aggregated and averaged to 1 month by using an arithmetic mean method. The observation data are downloaded from the National Meteorological Information Center of China at data.cma.cn. The soil moisture data were observed using an autonomic tensiometer. The temporal resolution of the observed soil moisture data is 1 hour.
[image: Figure 2]FIGURE 2 | Monthly average 10-cm-deep volumetric soil moisture by SMAP L4. (A) June; (B) July; (C) August.
The atmospheric forcing data used to drive the IUM are from the Global Land Data Assimilation System (GLDAS) (Rodell et al., 2004). The atmospheric forcing data include downward shortwave radiation, downward longwave radiation, near-surface air temperature, near-surface air humidity, near-surface wind speed, near-surface wind direction, near-surface air pressure, and precipitation. The spatial and temporal resolutions of GLDAS data are 0.25° and 3 h, respectively. The GLDAS data were interpolated spatially and temporally to 0.05° and 1 h by using a bilinear and cubic spline interpolation method, respectively.
2.3 Method
2.3.1 Whole layer soil evaporation (WSE)
The IUM was used to perform the validation and comparison of the soil moisture simulation results. The IUM was developed based on the common land model (CoLM) (Dai et al., 2003). As an integrated land model, the IUM integrates the urban land model with the common land model. For the natural land surface, the IUM was developed based on the CoLM. For the urban land surface, the energy and water balance models were modified. Urban land surface parameters, such as anthropogenic heat (AH), albedo, surface roughness length, and imperious surface evaporation, were also reparametrized. A mosaic scheme was applied in order to maximize the use of the high-resolution land use and land cover (LULC) data. Soil evaporation in the IUM is calculated as follows:
[image: image]
where [image: image] is the soil evaporation (mm s-1); [image: image] is the latent heat of evaporation for water (J kg-1); [image: image] is the air density (kg m-3); [image: image] is the aerodynamic resistance for evaporation between the atmosphere at the reference height and the soil surface (s m-1); [image: image] is the specific humidity of the air; [image: image] is the soil's relative humidity; and [image: image] is the saturated specific humidity of the soil surface, which is associated with the aerodynamic air temperature at the surface.
In Equation 1, only soil surface layer evaporation is considered. Water vapor is transferred within the whole soil layer. Water vapor transfer cannot be neglected, especially in arid and semiarid regions. Considering the water vapor transfer within the soil, the WSE can be written as follows:
[image: image]
where [image: image] is the number of soil layers in the IUM, [image: image] is 10; [image: image] is the soil-specific humidity; [image: image] is the depth at the soil layer interfaces (m); and [image: image] is the aerodynamic resistance for evaporation at the soil layer interface (s m-1), which is defined as follows:
[image: image]
where [image: image] is the water vapor diffusivity (m2 s-1), which is calculated as follows:
[image: image]
where a is the air content in soil and [image: image] is the water vapor diffusivity in the air (m2 s-1), which is calculated as follows:
[image: image]
where [image: image] is the air temperature (K).
2.3.2 Coupled transport of soil moisture and heat
In the IUM, soil heat and moisture transport are considered to be independent processes. Soil moisture transport is parameterized based on Darcy’s law.
[image: image]
where [image: image] is the liquid water flux (m s-1), [image: image] is the soil matrix potential (m), z is the depth of the soil (m), and [image: image] is the water conductivity (m s-1).
Without considering the effect of root water uptake, the continuity equation for soil water is as follows:
[image: image]
From Eqs 6, 7, the soil water transport equation is as follows:
[image: image]
where [image: image] is the time step (s) and [image: image] is the volumetric soil moisture.
Soil heat transport is parameterized based on the heat conduction law and energy conservation equation. The heat conduction law for soil is as follows:
[image: image]
where [image: image] is the energy flux (W), [image: image] is the soil temperature (K), and [image: image] is the soil thermal conductivity (W m-1 K−1). The energy conservation equation for soil is as follows:
[image: image]
where [image: image] is the soil heat capacity (J m-2 K−1). From Eqs 9, 10, the soil heat transport equation is as follows:
[image: image]
For arid and semiarid regions, as the volumetric soil moisture is relatively low, water vapor transport cannot be neglected. Since water vapor evaporation (condensation) can absorb (release) heat, soil moisture and heat transport can be coupled with water vapor transport. Water vapor flux is associated with the gradient of soil water potential and soil temperature, and can be calculated as follows:
[image: image]
where [image: image] is the water vapor flux (m s-1); [image: image] (m s-1) and [image: image] (m2 K−1 s-1) are water vapor diffusivities caused by the water potential and soil temperature gradient, respectively. From Eqs 6, 12, the total soil water flux is as follows:
[image: image]
where [image: image] is the total water flux (m s-1). From Eqs 7, 13, the total soil water transport equation is as follows:
[image: image]
After considering soil water vapor transport, for soil heat transport, in addition to soil heat conduction, the soil inner layer latent heat transport should be considered. The soil heat flux is as follows:
[image: image]
where [image: image] is the density of water. From Eqs 10, 15, the soil heat transport equation is as follows:
[image: image]
2.4 Experimental design
Two sets of experiments are designed to perform the simulation. Set 1 is the control run, and the WSE scheme and coupled transport schemes are not used; set 2 is the contrast run, and the WSE scheme and coupled transport schemes are used. The simulation time period is from June to August in 2017.
3 RESULTS AND DISCUSSION
Figure 3 shows the scatter plot of the monthly average 10-cm-deep volumetric soil moisture from SMAP and IUM simulations in the control run and contrast run. For all the 3 months, the biases and root mean square errors (RMSEs) of the contrast run are all smaller than those of the control run. The biases decreased by approximately 22.5, 34.4, and 27.5%, respectively, while the RMSEs decreased by approximately 7.0, 8.7, and 9.6%, respectively. The comparison results indicate the WSE and coupled transport of moisture and heat schemes can definitely improve the simulation of soil moisture, especially in arid and semiarid regions. From Figure 3, both sets of simulations underestimate the amount of 10-cm-deep volumetric soil moisture. As a whole, for the contrast run, the amount of 10 cm volumetric soil moisture increased. The reasons why the 10-cm-deep volumetric soil moisture increased for the contrast run compared with the control run are relatively complex. Generally, for most of the areas in the research region, the inner layer soil evaporation was negative. As a result, for the contrast run, after using WSE, soil evaporation decreased. As less water evaporates for the soil surface, the volumetric soil moisture increases.
[image: Figure 3]FIGURE 3 | Scattered plots of the monthly average 10-cm-deep volumetric soil moisture from SMAP and IUM simulation. (ctl: control run; WSE: contrast run): (A) June, (B) July, (C) August.
After comparing the simulation results of relative and absolute soil evaporation differences between the control and contrast run with the SMAP 10-cm-deep volumetric soil moisture (Figure 4), it is concluded that the simulation differences of soil evaporation are relatively large when the volumetric soil moisture is relatively low. This also means WSE and the coupled transport of moisture and heat scheme can improve the simulation, especially when the soil is relatively dry. In arid and semiarid areas, soil water vapor transport is relatively important and cannot be neglected.
[image: Figure 4]FIGURE 4 | Scattered plots of the time series resulting in relative (A) and absolute (B) ET differences between the two simulation results and the SMAP volumetric soil moisture.
Volumetric soil moisture observations at 10 cm depth in 358 autonomic soil moisture observation sites were chosen to validate the soil moisture simulation for the control and contrast run during the summer of 2017 (Figure 5). The bias and RMSE of the contrast run are all smaller than those of the control run. The bias decreased by approximately 2.9%, while the RMSE decreased by approximately 0.12%. However, both the correlation coefficients between the two simulations and the observation were relatively small. Using station observations to validate the grid simulation is still a big challenge. The simulation results reflect a spatially averaged value for the simulation grid and that the land cover was usually heterogeneous, while the station observation reflects the value at a designated site and that the land cover was usually homogeneous. Here are some possible methods to address this challenge in future studies. First, the land cover of the underlying surface of the stations should be ascertained. Second, single-point validation should be used to compare the simulation result with the in situ observation.
[image: Figure 5]FIGURE 5 | Scattered plot of the monthly average 10-cm-deep volumetric soil moisture from autonomic soil moisture observation sites and IUM simulations.
4 SUMMARY
In this article, schemes associated with soil evaporation and coupled transport of soil moisture and heat are developed for the IUM to improve the simulation of soil moisture in arid and semiarid areas.
The results indicate that after using the WSE scheme and considering the coupled transport of moisture and heat in the soil interior, the simulation of soil moisture was definitely improved. The WSE and the coupled transport of moisture and heat scheme can improve the simulation, especially when the soil is relatively dry. In arid and semiarid areas, soil water vapor transport is relatively important and cannot be neglected.
In the near future, single-point validation will be implemented to validate the simulation results of the control and contrast run with in situ observations. As soil moisture is important, especially in arid and semiarid areas, the findings of this article are important for agricultural and climate change studies in arid and semiarid areas.
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