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Abstract 1 

 Rainfall that reaches the soil surface can rapidly move into deeper layers via vertical 2 

redistribution of soil moisture through the stem-root flow mechanism.  This study develops the 3 

stem-root flow parameterization scheme and coupled this scheme with the Simplified Simple 4 

Biosphere model (SSiB) to analyze its effects on land-atmospheric interactions.  The SSiB model was 5 

tested in a single column mode using the Lien Hua Chih (LHC) measurements conducted in Taiwan 6 

and HAPEX-Mobilhy (HAPEX) measurements in France.  The results show that stem-root flow 7 

generally caused a decrease in soil moisture at the top soil layer and moistened the deeper soil layers.  8 

Such soil moisture redistribution results in substantial changes in heat flux exchange between land and 9 

atmosphere.  In the humid environment at LHC, the stem-root flow effect on transpiration was 10 

minimal, and the main influence on energy flux was through reduced soil evaporation that led to higher 11 

soil temperature and greater sensible heat flux.  In the Mediterranean environment of HAPEX, the 12 

stem-root flow substantially affected plant transpiration and soil evaporation, as well as associated 13 

changes in canopy and soil temperatures.  However, the effect on transpiration could be either 14 

positive or negative depending on the relative changes in the soil moisture of the top soil versus deeper 15 

soil layers due to stem-root flow and soil moisture diffusion processes.  16 

 17 
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1. Introduction 20 

 The water stored in the land system is a key factor controlling many physical processes and 21 

feedback between the land and atmosphere.  Soil moisture is a source of water for the atmosphere 22 

through processes that lead to evapotranspiration, including bare soil evaporation, plant transpiration 23 

and evaporation from other surfaces such as leaves, snow, etc.  The rainfall redistribution process in 24 

forest systems affects soil moisture amount and its distribution (McGuffie et al., 1995; Chase et al., 25 

1996; Chase et al., 2000; Zhao et al., 2001).  Rain water entering the forest is redistributed via 26 

several pathways before reaching the forest floor, e.g., some is intercepted by the canopy and some 27 

reaches the soil as throughfall.  A significant amount of rainwater intercepted by the canopy can flow 28 

down along tree stems and reach the forest floor in a process termed stemflow.  The efficiency of 29 

stemflow varies with plant species, seasons, meteorological conditions, rainfall intensity, and canopy 30 

structure (Levia and Frost, 2003; Levia and Germer, 2015).  Johnson and Lehmann (2006) 31 

summarized various field measurements and showed that the fraction of precipitation that becomes 32 

stemflow ranges from 0.07% to 22%.   33 

 In contrast to the throughfall that infiltrates slowly through the top soil, stemflow can continue via 34 

the root system (hereafter called the “stem-root flow”) and quickly reach deep soil layers and the water 35 

table (Liang et al., 2007; 2009).  It has long been recognized that the stem-root flow can help to store 36 

water in deeper soil layers and thus create favorable conditions for plant growth under arid conditions 37 

(Návar, 1993; Li et al., 2009).  Soil moisture redistribution by stem-root flow not only affects 38 
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vegetation growth but also land evapotranspiration and runoff (Neave and Abrahams, 2002).  39 

Furthermore, the enhanced water penetration can significantly alter groundwater recharge.  Taniguchi 40 

et al. (1996) showed that in a pine forest, the stem-root flow contributed approximately 10–20% of 41 

annual groundwater recharge even with a stemflow-to-precipitation ratio of only 1%. 42 

 Stem-root flow effects have not been considered in most land-surface schemes of climate models.  43 

Tanaka et al. (1996) developed a model to evaluate the effect of stem-root flow on groundwater.  This 44 

model is yet to be implemented in current land surface models.  Li et al. (2012) pointed out that 45 

stemflow hydrology and preferential flow along roots are intimately linked, but direct integration of 46 

these processes into land models, to our knowledge, has not been reported. 47 

 In this paper, we parameterized the stem-root flow processes in a land surface model named the 48 

Simplified Simple Biosphere Model (SSiB; Xue et al., 1991), and analyzed how stem-root flow affects 49 

soil moisture and whether this effect is significant enough to influence atmospheric processes.  Soil 50 

moisture data from two sites, located at Lien Hua Chih, Taiwan (LHC) and Bordeaux/Toulouse, France 51 

(from the HAPEX-Mobilhy experiment, hereafter called HAPEX), were collected for model 52 

evaluation.  The two sites represent different climate regimes and terrestrial ecosystem, and stem-root 53 

flow modifies their surface energy and water processes in somewhat dissimilar ways. 54 

 55 

2. Methodology 56 

2.1 The stem-root flow model  57 
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 In the original SSiB land surface model (Xue et al., 1996), vertical soil moisture movement is 58 

described by the diffusion equations:  59 

 

𝜕𝜃1

𝜕𝑡
=

1

𝐷1
[𝑃 + 𝑄12 − 𝐸S𝐸 − 𝑏1𝐸𝑇𝑅,1]

𝜕𝜃2

𝜕𝑡
=

1

𝐷2
[−𝑄12 + 𝑄23 − 𝑏2𝐸𝑇𝑅,2]    

𝜕𝜃3

𝜕𝑡
=

1

𝐷3
[−𝑄23 + 𝑄3 − 𝑏3𝐸𝑇𝑅,3]     

  (1) 60 

where the subscripts 1, 2 and 3 are indices of the top, middle, and bottom soil layers, respectively; θ is 61 

the soil moisture content, expressed as a fraction of the saturated value; D is soil thickness; P is 62 

effective precipitation flux on the soil surface, composed of the direct throughfall and the throughfall 63 

from leave-intercepted rainfall (cf. Fig. 1); 𝑄𝑖𝑗 = −𝑘[𝜕Ψ 𝜕𝑧⁄ + 1] is the flux of water between the i
th

 64 

and j
th

 layers, and is defined to be positive in an upward direction;𝛹 (in m) is the soil water potential; 65 

ESE is the evaporation rate of bare soil; i is the soil layer index; ETR,i is the transpiration rate in soil 66 

layer; bi is the proportionality factor that accounts for root distribution; Q3 is the water flux entering the 67 

water table.  The similar approach has been used by many land surface models.  Note that the middle 68 

soil layer can be divided into more sublayers with similar formula as used for the middle layer.  In 69 

these equations, the transfer velocity 𝑄𝑖𝑗 considers only the soil diffusion flow.  This study develops 70 

the parameterizations that include the stem-root flow mechanism which provides a “bypass” for water 71 

to channel through the soil on root surfaces (Fig. 1).  The stemflow reaching the top soil layer, q0, is 72 

often represented as a fraction of the total precipitation (or, more precisely, the leaf drainage) such that 73 

direct rainfall entering the soil becomes 74 

 𝑃′ ≡ 𝑃 − 𝑞0.   (2) 75 
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By relating the stemflow to leaf drainage, there is an implicit threshold for stemflow initiation that 76 

corresponding to the threshold of leaf drainage.   77 

 After entering the soil, the root flow is divided into a downward transfer flux qz (within the root 78 

system) and a lateral transfer flux qx (from the root surface to the soil).  These two fluxes can be 79 

parameterized as following: 80 

 𝑞𝑧,𝑖 = 𝛼𝑧𝐴𝑖ℎ𝑖𝑉𝑠 (3) 81 

 𝑞𝑥,𝑖 = {
𝛼𝑥𝑅𝑖𝐴𝑖𝐾(𝛹𝑖) (

𝛹𝑖−𝛹𝑠

𝐷eff
) , if  ℎ𝑖 > 0

                     0 ,                    if   ℎ𝑖 = 0 
  (4) 82 

wherez and x are proportionality coefficients; Ai (in m
2 

m
-3

) is the total root surface area density that 83 

varies with vegetation types (Böhm, 1979; Zhang et al., 2005; Li et al., 2013); hi (in m) is the thickness 84 

of water on the root surface; Vs (in m s
-1

) is the terminal velocity of root flow; Ri (in m) is the root 85 

length; K (in m s
-1

) is the hydraulic conductivity of the soil; 𝛹𝑠 (in m) is the soil water potential at 86 

saturation; 𝛹𝑖 (in m) is the soil water potential; and Deff (in m) is the effective thickness of the 87 

water-soil interface.  Derivation of Deff is described in the appendix.  Due to a lack of observational 88 

data, we used a vertically uniform root distribution.  However, different root depths were used based 89 

on the measurements (100 cm for LHC and 140 cm for HAPEX).  Note that 𝑞0 = 𝑞𝑥,1 + 𝑞𝑧,1  90 

according to the mass conservation principle.  From Eqs. (1), (2), and (4), we have: 91 

 

𝜕𝜃1

𝜕𝑡
=

1

𝐷1
[𝑃′ + 𝑄12 − 𝐸𝑆𝐸 − 𝑏1𝐸𝑇𝑅,1 + 𝑞𝑥,1]

𝜕𝜃2

𝜕𝑡
=

1

𝐷2
[−𝑄12 + 𝑄23 − 𝑏2𝐸𝑇𝑅,2 + 𝑞𝑥,2]     

𝜕𝜃3

𝜕𝑡
=

1

𝐷3
[−𝑄23 +𝑄3 − 𝑏3𝐸𝑇𝑅,3+𝑞𝑥,3]         

 (5) 92 
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The changes in root surface water thickness hi obey the mass conservation principle and thus are 93 

controlled by the vertical and horizontal fluxes of root flow.  Its tendency can be described as:   94 

 
𝑑ℎ𝑖

𝑑𝑡
= {

(𝑞𝑧,𝑖−1−𝑞𝑧,𝑖−𝑞𝑥,𝑖)

𝐴𝑖𝑅𝑖
, if ℎ𝑖 > 0 

           0 ,             if ℎ𝑖 = 0

  (6) 95 

Equations (5) and (6) represent the water budgets in the soil and root flow systems, respectively, and 96 

they are linked through the term qx in Eq. (4).   97 

 Stemflow input into the first soil layer (q0) is represented as a fraction of the leaf drainage (LD), 98 

which is the portion of precipitation that is intercepted by the canopy minus leaf evaporation and can 99 

be calculated in SSiB.  LD is similar to canopy drip in some other models, and is represented mainly 100 

as a function of the leaf area index (LAI).  The ratio of q0 to LD depends mainly on plant type, as well 101 

as meteorological conditions such as wind speed (Levia and Frost, 2003; Johnson and Lehmann, 2006; 102 

André et al., 2008; Siegert and Levia, 2014).  Unfortunately, there is still insufficient information to 103 

determine the ratio of q0 and LD.  We conducted a series of sensitivity tests with systematically 104 

varying ratio between the q0 to LD to assess the uncertainty.  105 

 The stem-root flow parameterization was tested using the offline SSiB, which is a simplified 106 

version of the land-biosphere model developed by Sellers et al. (1986).  The model recognizes 12 107 

different vegetation types according to Dorman and Sellers (1989), and is set up with 3 soil layers and 108 

1 canopy layer.  The SSiB model has 8 prognostic variables: soil wetness for 3 layers; temperature at 109 

the canopy, ground surface and deep soil layers; snow depth at ground level; and water intercepted by 110 

the canopy.  An additional variable – hi – was added for each soil layer to account for the stem-root 111 
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flow mechanism.  An implicit backward scheme was used to calculate the temperature tendency in the 112 

coupling of the lowest atmospheric model layer with SSiB, such that energy conservation between the 113 

land surface and the atmosphere was satisfied.  Soil temperature was calculated using the 114 

force-restore method, and water movement in the soil was described by the diffusion equation as 115 

shown in Eq. (5). 116 

 Following typical offline simulation procedures for single-column land surface model, in situ 117 

atmospheric data were applied to drive the SSiB model in 30 min time resolution.  These specified 118 

variables include pressure, temperature, humidity, wind speed, net radiation and rainfall.  Soil 119 

conditions were initialized with each site’s measurement data.  Fully coupled land surface model 120 

typically require a couple of months to over a year to spin up the model, but the spin up time can be 121 

shorter when running in off-line (single column) mode and with good initial soil conditions (de 122 

Goncalves et al., 2006; Yang et al., 2011; Lim et al., 2012; Angevine et al., 2014).  Our simulations 123 

applied measurement data for model initialization, and the results show that the soil conditions 124 

reached physical balance within a few weeks.  So, at the last 10 months results of our simulations 125 

are reliable.  126 

2.2 Experimental design and site information 127 

 Two sites with different climate and vegetation conditions were selected to test the stem-root flow 128 

parameterizations in the SSiB model.  The first is a site with warm-to-temperate mountain rainforest 129 

condition from the Lien Hua Chi (LHC; 2355’N, 12053’E), Taiwan.  LHC is located in the Central 130 
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Mountain Range of Taiwan, with a hilly terrain and a mean altitude of 770 m above sea level in the 131 

surroundings.  The average annual rainfall at LHC is 2317 mm, with rain falling predominantly in late 132 

summer and early autumn (Fig. 2).  With ample rainfall, LHC is covered with dense forest with an 133 

average canopy height of approximately 17 m.  The vegetation cover is comprised of mixed 134 

evergreens and hardwood species, including Cryptocarya chinensis, Engelhardtia roxburghiana, 135 

Tutcheria shinkoensis, and Helicia formosana.  The soil has a loamy texture with an average bulk 136 

density of 1.29 g cm
-3

 and a porosity of 0.53 over the top 1.0 m (Chen, 2012).  Soil moisture 137 

measurements were collected at depths of 10, 30, 50, 70 and 90 cm.   138 

 The second is the HAPEX-Mobilhy data collected at the Caumont site (SAMER station No. 3; 139 

4341’N, 06’W) with an elevation of 113 m above sea level and relatively flat terrain.  This site has a 140 

Mediterranean climate, with an annual rainfall of 856 mm, most of which occurs in spring and winter 141 

(Fig. 3).  In contrast to the LHC site with dense forest, the HAPEX site is covered mostly with short 142 

and sparse soya crops, and the surface albedo stays nearly constant at 0.20 throughout the year 143 

(Goutorbe et al., 1989).  The soil type is mainly silt, mixed with sand and clay (see Table 1).  Soil 144 

moisture content was measured every 10 cm from the surface to a depth of 1.6 m using neutron 145 

sounding probes on a weekly basis (Goutorbe, 1991; Goutorbe and Tarrieu, 1991).  Note that the 146 

HAPEX data have higher vertical resolution in the soil column but lower temporal resolution 147 

compared with the LHC data.  To simplify comparisons, the soil moisture data were converted into 148 

three vertical layers.  For the HAPEX data, the top (SM1), middle (SM2) and bottom (SM3) layers 149 
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correspond to the 0–20 cm, 20–50 cm, and 50–150 cm depths, respectively.  For LHC, SM1 150 

corresponds to a depth of 10 cm, SM2 is the average of the 30 cm and 50 cm soil layers, and SM3 151 

corresponds to a depth of 90 cm.   152 

 Figures 2 and 3 show the seasonal variations of precipitation and soil moisture at different depths.  153 

It is generally expected that soil moisture response to rainfall should be faster in the upper than in the 154 

lower layers.  However, the LHC measurements (Fig. 2) showed that the soil moisture fluctuation was 155 

stronger in the middle layer than in the upper layer during the dry season when the soil moisture was 156 

not saturated.  Fluctuations were not obvious in rainy seasons when SM2 and SM3 are almost 157 

saturated.  This phenomenon is likely an indication of the preferential flow due to the root flow 158 

mechanism.  This phenomena, however, was not observed in the HAPEX data (Fig. 3), which may be 159 

due to the coarse temporal resolution (weekly) of the data or a weaker root flow effect from the soya 160 

crop, and the latter will be discussed later.   161 

 To test the response of soil moisture to precipitation in these two sites using the modified SSiB 162 

model, a set of parameters have to be selected.  These include the soil and terrain properties listed in 163 

Table 1, as well as the monthly LAI coefficients in Table 2.  In addition, some parameters in Eqs. 164 

(3)-(6) have to be decided.  Two required but little-known parameters are the root-flow velocity Vs 165 

and the stemflow to leaf drainage ratio (SLR; i.e., q0/LD).  The root-flow velocity Vs is related to root 166 

structure and soil texture, but such information is very limited.  Studies have indicated that water flow 167 

in the root-channel is approximately 100 times higher than the soil diffusion flow (Beven and Germann, 168 
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1982; Liu et al., 1994; Jarvis and Dubus, 2006; Köhne et al., 2009; Gerke, 2014).  The maximum soil 169 

diffusion flow can be represented by the saturated hydraulic conductivity, which was measured as 170 

4x10
-6

 m s
-1

 at HAPEX and 1x10
-6

 m s
-1

 at LHC.  Therefore, we set the root-flow velocity Vs as 171 

10
-4

 m s
-1

 in the simulation, and will discuss the associated uncertainty later.   172 

 The SLR value depends on a number of parameters as discussed in the previous section.  This 173 

study evaluated SLR-introduced uncertainty by conducting sensitivity tests with systematically 174 

varying SLR from 0 to 100%, and identified optimal value that yielded the best soil moisture profiles 175 

compared with the observations.  The optimal SLR value for the HAPEX experiment was 176 

approximately 50%, compared with 90% for the LHC case.  These values reflect the large contrast in 177 

leaf coverage and plant type between the two sites.  In these experiments, we set Ai to 0.5 m
2
 m

-3
 178 

based on the Li et al. (2013) and the proportionality coefficients, z and x, are set to 1.  The 179 

uncertainty discussion for Vs and SLR should include the uncertainty caused by these parameters.  180 

When more observational data are available, we could revisit these issues further.  All simulations 181 

used integration time step of 30 minutes.   182 

 183 

3. Effect of stem-root flow on soil moisture 184 

 The modified SSiB model was used to simulate the intra-annual variations in soil conditions for 185 

the 2010 LHC case and the 1986 HAPEX case.  For the LHC case, the simulation well captured the 186 

soil moisture increase associated with precipitation events followed by rapid drying (Fig. 4).  Changes 187 
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in SM1, SM2 and SM3 all reached the 95% confidence level in all seasons.  In many instances, the 188 

simulated soil moisture fluctuation was stronger in the middle layer than in the top or bottom layers, as 189 

found in the observations.  The shading shows the range of values enclosed by the two extremes of 190 

SLR (i.e., 0% and 100%).  Results with other SLR ratios (not shown) generally lie within these limits 191 

but may occasionally fall out of bound, indicating some nonlinearities.  When SLR is zero, which has 192 

no stem flow effect and is referred to as the control run in this paper, the soil moisture of the middle 193 

layer is very low and fluctuates less in response to rainfall events (Fig. 4).  The simulation generally 194 

underestimated the soil moisture in the bottom layer even with the root-flow mechanism.  In the top 195 

layer, the model overestimated soil moisture in spring and winter, but underestimated it during autumn.  196 

Such discrepancies are generally less substantial when the stem-root flow mechanism is included, as 197 

indicated by the generally lower bias and root-mean-square error shown in Table 3.  The possible 198 

causes of error will be elaborated in the discussion section.   199 

 For the HAPEX case, the simulations also well captured the seasonal cycle as well as the sharp 200 

fluctuations in the top layer (Fig. 5).  The responses of SM2 and SM3 to the stem-root flow are 201 

statistically significant (>95% confidence) during late summer and autumn (the main growing season 202 

and relatively dry soil); whereas the responses in SM1 reached only 94% confidence level.  Without 203 

the stem-root flow mechanism, soil moisture was generally overestimated in the two upper layers and 204 

underestimated in the bottom layer, except during April and May when all layers were too dry.  When 205 

stem-root flow with SLR=50% was considered, the model performed better in all layers (see Table 3).  206 
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Stem-root flow with a much higher SLR (e.g., SLR=100%) produced worse results for soil moisture in 207 

the surface and middle layers.  Note that SLR=50% produced the driest middle layer, indicating that 208 

the stem-root flow effect is nonlinear because both stem-root flow and diffusion, as well as their 209 

interactions, play role in soil moisture variations.  Note that SSiB does not consider the potential role 210 

of plant uptake, which might be potentially important in the middle layer.  In the bottom layer, more 211 

accurate soil moisture was obtained with SLR=100%, but this does not necessarily mean that the 212 

stem-root flow was underestimated.  The overestimation of soil moisture in SM1 and the 213 

underestimation in SM3 in spring may be coupled, due to mechanisms that are missing in our model.  214 

This issue will be elaborated in the discussion section.   215 

 It is also worth mentioning that both the observation and simulation showed weaker soil moisture 216 

fluctuations in the middle than in the surface layer, a feature very different from the LHC case.  It is 217 

likely that there is a weaker stem-root flow associated with plant and soil types in the HAPEX case.  218 

Figures 4 and 5 demonstrate that the strength of the stem-root flow is greater in LHC, with associated 219 

changes in soil moisture of up to 0.1 m
3
 m

-3
 compared with the maximum changes of 0.05 m

3
 m

-3
 at 220 

HAPEX.  This is simply because LHC has more intense rainfall than HAPEX.   221 

 222 

4. Effect of stem-root flow on energy flux 223 

 The results in last section show that stem-root flow can alter the vertical profile of soil moisture.  224 

It is important to know whether such a modification has significant effects on evapotranspiration and 225 
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associated interactions between the land and atmosphere.  The soil moisture in the top soil layer in the 226 

LHC case generally decreased due to stem-root flow, except in some instances (e.g., mid-September, 227 

the later dry season) when the enhanced moisture storage in the deep layers replenish the moisture in 228 

the drying surface soil through moisture diffusion.  The changes in plant transpiration, however, were 229 

insignificant (red curve in Fig. 6a), as this process is associated with soil moisture not only in the top 230 

layer but also in the deeper layers that are within the reach of the root system.  Therefore, the effect of 231 

surface layer drying on transpiration may be compensated by the moistening of the lower layers.  Soil 232 

moisture in these layers are well above the wilting point to support the normal transpiration.  233 

Meanwhile, the drying of the surface soil resulted in less soil evaporation (Fig. 6a), which heavily 234 

relies on soil moisture near soil surface, and thus weaker the total latent heat release (see Table 4 for the 235 

mean and maximum changes in daily temperatures and energy fluxes).  This led to a higher soil 236 

surface temperature and consequently stronger sensible heat flux (blue curve in Fig. 6b), which 237 

resulted in warmer air (magenta curve in Fig. 7b) and thus stronger rainwater evaporation from the leaf 238 

surface (green curve in Fig. 6a).   239 

 In the HAPEX case, the stem-root flow caused a general drying of the top soil, except for a brief 240 

period in mid-October (Fig 7a).  However, responses in soil evaporation were not as straightforward 241 

as in the LHC case.  For example, in late July (just after the start of the growing season) there was a 242 

spike in the evaporation but a reduction in the moisture of the top soil layer (blue curve in Fig 7a).  As 243 

wind speed is the same for both cases, the increase in soil evaporation must be due to either a higher 244 
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soil temperature and/or a lower water vapor density in the air near the soil surface.  This was indeed 245 

the case (magenta and black curves in Fig. 7b) and found to be driven by changes in transpiration.   246 

 Soil moisture in the HAPEX case was generally much lower than in the LHC case and 247 

occasionally fell below the wilting point.  The stomatal resistance that controls transpiration is very 248 

sensitive to the soil moisture near the wilting point.  As such, a slight decrease in the moisture of the 249 

top soil layer can dramatically reduce transpiration.  When soil moisture approached the wilting point 250 

in late July, plant transpiration reduced sharply in response to the stem-root flow effect (red curve in 251 

Fig. 7a).  Such a change in plant transpiration caused an increase in the air temperature near the soil 252 

surface (magenta curve in Fig. 7b) and a decrease in air humidity, which increased soil evaporation 253 

(blue curve in Fig 7a).  In early August, however, soil moisture accumulated in the bottom layer 254 

through the stem-root flow (cf. Fig. 5c) and the stomatal resistance began to decrease such that 255 

transpiration recovered and soon dominated the overall evapotranspiration throughout the rest of the 256 

growing season.  The increased transpiration also caused a reduction in air temperature and surface 257 

temperature and thus the associated sensible heat flux (blue curve in Fig. 7b).  During late August to 258 

mid-September, surface soil moisture was so low in some instances (cf. Fig 5a), transpiration was 259 

shutdown with or without the stem-root flow effect.  In these instances, the net energy flux was 260 

controlled by soil evaporation (Fig 7b).   261 

 262 
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5. Discussion 263 

 The above analyses indicate that stem-root flow affects the energy flux mainly through changing 264 

the balance between surface soil evaporation and sensible heat fluxes in the humid environment of 265 

LHC, and through changing plant transpiration and sensible heat fluxes over the relatively dry 266 

environment at HAPEX.  The associated changes in annual energy flux to the atmosphere are strongly 267 

positive at LHC, but nearly balanced at HAPEX.  However, the magnitude of the changes of the 268 

individual energy flux component was significantly higher for HAPEX (peaked at approximately -67 269 

and +51 W m
-2

 for transpiration and sensible heat, respectively) than for LHC (peaked at 270 

approximately -16 and +31 W m
-2

 for evaporation and sensible heat, respectively) due to its drier 271 

Mediterranean environment.   272 

 Another interesting contrast between the two cases is the relationship between sensible heat and 273 

total heat (sensible heat plus latent heat).  In the LHC case, the responses of sensible heat and total 274 

heat to the stem-root flow are generally of the same sign (Fig. 6b), whereas they have opposite signs in 275 

the HAPEX case (Fig. 7b).  Furthermore, the net change in heat flux is dominated by sensible heat at 276 

LHC but by latent heat at HAPEX.  Budyko (1974) proposed two main evapotranspiration regimes: 277 

soil moisture-limited and energy-limited.  As summarized by Seneviratne et al. (2010), when soil 278 

moisture remains above a critical value, the fraction of evapotranspiration of the total energy flux is 279 

independent of the soil moisture content (energy-limited regime); below the critical soil moisture value, 280 

the soil moisture content provides a first-order constraint on evapotranspiration (soil moisture-limited 281 
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regime).  Therefore, the evapotranspiration responses to the stem-root flow as discussed above imply 282 

that HAPEX is in the soil moisture-limited regime, whereas LHC is in the energy-limited regime.  283 

Note that this regime separation needs to take into account the contribution of deep soil moisture to 284 

transpiration. 285 

 Regarding the partition of water transport, recent studies (e.g., Jasechko et al., 2013; Good et al., 286 

2015; Wei et al., 2015) explored the dominant role of transpiration in ecosystem evapotranspiration.  287 

The results of this work partially concur with these studies.  In other words, the stem-root flow in the 288 

plant-soil system could enhance the transpiration, and reduce the soil evaporation, which regulated the 289 

partition of evapotranspiration.  A number of PILPS studies, including the PILPS-HAPEX 290 

experiment (Boone and Wetzel, 1996; Henderson-Sellers, 1995; Shao et al., 1996; Xue et al., 1996) 291 

consistently demonstrated that the current land model parameterizations have the weakness in 292 

simulating the soil moisture in the dry season.  This study by introducing a parameterization on the 293 

stem-root flow mechanisms, wish to help solve this deficiency.  With the stem-root flow mechanism, 294 

the soil moisture will redistribute in vertical, leading to better simulated results in each layer, which 295 

is important for the evapotranspiration partition.   296 

 By including the stem-root flow mechanism, the land surface model appears to better simulate the 297 

vertical distribution of soil moisture.  However, significant discrepancies still exist in the model based 298 

on comparisons with observed data.  The discrepancies may be associated with uncertainties in 299 

soil-related physical parameters, such as a few that we listed in the earlier sections.  For example, a 300 
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wide range of values have been reported in the literature for the parameter Vs.  In the above 301 

simulations, we assigned Vs = 10
-4

 m s
-1

, which is probably at the low end of the documented values.  302 

An additional simulation was performed using a 10-fold higher Vs value (i.e., Vs = 10
-3

 m s
-1

), and the 303 

resulting soil moisture changes were similar to those presented in Figs. 4 and 5 with differences of only 304 

a few percent and thus are barely legible in Figs. 8 and 9.  When a smaller value of Vs = 10
-5

 m s
-1

 305 

was used, the effect of stem-root flow on soil moisture was similar but the magnitude of the changes 306 

was reduced by approximately 50%.  These sensitivity tests give an indication of the uncertainties 307 

associated with Vs.    308 

 Even with the maximum Vs, the simulated soil moistures at the bottom layer are still lower than 309 

observed.  More realistic values for other soil physical parameters and/or optimizations of these 310 

parameters are required.  Xue et al. (1996) pointed out that land surface models such as SSiB are quite 311 

sensitive to soil-type dependent parameters such as the hydraulic conductivity at saturation and the 312 

coefficient used to calculate soil water potential.  Such parameters can vary significantly from place 313 

to place, and sufficient information to assign appropriate values is usually lacking.  This is 314 

particularly true for LHC where the soil types exhibited a rather inhomogeneous vertical distribution, 315 

and some humus layers could exist to retard surface drainage.  Another critical issue is the treatment 316 

of water flow across the bottom soil layer.  In our current model, soil moisture can leave the bottom 317 

layer with a fixed efficiency, but no recharge from the water table below is allowed.  These issues 318 

might cause the model to underestimate the soil moisture in the bottom layer (regardless of the 319 
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presence of stem-root flow), which occurred in both the LHC and HAPEX simulations (cf. Figs. 4c 320 

and 5c).  On the other hand, the overestimation of soil moisture in SM1 and the underestimation in 321 

SM3 in spring at LHC (Fig 4) could also be explained by missing mechanisms such as hydraulic 322 

redistribution (cf. Brooks et al., 2002), which provides a bypass of soil moisture through the inside of 323 

the root rather than the exterior surface of the root as in the case of stem-root flow transport.  On the 324 

other hand, the overestimation of the middle-layer soil moisture at HAPEX may be partly 325 

contributed from the plant uptake process which was not considered in this study.  Besides, due to a 326 

lack of observational data, we used a uniform vertical distribution of root, which might be the other 327 

issue on different effects on two sites from stem-root flow.  In recent years, U.S. Department of 328 

Energy has supported a number of projects to measure the root vertical distribution.  With more 329 

data becoming available, we should be able to more realistically assess its effects. Henderson-Sellers 330 

(1996) indicated that a full evaluation of land surface model’s simulation against observations can be 331 

established only when the initial conditions and all soil parameters are known precisely.  Because 332 

this study lacks of process-level data, so the improvement should be more prudent to represent.  333 

Since this exploratory study focuses on introducing the stem-root flow mechanisms in a land surface 334 

model and test its possible impact, we will not further test the uncertainty due to other parameters in 335 

this paper.  We hope more relevant measurements (such as the root distribution, stemflow to leaf 336 

drainage ratio, and root flow velocity) will provide useful information to study these issues further.   337 

 338 
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6. Conclusion 339 

 In this study, a stem-root flow mechanism, which provides an efficient water channel for rain to 340 

penetrate into deep soil, was formulated and implemented into an offline version of the SSiB 341 

land-atmosphere model.  The model was used to simulate soil moisture variation at two sites with 342 

different climate and ecology conditions: LHC with a mountain rainforest climate and HAPEX with a 343 

Mediterranean climate.  The results showed that the inclusion of the stem-root flow mechanism 344 

substantially improved the capability of the model to simulate vertical soil moisture profiles.  345 

Stem-root flow generally caused a drying of the top soil layer (upper 20 cm) and a moistening of the 346 

bottom layer (below 50 cm) in the model.  On a few occasions, such as after a long dry period, the 347 

surface layer may be less dry than without the stem-root flow due to greater water supply from the 348 

lower layers.  The middle soil layer at LHC was also moistened and, in many instances during rainfall 349 

events, the moisture in this layer fluctuated more intensely than in the top layer in response to the 350 

stem-root flow.  However, in the HAPEX case, the middle layer became dryer with less fluctuation.  351 

Due to differences in plant and soil types, the strength of the stem-root flow was greater at LHC than at 352 

HAPEX.  353 

 The change in soil moisture associated with the stem-root flow leads to significant modifications 354 

in heat and moisture fluxes between the land and atmosphere.  The general drying of the surface soil 355 

leads to reduced soil evaporation and thus increased soil temperature.  Plant transpiration at LHC was 356 

not significantly affected by the stem flow because the soil moisture content was maintained well 357 
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above the wilting point.  Therefore, the stem-root flow related to energy flux between the soil and 358 

atmosphere is mainly controlled by sensible heat.  In this sense, LHC may be considered as having an 359 

energy-limited evapotranspiration regime.  In contrast, the HAPEX soil (especially the top layer) was 360 

generally dryer and sometimes fell below the wilting point.  Plant transpiration can thus be 361 

substantially affected by the stem-root flow.  Changes in transpiration lead to changes in air 362 

temperature, which, in turn, influence soil temperature.  This effect is stronger than that resulting from 363 

the soil evaporation associated with changes in the soil moisture of the top soil layer.  At the HAPEX 364 

site, evapotranspiration was more soil moisture-limited than energy-limited, and its net change in heat 365 

flux associated with the stem-root flow was dominated by latent heat.  While the stem-root flow effect 366 

on soil moisture was weaker there than at LHC, the energy flux exchanges were actually stronger due 367 

to the sensitive transpiration process.   368 

 Through the impact on soil moisture profiles, stem-root flow can significantly affect evaporation 369 

and transpiration processes.  The associated changes in moisture and energy fluxes between the land 370 

and atmosphere may affect boundary-layer stability and convective processes.  As evapotranspiration 371 

returns as much as 60% of the precipitation back to the atmosphere over land (Oki and Kanae, 2006), 372 

the stem-root flow mechanism may be a key factor in controlling the surface water budget and 373 

hydrological cycle.  The enhanced storage of water in deep soil layers may have a long-term effect on 374 

the climate system.  These issues are worthy of further investigation through more relevant 375 

observations and testing by coupling the stem-root flow mechanism with global climate models.  376 
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 384 

Appendix.  Derivation of Deff 385 

 The parameter Deff in Eq. (4) was derived in a similar fashion as in Zimmerman and Bodvarsson 386 

(1991).  As shown in Figure A1, the part of soil next to the root flow absorbs water and form a thin, 387 

saturated boundary of width .  A gradient of soil moisture is formed in the transition zone (of 388 

width ), with soil water potential decrease from the saturated state, Ψs, to that of the bulk soil, Ψw.  389 

Diffusion of soil moisture toward the bulk soil is directly proportional to this gradient.   390 

 The soil moisture horizontal (x-direction) movement can be express as following: 391 

 𝜌 
𝜕𝜃

𝜕𝑡
=

𝜕

𝜕𝑥
[𝐾(𝛹)

𝜕𝛹

𝜕𝑥
]  (A1) 392 

where ρ is soil porosity; θ is the ratio of soil moisture content to its saturated state; 𝐾 (in m s
-1

) is the 393 

hydraulic conductivity of the soil; and 𝛹 (in m) is the soil water potential.  Equation (A1) is subject 394 

to the following initial and boundary conditions:  395 
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 𝜃(0, 𝑡) = 1, 𝜃(𝑥, 0) = 𝜃𝑤 , 𝜃(𝑥 → , 𝑡) = 𝜃𝑤 . (A2) 396 

The first condition means that, when the root-flow occurs, soil at the root-soil interface (x = 0) is 397 

saturated.  The next two conditions specify the initial bulk soil moisture content, w, and this value 398 

remains unaffected by the root flow at a far distance from the root-soil interface throughout the 399 

integration time period.   400 

 The hydraulic conductivity and water potential of the soil can be represented with the empirical 401 

relationship of Clapp and Hornberger (1978): 402 

 𝐾(𝛹) = 𝐾𝑠(𝛹/ 𝛹𝑠)
−
3

𝑏
+2

 (A3) 403 

 𝛹 = − 𝛹𝑠𝜃
𝑏 , (A4) 404 

where 𝐾𝑠 (in m s
-1

) is hydraulic conductivity at saturation; b is an empirical constant dependent on 405 

the soil type.  By introducing a similarity variable η and two normalized variables Ψ̂ and K̂: 406 

 η ≡ √
𝜌

𝐾𝑠Ψ𝑠𝑡
 , Ψ̂ ≡  

𝛹

𝛹𝑠
 , and K̂ ≡

𝐾

𝐾𝑠
 , (A5) 407 

Eq. (A1) can be transformed into 408 

 
𝑑

𝑑η
(K̂(Ψ̂)

𝑑Ψ̂

𝑑𝜂
) + 

𝜂

2

𝑑𝜃

𝑑𝜂
= 0, (A6) 409 

whereas the initial and boundary conditions in Eq. (A2) reduced to 410 

 𝜃(0) = 1,   θ(𝜂 → ∞) = 𝜃𝑤   (A7) 411 

Zimmerman and Bodvarsson (1991) showed that the solution for Eq. (A6) with conditions in Eq. (A7) 412 

can be approximated as: 413 
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{
 
 

 
 

    𝜃 = 1,                    if  0 ≤ 𝜂 ≤ 𝜆

𝜃 = 1 − (1 − 𝜃𝑤)
𝜂−𝜆

𝛿
, if  𝜆 < 𝜂 ≤ 𝜆 + 𝛿

             𝜃 = 𝜃𝑤,                  if  𝜆 + 𝛿 < 𝜂 < ∞

  (A8) 414 

where 415 

 𝛿 = 2 √
𝑏

1+
2

𝑏(1−𝜃𝑤)

   and     𝜆 =  
𝛿

𝑏(1−𝜃𝑤)
 (A9) 416 

That is, within the root-soil boundary (0 ≤ 𝜂 ≤ 𝜆),  is saturated (=1); whereas in the transition zone 417 

(𝜆 < 𝜂 ≤ 𝜆 + 𝛿),  decreases linearly from 1 to 𝜃𝑤.  Here, 𝛿 is the “effective thickness” of 418 

diffusion in the 𝜂 cooridnate, and it can be revert back to the x coordinate using the similarity 419 

conversion in Eq. (A5):  420 

 𝐷eff  = δ √
𝐾𝑠Ψ𝑠𝑡

𝜌
  (A10) 421 

By applying the actual rainfall duration for t into Eq. (A10), we calculated the mean values of 𝐷eff = 422 

0.005 m for the HAPEX site and 𝐷eff = 0.03 m for the LHC site. 423 
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 553 

Table 1.  Basic parameters used for describing the LHC and HAPEX sites.  LHC data were obtained 554 

from Wu (2011); HAPEX data were obtained from Goutorbe et al. (1989). 555 

Location LHC  HAPEX 

Annual rainfall 2317 mm 856 mm 

Mean temperature 19.7C 8.6C 

Altitude 770 m 113 m 

Vegetation cover 
Rainforest of mixed evergreens 

and hardwoods 
Soya crop 

Soil type Loam 17% clay content, 46% silt, 37% sand 

Soil moisture 

measurement depth 
10, 30, 50, 70, 90 cm Every 10 cm down to 160 cm 

Soil wetness exponent 2.5 5.66 

Soil tension at saturation -0.1 m -0.30 m 

Hydraulic conductivity at 

saturation  
1x10

-6
 m s

-1
 4x10

-6
 m s

-1
 

Soil porosity 0.530 0.446 

Slope 0.55 0.05 

 556 

 557 

Table 2.  Monthly leaf area index values (in m
2
 m

-2
) for LHC in 2010 and HAPEX in 1986.  LHC 558 

data were obtained from Wu (2011); HAPEX data were obtained from Goutorbe et al. (1989).  559 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

LHC 3.34 3.08 3.06 3.04 4.35 4.77 4.84 4.91 4.66 4.4 4.2 4.25 

HAPEX 0 0 0 0 1 3 3 3 3 0 0 0 

 560 

 561 

  562 
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Table 3.  The mean bias, root-mean-square error (RMSE), and standard deviation (STD) in simulated 563 

soil moisture comparing to observations (obs).  “Control” stands for simulations without the 564 

stem-root flow mechanism, and “SLR90%” or “SLR50%” are simulations with the optimal stemflow 565 

to leaf drainage ratio. Unit: m
3
 m

-3
 566 

 SM1 SM2 SM3 

 bias RMSE STD bias RMSE STD bias RMSE STD 

LHC 

control-obs 
-0.003 0.142 0.142 -0.098 0.153 0.012 -0.141 0.193 0.131 

LHC 

SLR90%-obs 
0.023 0.056 0.051 -0.034 0.050 0.036 -0.038 0.048 0.029 

HAPEX 

control-obs 
0.018 0.036 0.032 0.032 0.037 0.019 -0.057 0.085 0.063 

HAPEX 

SLR50%-obs 
0.009 0.030 0.029 0.024 0.030 0.018 -0.049 0.074 0.056 

 567 

 568 

Table 4.  Mean and maximum changes in daily temperatures and energy fluxes due to the stem-root 569 

flow (between optimal SLR run and control run) during the growing season.  Canopy air temperature 570 

(TC), soil surface temperature (TS) and leaf temperature (TL) are in C; Transpiration (TR), soil 571 

evaporation (SE), leaf evaporation (LE), sensible heat (SH) and latent heat (LH) are in W m
-2

.   572 

 
TC TS TL TR SE LE SH LH 

LHC mean  0.32 0.31 0.34 0.20 -1.19 0.31 2.02 -0.68 

LHC maximum 2.90 2.59 3.18 1.01 -15.50 11.34 31.44 -16.81 

HAPEX mean  0.04 0.11 0.03 1.06 -2.17 0.28 0.52 -0.82 

HAPEX maximum  1.27 1.63 1.70 -66.74 -19.5 9.95 51.16 -66.29 

 573 

 574 

 575 
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 576 

Figure 1.  Stem-root flow conceptual diagram.  Leaf drainage in the model can be separated into 577 

throughfall and stemflow.  Following the stemflow path, rainwater can continue via the root system to 578 

reach deep soil layers and the water table.  The stemflow that reaches the soil top, q0, is divided into a 579 

downward transfer flux (i.e., the root flow) qz and a lateral transfer flux qx (from the root surface to the 580 

soil), and the two transfer fluxes regulate the root flow thickness. 581 

  582 
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 583 

 584 

Figure 2.  The hourly soil moisture (curves, right axis) and precipitation (red bars, left axis) observed 585 

at LHC during 2010.  SM1, SM2 and SM3 represent soil moisture at 10 cm (green-dashed curve), 40 586 

cm (blue-dashed curve; average of 30 cm and 50 cm observations) and 90 cm (magenta-dashed curve), 587 

respectively. 588 

 589 

 590 

Figure 3.  The weekly soil moisture (symbols, right axis) and hourly precipitation (red bars, left axis) 591 

observed at HAPEX during 1986.  SM1 SM2 and SM3 represent the mean soil moisture in the 0–20 592 

cm (green dot), 20–50 cm (blue circle), and 50–160 cm (magenta cross) layers, respectively.   593 

 594 
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 595 

Figure 4.  Simulated and observed soil moisture for the LHC site at depths of (a) SM1 (0-20 cm), (b) 596 

SM2 (20-70 cm), and (c) SM3 (70-170 cm).  Observed results are shown as blue dots.  Simulations 597 

with SLR=0 (i.e., control run, without stem-root flow) and SLR=90% are shown as black-dashed and 598 

red-dashed curves, respectively.  The area of grey shading enclosed by SLR=0% and 100% indicates 599 

the possible range of the stem-root flow effects.  All simulation results are daily averages. 600 
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 602 

Figure 5.  Same as Fig. 4, but for the HAPEX case at depths of (a) SM1 (0-20 cm), (b) SM2 (20-50 603 

cm), and (c) SM3 (50-160 cm).  Red-dashed curves are results with SLR=50%. 604 

 605 
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 607 
Figure 6.  Difference in daily mean heat fluxes and soil moisture due to stem-root flow at the LHC 608 

case.  (a) Changes in soil evaporation (SE; blue curve), leaf evaporation (LE; green curve), 609 

transpiration (TR; red curve) and soil moisture of the surface layer (SM1; black curve; right axis); (b) 610 

Changes in sensible heat (SH; blue curve), total heat (sensible heat plus latent heat (SH+LH); red 611 

curve), canopy air temperature (TC; magenta curve; right axis) and soil temperature (TS; black curve; 612 

right axis).  Grey dashed lines indicate the zero baseline. 613 
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 615 

Figure 7.  Same as Fig. 6, but for the HAPEX case. 616 

 617 
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 619 

Figure 8.  Sensitivity test on Vs for the LHC case with optimal SLR=90% at depths of (a) SM1 (0-20 620 

cm), (b) SM2 (20-70 cm), and (c) SM3 (70-170 cm). The green-dashed, red-dashed and blue-dashed 621 

curves are for Vs = 10
-3

, 10
-4

, and 10
-5

 m s
-1

, respectively.  Also shown in black-dashed curves are the 622 

control run results (i.e., SLR=0). 623 

 624 
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 625 

Figure 9.  Same as Fig. 8, but SLR=50% for the HAPEX case at depths of (a) SM1 (0-20 cm), (b) 626 

SM2 (20-50 cm), and (c) SM3 (50-160 cm).  627 

 628 
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 629 

Figure A1. Schematics of the root flow-soil boundary and soil moisture transition for the 630 

parameterization of horizontal water flux qx.  The red-dashed line represents the analytical solution, 631 

and the black-solid line represents the parameterization.  Soil moisture is saturated (=s) in the 632 

root-soil boundary (width ), and decreases linearly in the transition zone (width ) before reaching 633 

that of the bulk soil (w).  634 
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