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ABSTRACT

Biotic leaf transpiration (T) and abiotic evaporation (E) are the two major pathways by which water is
transferred from land surfaces to the atmosphere. Earth system models simulating the terrestrial water,
carbon and energy cycle are required to reliably embed the role of soil and vegetation processes in order
to realistically reproduce both fluxes including their relative contributions to total evapotranspiration
(ET). Earth system models are also being used with increasing spatial resolutions to better simulate
the effects of surface heterogeneity on the regional water and energy cycle and to realistically include
effects of subsurface lateral flow paths, which are expected to feed back on the exchange fluxes and their
partitioning in the model.

Using the hydrological component of the Terrestrial Systems Modeling Platform (TerrSysMP), we
examine the uncertainty in the estimates of T/ET ratio due to horizontal model grid resolution for a
dry and wet year in the Inde catchment (western Germany). The aggregation of topography results in
smoothing of slope magnitudes and the filtering of small-scale convergence and divergence zones, which
directly impacts the surface-subsurface flow. Coarsening of the grid resolution from 120 m to 960 m
increased the available soil moisture for ground evaporation, and decreased T/ET ratio by about 5% and
8% for dry and wet year respectively. The change in T/ET ratio was more pronounced for agricultural crops
compared to forested areas, indicating a strong local control of vegetation on the ground evaporation,
affecting the domain average statistics.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Coenders-Gerrits et al.,, 2014; Evaristo et al., 2015; Good et al.,
2015 ).

Terrestrial evapotranspiration (ET) follows two pathways of soil
water vaporization: 1) abiotic water evaporation (E) from the soil
pores, and also surfaces of leaves, and plant residues, and 2) biotic
leaf transpiration (T) via stomata exchange (Katul et al., 2012).
Many studies estimate these flow pathways of water and their rel-
ative contributions to the total exchange at continental and global
scales using modeling (e.g. Lawrence et al., 2007; Choudhury and
DiGirolamo, 1998; Dirmeyer et al., 2006; Miralles et al., 2011;
Maxwell and Condon, 2016; Zhang et al., 2016; Fatichi and
Pappas, 2017) and measurements based on isotope-based methods
(e.g.Schlesinger and Jasechko, 2014; Jasechko et al., 2014;
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Maxwell and Condon (2016) show with a continental-scale
integrated hydrology model at a horizontal grid resolution of 1
km that the inclusion of surface and groundwater lateral flow
increased the domain averaged T/ET ratio from 47 &+ 13% to
62 +12%, which better agrees with estimates from recent
isotope-based methods. At continental scales, the attainable hori-
zontal grid resolution is mainly limited by the available computa-
tional resources to achieve horizontal grid resolutions on the order
of 1-10 km and the availability of high-resolution atmospheric
forcing data (>10 km) including soil and landuse data. However,
at these grid resolutions without additional subgrid parameteriza-
tions, the simulated surface energy flux partitioning may depend
on the grid resolution itself. Coarsening of the grid resolution
smoothens the local slopes and removes small-scale soil water
convergence and divergences zones along simulated river corridors
and water divides, and impacts the soil moisture distribution
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leading to an effectively reduced drainage (Zhang and Montgomery,
1994; Kuo et al., 1999; Sulis et al., 2011; Shrestha et al., 2014;
Shrestha et al., 2015 of many others). For example, using an inte-
grated hydrology model for the Inde catchment (325 km?) in west-
ern Germany, Shrestha et al. (2015) showed that the simulated
exchange processes strongly depend on the horizontal grid resolu-
tion due to changes in the non-local controls of soil moisture. In this
study, we build upon their results and examine the impact of the
horizontal grid resolution on the model simulated water fluxes
with a particular emphasis on the uncertainty of T/ET model esti-
mates, for a relatively wet and relatively dry year.

The rest of the manuscript is organized as follows: Sections 2
and 3 describes the model and the experiment design for this
study. Results and discussions are presented in Sections 4 and 5
respectively. Finally, conclusions are presented in Section 6.

2. Model description

The hydrological component of the Terrestrial Systems Model-
ing Platform (TerrSysMP; Shrestha et al., 2014, 2015) consists of
the NCAR community Land Model CLM3.5 (Oleson et al., 2008)
and the 3D variably saturated groundwater and surface water flow
model ParFlow (Kollet and Maxwell, 2006, Maxwell, 2013). A
detailed description of the coupling between the models can be
found in Shrestha et al. (2014) and Shrestha et al. (2015). Here,
we briefly discuss the relevant parameterization in the land surface
model, which controls the pathways of evapotranspiration.

In CLM3.5, the surface heterogeneity of a grid cell is represented
using a subgrid tile approach at different hierarchy levels with five
landunits, multiple soil columns, and 17 plant functional types
(PFTs), which also includes the bare soil (i.e., without vegetation).
An explicit canopy layer represents the PFTs and a lookup table
provides the PFT specific photosynthetic, optical, aerodynamic,
and vertical root distribution parameters. While a grid cell can
include multiple PFTs (e.g., 80% crop and 20% bare soil), in this
study, we use one soil column and one PFT in each grid cell. Solar
radiation absorbed by the canopy and the ground below is com-
puted via radiative transfer within vegetative canopies, which
depends on the incoming solar radiation, LAI, and optical proper-
ties of the PFT; the latter remain constant in time. ET from a vege-
tated surface is computed as the sum of water vapor flux due to
canopy evaporation from wet leaf surfaces, transpiration from
dry leaf surfaces and evaporation from ground below. The stomatal
resistance for computing canopy transpiration is coupled to photo-
synthesis based on the models of Farquhar et al. (1980) and Collatz
et al. (1991). Leaf photosynthesis is a prognostic variable and
depends on the maximum rate of carboxylation, which again
depends on PFT specific photosynthetic parameters including leaf
temperature and is downregulated for nitrogen limitation and root
zone soil moisture limitation.

For vegetated surface, ground evaporation depends on the aero-
dynamic resistance and the humidity gradient between ground
and canopy. Soil surface specific humidity is computed by scaling
the saturation specific humidity at soil temperature, with a factor
o, which is a weighted combination of values for snow and soil.
The oy is a function of surface soil water matric potential and
ground temperature. Excessive soil evaporation for no snow condi-
tions is reduced by an additional soil resistance term, which
depends on the relative saturation of the top layer, and decreases
exponentially with the increase in relative saturation.

3. Experiment design

TerrSysMP was set up over the Inde catchment (325 km?)
encompassing the Wehebach tributary (~50 m amsl) and drains

the northern foothills of the lower Eifel mountain range (~600 m
amsl) in western Germany. This model setup is consistent with
the one used in Shrestha et al. (2015). Land use in the region based
on CLM3.5 plant functional types (PFTs) changes from mostly agri-
cultural crops (c1n) near the foothills to needle-leaf evergreen
trees (nle) and broadleaf deciduous trees (bld) along the northern
slopes of Eifel mountain range. The urban land cover in the catch-
ment (~17% of catchment area) is represented as agricultural
canopy (c1f) with a fixed leaf area index (LAI = 0.6), as the urban
module is absent in CLM3.5. This is not meant to represent the
actual physical processes over the urban area but the use of fixed
low LAl reduces the local control of vegetation in these areas, when
investigating the impact of grid resolution on simulated physical
processes. A uniform soil texture is used, which largely follows
the information found in BK50 1:50,000 scale data (http://www.
gd.nrw.de/pr_shop_informationssysteme_bk50d.htm). By using a
complete homogeneous soil texture, we also remove any effects
of scaling of soil hydraulic properties. The available 15 m landuse
data (Waldhoff, 2012) and 90 m Shuttle Radar Topography Mission
(SRTM) topography data were aggregated to 120, 240, 480 and 960
m horizontal grid resolution by assigning each grid cell with its
dominant PFT according to the high resolution data. With succes-
sive grid coarsening when aggregating topography, the skewness
of the distribution of plan curvature changes from -0.07 to
—99.43, while its kurtosis varies from 3.64 to 13273.9. Similarly,
for the profile curvature, skewness and kurtosis change from
approximately 0.24 to —0.92 and 0.59 to 5.66, respectively.

In this study, a wet and a dry year were chosen with average
accumulated annual precipitation of 1002 mm (Year 2009) and
695 mm (Year 2011) respectively for the catchment. Based on
seven year COSMO-DE forcing data (2007-2015), 2011 has the
minimum annual precipitation, whereas the annual precipitation
for 2009 is closer to the median value. Similar as the year 2009,
2010 was also wet year relative to 2011, with an annual rainfall
of 944 mm. The model was spunup over a 6-year period for the dif-
ferent spatial resolutions using the same annual atmospheric forc-
ing data (COSMO-DE analysis with 2.8 km resolution). The spin-up
for 2009 and 2011 was done separately, using the same hydrostatic
profile with groundwater table depth at 5 m below the land surface
for soil moisture initialization. This approach was chosen to gener-
ate consistent initial conditions dependent only on the simulated
year. The temporal evolution of total unsaturated storage
approaches a quasi-equilibrium state in the fifth year (see
Shrestha et al., 2015 for details). The output for the sixth year
(2009 or 2011) is analyzed with respect to the groundwater table
(GWT) depth and the pathways of water fluxes for evaporation
and transpiration during the months of April to September, with
higher incoming solar radiation. For our analysis the coarser grid
resolution output was disaggregated to the highest resolution by
attributing to each high resolution 120 m x 120 m grid cell the
same value of the coarser grid cell to which it belonged.

4. Results

Coarsening of the grid resolution shifts the frequency distribu-
tion of GWT depth for both years towards shallower depths
(Fig. 1). The modeled domain and time averaged GWT depth and
standard deviation for April to September for 2009 were
3.554+4.60m, 1.88 £2.96m, 0.56 + 1.26m, 0.16 +0.28m for the
grid resolutions 120 m, 240 m, 480 m and 960 m respectively. For
2011, the values were 5.43 +5.58m, 3.60 +4.33m, 1.85 +2.72m,
0.78 & 1.32m respectively. At 120 m grid resolution, the GWT
depth distribution is similar for both years with only a slightly
higher frequency of zones with shallow GWT depth (<0.2 m) for
the wetter year. The shift towards higher frequencies of shallower
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Fig. 1. Frequency Distribution of Groundwater Table Depth from April to September for River Inde. The top left corner of each subplot represents the domain grid resolution

in meters.

GWT depths with grid coarsening depends on the overall soil mois-
ture and thus annual precipitation. For the wetter year, the zones
with shallow GWT depth (<0.2 m) increase substantially with grid
coarsening at the expense of regions with deeper GWT depths,
while for the drier year the shift from deep GWT depths results
in substantial increase in zones with GWT depth from 0.2 to 0.8 m.

We now examine the dependence of E and T, and T/ET on the
horizontal grid resolution. Fig. 2a shows the spatial PFT distribu-
tion with GWT depths deeper than 1.6 m during mid June for
2009 and 2011, which remains similar throughout the year. This
threshold of 1.6 m is applied to mask the regions with shallow
GWT, as observed in the frequency distribution of coarsest model
runs for both years (see Fig. 1). Zones with deeper GWT depth
are mostly found along the hillslopes, while the masked-out shal-
low GWT regions stretch along the streams and the flat area near
the Inde outlet. The mask for the wet year (2009) has slightly smal-
ler coverage compared to the dry year (2011).

Mean and standard deviation of the solar radiation absorbed by
vegetation and ground do not change much with grid coarsening.
The sum of solar radiation absorbed by ground (S,) and vegeta-
tion (Sg,) is similar for both crop PFTs with the tree PFTs absorbing
more (27 Wm 2 for nle and 16 Wm 2 for bld from April to Septem-
ber for both years). However, the partitioning of the solar radiation
(Sabg/Sabv) is strongly controlled by the LAI and the optical param-
eters of the PFTs and thus differ substantially. The crops exhibit
higher ratios of Sgg/Sa, compared to trees, with highest magni-
tude for c1f due to the fixed low LAI value. Grid coarsening, how-
ever, has no significant effect on the absorbed solar radiation and
its partitioning to vegetation and ground.

Grid resolution effects are paramount for the state of the soil
and its effect on the turbulent fluxes. The domain-averaged top
10 cm relative soil moisture (S,,) for all PFTs increases with the grid
coarsening while its variance decreases (Fig. 3). In the wet year
(2009), S,, increases from 0.55 to 0.90 for forested areas (e.g.,
bld) and from 0.54 to 0.88 for agricultural areas (e.g., c1n). During
the dry year (2011), S,, changes from 0.46 to 0.67 and from 0.46 to
0.70 for forested (bld) and agricultural (c1n) areas, respectively. For
both years, the domain-averaged plant transpiration for different
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Fig. 2. a) PFT distribution for areas with modeled groundwater tables (GWTs)
deeper than 1.6 m for the Inde catchment. Areas with shallower GWTs (<1.6 m)
depths are masked out and left white. The codes indicate the PFTs agricultural crops
(c1f), agricultural crops with constant low LAI as substitute for urban areas (c1n),
broadleaf deciduous tree (bld), and evergreen needle-leaf trees (nle). Streams and
catchment delineation are derived from the SRTM topography at 120 m resolution.
The dashed line indicates the frontier between Germany and Belgium. b) Time
series of the spatially (over the catchment) and temporally averaged (over 5 days)
partitioning of absorbed solar radiation (Sayg/Sas») for 2009 (solid lines) and 2011
(dotted lines). The colors for different PFTs are consistent with indices for spatial
map. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

PFTs (T) does not change much with the increase in soil moisture
due to grid coarsening, while evaporation (E) does (Fig. 3). This
effect is stronger for PFTs with low LAI due to the higher amounts
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Fig. 3. Scaling behavior of relative soil moisture (Sy,), canopy transpiration (T), evaporation (E) and the ratio of transpiration to total evapotranspiration (T/ET) with grid
resolution for a) wet year (2009) and b) dry year (2011). The codes indicate the PFTs agricultural crops (c1f), agricultural crops with constant low LAI as substitute for urban
areas (c1n), broadleaf deciduous tree (bld), and evergreen needle-leaf trees (nle). The box plot and the whiskers show the mean (solid markers), median, 5, 25, 75 and 95th

percentile.

of solar radiation absorbed by the ground (see Fig. 2b) and higher
available soil moisture for ground evaporation (Fig. 3a and b). The
bare soil evaporation parameterization, which depends on the
available soil moisture on the top layer, dominates this behavior.
Accordingly, total evapotranspiration increases with grid coarsen-
ing and thereby decreases the domain average T/ET for all PFTs
(Fig. 3a and b). This decrease is relatively higher for the wet year
than for the dry year.

The magnitudes of the variation of E and T/ET ratio in terms of
mean and one standard deviation are presented in Table 1 and 2. E
is higher for the 2009 compared to 2011 because of the higher
available soil moisture. Vegetation cover strongly controls the local
ground evaporation depending on the PFT optical parameters and
the leaf area index (LAI). With their higher transmissivity for
incoming radiation, the variation in ground evaporation is higher
for crops compared to forest and even higher for crops with low
LAL

At 120 m grid resolution, the T/ET is similar in both years for all
PFTs: 58-59% for needle leaf evergreen trees, 71-72% for broadleaf
deciduous trees, 48-51% for agricultural crop and 21-24% for crop
with fixed low LAI. With grid coarsening from 120 to 960 m, the
T/ET decreases by different magnitudes between the wet and dry
year for different PFTs (see Table 2). For the wet year, T/ET

Table 1

decreases between 10-14% for crops and 10-11% for trees; for
the dry year, its decrease is around 10% for the crops and 4-6%
for trees. In terms of domain average, including all PFTs, the T/ET
decreases with grid coarsening by around 5% and 8% for the dry
and wet year, respectively.

5. Discussions

This study addresses the grid-resolution dependence of T/ET
simulated by physically-based models, which include surface and
3D subsurface lateral flow. Grid coarsening decreases the mean
and variance of GWT depth, an effect more amplified during the
wet year. The induced increase in near surface soil moisture
increases the ground evaporation while transpiration remained
almost constant. Accordingly, in the central European mid-
latitude climate regime root zone soil moisture is usually not the
limiting factor for transpiration. Thus with respect to transpiration
the system is energy limited. Modeled ground evaporation mainly
depends on the upper layer soil moisture and increases with
moister soil suggesting a water limited state. According to the
study by Maxwell and Condon (2016) the inclusion of surface
and groundwater lateral flow increases the domain averaged
T/ET for the continental US by almost 15%. In a more recent study,

Domain averaged evaporation (E [Wm~2]) from April to September for different PFTs. The codes indicate the PFTs agricultural crops (c1f), agricultural crops with constant low LAI
as substitute for urban areas (c1n), broadleaf deciduous tree (bld), and evergreen needle-leaf trees (nle). Also provided are the numbers of grid cells of each PFT in the catchment

at their native grid resolution.

PFT 120 m 240m 480m 960 m
2009/2011 2009/2011 2009/2011 2009/2011

nle 19+7/18+7 2449197 27+9/21+7 28+8/22+7
# 5390 1376 382 92

bld 17+7/16+7 22+8/17+8 24+9/18+8 26+8/19+7
# 5899 1419 353 80

cin 28+7/23+7 34+10/26 9 41£11/30+10 46+10/33+9
# 7187 1815 508 106

cif 35+9/28 +9 43+18/34+15 59 +21/41£17 70+17/49 +13
# 4018 1015 257 58
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Domain averaged ratio of transpiration to total evapotranspiration (T/ET [%]) from April to September for different PFTs. The codes indicate the PFTs agricultural crops (c1f),
agricultural crops with constant low LAI as substitute for urban areas (c1n), broadleaf deciduous tree (bld), and evergreen needle-leaf trees (nle).

PFT 120 m 240m 480m 960 m
2009/2011 2009/2011 2009/2011 2009/2011

nle 58 +12/59 + 13 53+13/57 +13 50 +13/55 + 14 48 £12/53 £ 13

bld 724127113 65+14/70 14 63 +14/68 + 14 61+14/67 +14

cin 48 £9/51 12 43+10/48+13 38+10/44+13 34+9/41+12

cif 21+4/24+6 18+£5/22+7 14+5/18+7 11+£3/14+4

using a modified Budyko framework, Freund and Kirchner (2017)
also illustrate variable biases on estimated ET depending on hypo-
thetical transfer of water due to gravity between regions of differ-
ent altitudes and aridity, showing the complexity of including
lateral flow. Our work suggests that for wet regimes, the increased
grid resolution might increase T/ET ratios as found in Maxwell and
Condon (2016) due to non-local control on soil moisture, which
however is overall lower than the effect of including lateral flow
itself, due to the strong local control of vegetation. The increase
in T/ET ratios was even lower for the dry year compared to the
wet year. We also investigated the impact of the initial condition
on T/ET ratio for the dry year (to account for the antecedent condi-
tions), by conducting a 6-year model spin-up for 2009 and then
running the model from Jan 2009 to Dec 2011. For this approach,
the domain average soil moistures for 2011 compared to the earlier
approach (values in brackets) were 0.64 (0.60), 0.69 (0.64), 0.75
(0.69) and 0.77(0.74) for 120 m, 240 m, 480 m and 960 m respec-
tively. Although the soil moisture is higher for all grid resolutions
with the new runs, as expected, the changes in mean soil moisture
and T/ET with grid coarsening remains similar between the two
approaches. Besides, the uncertainty in T/ET due to horizontal grid
resolution will also depend on the distribution of land surface
heterogeneity in the domain, where vegetation type and LAI was
found to exert strong control.

Additional uncertainties in T/ET do arise from photosynthetic
parameters of simulated vegetation (e.g., Sulis et al., 2015), root
water uptake parameterizations (e.g., Zeng et al., 1998; Feddes
et al, 2001; Li et al.,, 2013; Wang et al, 2016; Fu et al., 2016;
Ferguson et al., 2016), canopy radiative transfer controlling solar
radiation absorbed by the ground (e.g., Bonan et al., 2014) and bare
soil evaporation parameterizations (e.g., Sellers et al., 1996;
Lawrence et al, 2012; Tang and Riley, 2013; Jefferson and
Maxwell, 2015). Example, Sulis et al. (2015) showed that the inclu-
sion of crop specific photosynthetic parameters from measure-
ments improved the surface energy flux partitioning for energy
limited system. Similar improvements were also shown by Li
et al. (2013) with modified root water uptake function for arid
ecosystems. While, the tuning of the parameters based on single
column simulations are important for predictions, their affect on
T/ET estimates for regional domains with the inclusion of lateral
flow needs further investigations.

6. Conclusions

Using TerrSysMP, horizontal grid coarsening from 120 m to 960
m for the Inde catchment, was found to decrease the simulated
domain-averaged T/ET by almost 5-8% due to the increased soil
evaporation caused by the increase in near surface soil moisture.
This sensitivity primarily arises from the aggregation of topogra-
phy at coarser resolution, which smoothens spatial topographic
features for efficiently redistributing the surface and groundwater.
The modeled T/ET does however, depend on the energy and water
limited sates of modeled transpiration and ground evaporation,
respectively, as found for the Inde catchment which can be seen
as representative for mid-latitude central to western European

catchments. Additionally, the distribution of vegetation type and
the LAI did affect the dependence of T/ET on model grid resolution.
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