‘ [ 1=1]
B 'vater [mpPy

Article

Modeled Land Atmosphere Coupling Response to
Soil Moisture Changes with Different Generations of
Land Surface Models

Prabhakar Shrestha 1* and Clemens Simmer 12

1 Meteorology Department, Institute of Geosciences, University of Bonn, 53121 Bonn, Germany

2 Centre for High-Performance Scientific Computing, Geoverbund ABC/J, 52425 Julich, Germany;
csimmer@uni-bonn.de

* Correspondence: pshrestha@uni-bonn.de

Received: 5 November 2019; Accepted: 18 December 2019; Published: 20 December 2019

Abstract: An idealized study with two land surface models (LSMs): TERRA-Multi Layer (TERRA-
ML) and Community Land Model (CLM) alternatively coupled to the same atmospheric model
COSMO (Consortium for Small-Scale Modeling), reveals differences in the response of the LSMs to
initial soil moisture. The bulk parameterization of evapotranspiration pathways, which depends on
the integrated soil moisture of active layers rather than on each discrete layer, results in a weaker
response of the surface energy flux partitioning to changes in soil moisture for TERRA-ML, as
compared to CLM. The difference in the resulting surface energy flux partitioning also significantly
affects the model response in terms of the state of the atmospheric boundary layer. For vegetated
land surfaces, both models behave quite differently for drier regimes. However, deeper reaching
root fractions in CLM align both model responses with each other. In general, differences in the
parameterization of the available root zone soil moisture, evapotranspiration pathways, and the
soil-vegetation structure in the two LSMs are mainly responsible for the diverging tendencies of the
simulated land atmosphere coupling responses.

Keywords: modeled evapotranspiration pathways; soil-vegetation-structure; land-atmosphere
coupling response

1. Introduction

Many numerical weather prediction (NWP) models still rely on the relatively simple
representation of the terrestrial ecosystem with second generation land surface models (LSMs), which
do not simulate carbon fluxes. Substantial effort has been made to investigate the importance of a
better representation of the biogeophysical and biogeochemical processes in LSMs in the context of
weather and climate simulations (e.g., [1-8]). The inclusion of a land surface model with a more
process-based representation of vegetation including the lateral flow of soil moisture led to
improvements in the predicted local weather over Western Germany [1]. Their model simulation
showed better agreements to measured surface energy fluxes, atmospheric boundary layer (ABL)
structure, and precipitation. Similarly, the use of a third generation LSM (Community Land Model;
CLM) led to improvements in the simulated summertime surface air temperature over the western
U.S.A., as compared to observations [2]. In addition, the inclusion of CLM led to substantial
improvements in summertime radiation fluxes (via the improvement in cloud cover) and partitioning
of turbulent fluxes with climate simulation over Europe [3]. The superiority of CLM (among multiple
LSMs), particularly in simulating the surface temperature maximum for regional climate simulations
over U.S5.A was also presented by [4]. However, they could not find any significant sensitivity of the
spatial and temporal variability of precipitation to different LSMs. In another effort, a multiple
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combination of LSMs and ABL schemes was used to diagnose the land-atmosphere coupling over the
southern great plains (SGP) for dry (<25% volumetric soil moisture) and wet (near saturation)
extremes using diurnal scale simulations [5]. They found that CLM generally simulated the
evaporative fluxes in wet regimes better, which, however did not translate into better coupling
metrics, as the land surface influence is diminished relative to the ABL during wet regimes. In the
continuing effort to add more physically based processes, the inclusion of CLM and a 3-D
groundwater model led to slight improvements in the simulated diurnal surface fluxes over Western
Germany [6]. Further, the inclusion of CLM with a 3-D groundwater model in a regional simulation
over Europe attenuated the land-atmosphere coupling for the simulated heat wave of 2003 via
controls on the root zone soil moisture [7]. This was also found to have stronger dependence on the
uncertainty in representation of sub-surface heterogeneity. In another study, the skills of two
different generations of LSMs (coupled to the same atmospheric model) were evaluated using
convection-permitting seasonal scale simulations over Western Germany. Although, both
configurations systematically underestimated the seasonal average diurnal cycle of
evapotranspiration for five stations, the third generation LSM (CLM) with the inclusion of a 3D-
groundwater model had a lower bias. However, this study also could not identify any clear change
in the spatial and temporal variation of precipitation like the earlier study [4].

The studies above demonstrate the importance of sophisticated LSMs in the simulated land
atmosphere interactions, although uncertainty persists about their feedbacks on cloud and
precipitation. However, the nature and strength of the land-atmospheric coupling resulting from
different LSMs also appears to vary significantly between wet and dry regimes with stronger
coupling for the latter. Additionally, the changes in the model response when using different LSMs
coupled with the atmospheric model in real-world data settings, becomes less tractable due to the
complexity in the spatial patterns of soil-vegetation-atmosphere states and the resulting two-way
interactions. Recently, a second (TERRA-Multi Layer (TERRA-ML), [10-12]) and a third-generation
land surface model (Community Land Model (CLM) version 3.5, [13]) were evaluated with multi-
year observation driven simulations at the Falkenberg grassland site in Germany. The study showed
that both models tend to overestimate the Bowen ratio, while CLM exhibited a wet bias. With
modified photosynthetic parameters, CLM was found to be superior in accurately simulating the
Bowen ratio, but it did not improve the soil moisture variance adequately (especially during periods
of recession, where the upper shallow root zone layer enters a dry regime). However, the simulated
Bowen ratio became worse, when correcting the vertical profile of soil moisture using data
assimilation (resulting in lower available root zone soil moisture). This also led to the identification
of the simplified assumption of the default shallow root fraction distribution, which remains
invariant during the simulation. Using a deeper root fraction distribution, CLM was able to simulate
better flux partitioning and soil states as compared to TERRA-ML. In general, the effect of the root
fraction distribution is masked during wet regimes. However, for shallow dry regimes (<30 cm) in
periods of recession, the specification of vertical profile of the root fraction distribution is a source of
uncertainty in the pathways of evapotranspiration. Especially for coupled weather and climate
simulations, rainfall and recession periods are omnipresent (representing transitions from wet to dry
regimes) at different temporal and spatial scales. Consequently, the spatial patterns of surface fluxes
will also vary depending on available root zone soil moisture, which is co-dependent on the vertical
profile of the root distribution and soil moisture. Since the ABL responds to the surface energy,
moisture, and momentum fluxes from the land surface, it is thus imperative to better understand the
mechanisms which govern the exchange fluxes especially during transitions from dry to wet regimes
(or vice-versa).

In this study, we explore the nature and strength of land atmosphere coupling in such transitions
based on idealized settings for both, TERRA-ML and CLM coupled to the same atmospheric model
COSMO (Consortium for Small-Scale Modeling, [14]) using the Terrestrial Systems Modeling
Platform (TerrSysMP, [6]). This study makes an effort to elucidate how and why the model response
changes when using different generations of LSMs coupled to the same atmospheric model in an
idealized setting. Thus, we contribute to a better understanding of the multiple processes that



Water 2020, 12, 46 3 of 16

produce different land-atmosphere interactions when using these LSMs for weather and climate
predictions with real data simulations.

A brief discussion about TerrSysMP and the models used in this study is provided in Section 2.
The experiment setup and results are presented in Sections 3 and 4 respectively, followed by
discussion in Section 5. Finally, conclusions are presented in Section 6.

2. Model Description

2.1. The Modular Platform TerrSysMP

TerrSysMP [6] is a modular regional terrestrial system simulation platform consisting of
different models for the atmosphere, land surface, and subsurface, coupled using the external coupler
OASIS3 [15] or OASIS3-MCT [16] for an efficient use on supercomputers [17]. The platform is
modular and users can choose between different model configurations. For example, a stand-alone
system with any one of the individual models (COSMO, CLM, or ParFlow), a coupled hydrological
modeling system (CLM and ParFlow, [18]), a fully coupled system (COSMO, CLM, and ParFlow),
and a coupled land-atmosphere system without a 3D-distributed groundwater model (COSMO and
CLM, [19]). In this study, we compare the results obtained with the COSMO-CLM configuration
(details of the coupling between COSMO and CLM is presented in Appendix A) with results obtained
using COSMO stand-alone equipped with its in-built 2nd generation land surface model TERRA-
ML. In the following sections, we briefly describe the atmospheric model COSMO and the two LSMs.
A more detailed discussion of the differences between the two LSMs is also available in [9].

2.2. The COSMO Weather Prediction Model

The numerical weather prediction model COSMO [14,20] is developed and maintained by an
association of several European national weather services (http://www.cosmo-model.org/) led by the
German national weather service DWD (Deutscher Wetterdienst). Here, we only describe the
COSMO’s physics packages [21] that are important in the context of this study. A detailed description
of the dynamical and physical packages available in COSMO can be found in [14]. The radiation
scheme is based on the one-dimensional §-two-stream-approximation [22]. The default ABL scheme
is based on a level-2.5 turbulence parameterization of [23] and a Blackadar mixing-length
parameterization [24] resulting in a flux-gradient representation for sub-grid scale fluxes with
diffusion coefficients and a turbulent length scale. The ABL scheme is coupled to a surface transfer
scheme to compute the transfer coefficients for heat and momentum developed by [25].

2.3. TERRA-ML

TERRA-ML is the default LSM for COSMO. In the coupled mode with COSMO, TERRA-ML
simulates the energy and water balance at the land surface and in the shallow subsurface, and
provides the soil temperature and moisture as a lower boundary condition to the atmospheric model.
All processes in TERRA-ML are modeled only in the vertical direction with no lateral interactions
between adjacent soil columns.

Grid cell heterogeneity is specified by the vegetation fraction (or plant cover fraction). An
explicit canopy layer is absent, and plant phenology is prescribed using minimum and maximum
LAI (Leaf Area Index), a fixed roughness height and root layer depth. The homogeneous soil column
is discretized into eight vertically stretched layers with lower boundaries at 0.01, 0.03, 0.09, 0.27, 0.81,
2.43, 7.29, and 21.87 m. A lookup table with 10 possible soil types provides the hydrological and
thermal properties of the soil column, including the dry and wet albedo.

Vegetation temperature is assumed to be equal to the near-surface soil temperature. The soil
temperature is computed using the heat conduction equation with ground heat flux and
climatological annual mean surface temperature as upper and lower boundary condition. Soil water
content is computed using Richard’s equation with infiltration and gravitational drainage as upper
and lower boundary condition.
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Surface radiation fluxes depend on ground albedo and temperature. Surface energy and
momentum fluxes are computed using the surface transfer scheme [25]. Bare soil evaporation and
canopy transpiration are based on the BATS scheme [26]. Bare soil evaporation is dependent on the
soil moisture content of an active layer of 0.81 m depth [21]. The Jarvis-Stewart approach [27,28] is
used for canopy transpiration in the stomatal conductance model. Root water uptake depends on the
total transpiration rate, the root zone integrated liquid water content, and the root depth.

2.4.CLM

In CLM [13], all processes are modeled only in the vertical direction (like in TERRA-ML) with
no interactions between adjacent soil columns. CLM directly simulates carbon, water and energy
balance, along with the vegetation and soil states. In coupled simulations, the atmospheric forcing is
obtained from the lowest level of the atmospheric model.

Grid cell heterogeneity can be represented using a subgrid tile approach with five land units,
multiple soil columns, and 17 plant functional types (PFTs). We only use one PFT, one soil column,
and one land unit for each CLM grid cell in this study. CLM has an explicit canopy layer with plant
phenology prescribed using monthly LAI SAI (Stem Area Index), plant top and bottom height, and
fixed root distribution parameters. For the different PFTs, a lookup table provides the necessary
photosynthesis, optical and, aerodynamical parameters. The vertical soil column can be
heterogeneous with 10 vertically stretched layers with lower boundaries at 0.017, 0.045, 0.09, 0.16,
0.29, 0.49, 0.82, 1.38, 2.29 and 3.43 m. The hydrological and thermal property of the soil is specified
using pedotransfer functions based on the specified sand and clay percentage as input.

Vegetation temperature is computed assuming that the canopy has a negligible capacity to store
heat. Soil temperature is computed using the heat conduction equation with ground heat flux and
zero heat flux as top and bottom boundary conditions, respectively. Soil moisture is computed using
Richards equation with infiltration after interception and exchange with the unconfined aquifer as
the top and bottom boundary condition respectively.

For vegetation, the two-stream approximation is used to compute surface radiation fluxes.
Surface energy and momentum fluxes are computed using the Monin-Obukhov Similarity Theory,
as the sum of vegetation and ground fluxes (below vegetation). For bare soil evaporation, an
additional soil resistance term based on works of [29] is added to reduce excessive soil evaporation.
The bare soil evaporation is dependent on the soil moisture content of the surface soil layer only. A
coupled stomatal conductance and photosynthesis model [30] is used to compute canopy
transpiration and carbon fluxes. For canopy transpiration, the corresponding root water uptake is
estimated as a function of total transpiration, static root distribution, plant wilting factor, and a soil
moisture limiting function. The limiting function is computed as an integral of plant wilting factor
and fractions of roots in each active root zone layer.

3. Experiment Setup

Multiple experiments are designed to investigate the nature and strength of land-atmosphere
coupling by evaluating changes in model response for two different land use types—bare soil and
vegetated —with different initial soil moisture content. The initialized relative soil moisture content
(Sw) represents transitions of soil states from very dry (S,,~0.2) to wet regimes (S,,~0.6). Additional
experiments are designed to illustrate the impact of relatively shallow dry regimes (S, ;<30cm < 0.5),
typically observed during recession periods (e.g., [9]) on the model response, including the sensitivity
to the vertical profile of the root distribution in CLM, as discussed above.

3.1. Idealized Simulations

In total, 45 diurnal evolutions of a cloud-free convective boundary layer are simulated over an
area of 20 x 20 km? with 1 km grid resolution both for the atmospheric and land surface models. The
simulations are conducted with TerrSysMP both in its COSMO stand-alone mode (COSMO coupled
to TERRA-ML) hereafter referred to as COSMO only, and in its coupled mode with CLM, hereafter
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referred to as TSMP. The experiments are categorized into three groups based on soil moisture
initialization and root distributions (Table 1). For the VSMR experiment, only the root distribution in
TSMP is changed; thus, VSMR and VSDR are identical for the COSMO simulations, which also apply
for the TSMP bare-soil experiments.

Table 1. Experiment Setup for COSMO (Consortium for Small-Scale Modeling) and TSMP (Terrestrial
Systems Modeling Platform).

CSDR (Vertically Constant Relative Soil Saturation and Default Root Distribution)
Land Use Types: Bare Soil and Vegetated
Five Soil Moisture Initialization: Vertically constant profiles S,, = 0.2,0.3,0.4,0.5 and 0.6
VSDR (Vertically Varying Relative Soil Saturation and Default Root Distribution)
Land Use Types: Bare Soil and Vegetated
Soil Moisture Initialization: Vertically varying profiles Sy, ;<30 cm = 0.2,0.3,0.4,0.5 and 0.6,

Sw,zzSO cm — 0-6
VSMR (Vertically Varying Relative Soil SATURATION and Modified Root Distribution)

Two Land Use Types: Bare Soil, Vegetated with modified root distribution for TSMP
Five Soil Moisture Initialization: Vertically varying profiles S, ;<30 cm = 0.2,0.3,0.4,0.5 and 0.6,

Sw,zzSO cm = 0.6

The atmospheric domain uses the default COSMO vertically stretched grid with 50 levels and a
near-surface vertical resolution of 20 m. The LSMs also use their default vertically stretched grids as
explained above. All simulations start at midnight and run for 24 h. Periodic lateral boundary
conditions are used for the atmospheric model with the radiation field updated every 15 min. The
model and coupling time steps are set to 10 s.

3.2. Soil-Vegetation Structure

Two land use types—bare soil (bs) and vegetated (vg)—are used for the study. Land use is
prescribed to be horizontally homogeneous. In TERRA-ML, these land use types are realized by using
a plant cover fraction of 0.20 for bare soil and 0.90 for vegetated land (closer to maximum plant cover
fraction for non-vegetated and vegetated area used in real data simulation). In CLM, the plant
functional types (PFTs) crop and bare-soil were selected for vegetated and bare soil, respectively. In
both TERRA-ML and CLM, the roughness height for momentum was set to 0.01 m and 0.108 m for
bare soil and vegetated land use types, respectively. For vegetation, the LAI was set to 3.5 in both
LSMs. The root depth was set to the default 0.6 m for TERRA-ML. For CLM, the default and a
modified [9] root distribution was used. The default vertical profile of root distribution contains 80%
of the root fraction within the top 50 cm of the soil depth, while the modified root distribution
contains 85% of the root fractions within the top 150 cm of the soil. The soil was set horizontally
homogeneous to clay-loam in TERRA-ML. For CLM, soil texture was specified by 35% sand and 34%
clay, which is consistent with the default sand and clay percentage specified in TERRA-ML for clay-
loam. The required input data for the CLM was generated using the TerrSysMP Pre-processing and
Post-processing System (TPS, [31]).

3.3. Initial Conditions

The initial atmospheric conditions for temperature, humidity and pressure were taken from
sounding data obtained over Stuttgart (Germany) under stable conditions and a vertically constant
background wind speed of 1 m/s. Soil temperature and soil moisture for all levels were initialized
horizontally homogeneous with temperature at 287 K and soil moisture at constant relative saturation
(Sy) values of 0.2, 0.3, 0.4, 0.5 and 0.6, respectively, in the layers down to 30 cm. For depths below 30
cm, S, was kept at the same value as the upper layers for the vertically constant relative soil
saturation and default root distribution (CSDR) experiments, while a constant (high) value of 0.6 was
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used for the vertically varying relative soil saturation experiments with default and modified root
distributions (VSDR and VSMR).

4. Results

4.1. Soil Moisture Response to Initial Soil Moisture

Figure 1 shows the diurnal scale change in vertical soil moisture content (An) for the CSDR
experiments (initialized with vertically constant relative saturation and with default root
distributions). An for each soil layer is computed as

= (S5 = Si70) + 0= dz

where the terms S,° and S;7** are the relative saturation in the beginning and end of the one-day
simulation, respectively, @ is the porosity, and dz; is the soil depth of the ith layer. The initial
relative saturation for the shallow upper layer S5 %0 cm is hereafter simply referred to as S,. A
modulus transformation [L(x) = sign(x) x log(log|x| + 1)] as suggested by [32] is used to visualize
the vertical profile of An, which varies by 2 to 3 orders of magnitude in both positive and negative
direction. The vertically integrated diurnal change in soil moisture content (3, An) is summarized
in Table 2.

Table 2. Total change in Az for the entire soil column for different initial relative soil saturation
initializations (Sw).

S, [-] 0.2 0.3 0.4 0.5 0.6

Z An [mm]  bs vg bs vg bs vg bs vg bs vg

VA
CSDR Experiment
COSMO +0.09 +0.01 +0.09 +0.01 -0.04 -1.19 -028 -243 -0.74 -2.87
TSMP +0.15 +0.11 -025 -017 -0.75 -050 -1.10 -3.11 -1.38 -3.10
VSDR Experiment
COSMO -0.08 -145 -0.13 -1.85 -0.26 -259 -036 -275 -0.74 -2.87
TSMP +0.19 -0.83 -0.22 -112 -0.72 -139 -1.06 -3.11 -1.38 -3.10
VSMR Experiment
COSMO -0.08 -145 -0.13 -1.85 -026 -259 -036 275 -0.74 -2.87
TSMP +0.19 223 -022 -2.88 -0.72 -3.00 -1.06 -3.14 -1.38 -3.09
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Figure 1. Vertical profile of the change in soil moisture content (An) for the CSDR (Vertically Constant
Relative Soil Saturation and Default Root Distribution) experiment with initial soil moisture contents
from 0.2 to 0.6 (columns 2-6) for bare soil (upper row) and vegetated land (lower row). The first
column shows the common vertically constant profile of the initial soil moisture content dependent
on magnitude of S,, (top) and the CLM (Community Land Model) root fraction distribution
including the TERRA-ML (TERRA Multi Layer) root depth (bottom).

In the bare soil runs, both models generate dew during the night, which partly explains the
positive An in the upper layers for the dry soil moisture initialization (S,, = 0.2); almost no soil
evaporation takes place in these runs. At intermediate initial soil moisture values (S,, = 0.3~0.4), the
upper soil layer evaporates (An is negative) in the TSMP run, while no significant change of soil
moisture is discernable in COSMO. Soil evaporation increases for higher initial relative soil saturation
at a faster rate in TSMP than in COSMO, leading to larger drops in An in the upper shallow layer
(whose depth also increases) in TSMP. At an initial soil saturation S,, = 0.4, An exhibits a vertical
dipole behavior in the COSMO run with soil moisture increase in the upper layer (dew formation)
and decrease in deeper layers (evaporation sink from active deep layer). This dipole behavior
disappears for S,, > 0.4 due to increase in soil evaporation. For S,, = 0.6, the vertical profiles of An
tends to converge for both models, while the amplitude is smaller and the depth larger for COSMO
as compared to TSMP.

For the vegetated land surface, the dew formation overnight is lower for both models as
compared to the bare soil runs, which is now lower in the COSMO runs (see different, but positive
An for S, = 0.2 in the upper layers). For S,, = 0.3, A remains positive for COSMO but becomes
negative for TSMP in the upper layers, with lower amplitudes as compared to the bare soil case (Table
2). At initial soil saturation S, = 0.4, only the shallow uppermost layer gets drier in the TSMP run
while in the COSMO run almost the whole soil column significantly dries. This is consistent with its
higher evapotranspiration (Table 2). For initial soil saturation S, = 0.5, both models show very
similar and overall high decreases in soil moisture. For both, bare soil and vegetated land, at §,, =
0.5, soil moisture in the TSMP run slightly increases (< 0.1 mm) in the lowest level, which probably
results from flux exchanges with the simplified groundwater model used in CLM as the bottom
boundary condition

Figures 2 and 3 show the vertical soil saturation profile changes for the VSDR (initialization with
vertically varying relative soil saturation and default root distribution) and VSMR (initialization with
vertically varying relative soil saturation and a modified root distribution) simulations. In both
experiments, the soil moisture adjustment resulting from the sharp vertical gradient soil moisture
initialization leads to the expected increase/decrease in soil moisture around 30 cm depth. This
adjustment effect attenuates with increasing shallow root zone soil moisture due to the weakening of
the vertical soil moisture gradient. For bare soil, higher soil saturation below 30 cm depth or the
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change in the root distribution (only TSMP) does not significantly impact the vertical profile of An
in the upper layers for both models. In the COSMO bare soil simulations, };,An decreases only for
Sy = 0.4 (Table 2) in the CSDR experiments. However, a decrease in Y., An can be observed for the
VSDR and VSMR experiments independent of the initial soil moisture. This tendency results from
the higher soil evaporation with increasing soil saturation in the deeper soil layers. There is no
significant change in Y, An for TSMP for both the VSDR and VSMR experiments as compared to the
CSDR experiment (Table 2); thus, the dipole behavior caused by soil moisture adjustments barely
impacts soil evaporation in TSMP.

Bare Soil
S,=02 5,=03 S, =04 S,=05 §,=086
0.001 7= TSMP 0.001 1 0.001 4 0.001 0.001 1 0.001 4
0.01 4 0.01 A 0.01 0.01 4 0.01
E
o
;d] 0.1 4 0.1 041 0.1 4 0.1
o
3z
] 14 14 1 1 14
10 10 4 10 10 10 4
T T T T T T T T T T T T T T T
1010 011 -1-0.10 011 -1-01 0 011 1010 011 -1-0.10 011
Vegetated
0.001 5 0.001 1 0.001 4 0.001 0.001 4
0.01 4 0.01 4 0.01 0.01 4
E
=
a 014 0.1 041 0.1
@
o
3 1 Taggin = 0.6 M 14 1 14
10 10 A 10 10 A
—T e s T i e A e e s T
0 0204 1010 011 -1-010 011 -1-0.10 041 1010 0411 -1-010 011
Root Fraction Amy[mm] An[mm] Anmm] Amy[mm] fin[mm]

Figure 2. Vertical profile of the change in soil moisture content (An) for the VSDR (Vertically Varying
Relative Soil Saturation and Default Root Distribution) experiment with initial soil moisture contents
from 0.2 to 0.6 (columns 2-6) for bare soil (upper row) and vegetated land (lower row). The first
column shows the common vertically varying profile of the initial soil moisture content dependent
on magnitude of S,, (top) and the CLM root fraction distribution including the TERRA-ML root
depth (bottom).
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Figure 3. Vertical profile of the change in soil moisture content (An) for the VSMR (Vertically Varying
Relative Soil Saturation and Modified Root Distribution) experiment with initial soil moisture
contents from 0.2 to 0.6 (columns 2-6) for bare soil (upper row) and vegetated land (lower row). The
first column shows the common vertically varying profile of the initial soil moisture content
dependent on magnitude of S,, (top) and the CLM root fraction distribution including the TERRA-
ML root depth (bottom).

For the vegetated land surface, the higher initial deeper-layer soil moisture clearly impacts the
experiments with the vertically variable initial soil saturation (VSDR) and the additionally modified
vertical root distribution (VSMR). As compared to CSDR, Y, An for TSMP (S,, = 0.2) and COSMO
(Sw = 0.2,0.3) is negative (Table 2), indicating a net loss of soil water by evapotranspiration. The
VSDR experiments result in an overall soil moisture decrease in COSMO and TSMP as compared to
CSDR, especially for S, < 0.5. In CSDR and VSDR experiments, all COSMO simulations loose more
water at S, < 0.4 as compared to the TSMP simulations. In the VSMR experiment, however, the
overall soil moisture decrease enhances for TSMP with the An peak shifting downwards (i.e.,
increase in available root zone soil moisture from deeper layers).

These results indicate that the soil moisture decrease due to bare soil evaporation and canopy
transpiration differ between the two LSMs, especially for the drier regimes (S,, < 0.5), which will also
affect the flux and ABL evolutions which is discussed in the following sections.

4.2. Overall Model State Response to Initial Soil Moisture

In this section, we focus on the response of surface energy flux partitioning and related ABL
states to variations in the initial soil moisture of the shallow upper layer (< 30 cm) in the different
model setups. Changes in the model response are quantified relative to the runs with the lowest initial
soil saturation (S,, = 0.2). To do so, we compare the mean surface fluxes between 1100 to 1400 LT
over a grid point near the domain center (results would not differ much between grid columns
because of homogeneous land surface and periodic boundary conditions). Similarly, ABL quantities
averaged between 1300 and 1600 LT over the same grid point are compared. A later time period is
chosen for ABL quantities compared to surface fluxes in order to include the period with the largest
ABL height. The mean ABL virtual potential temperature(8,499 ) is computed at 400 m a.g.1., which
well represents the well-mixed virtual potential temperature of the whole profile.
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4.2.1. Surface Fluxes

Figure 4a,b show the response of the mean sensible (H) and latent heat fluxes (LE), respectively,
to increasing initial soil moisture for the CSDR experiment. As expected, H decreases and LE
increases monotonically with increasing initial soil moisture. For bare soil (bs, red curves) both fluxes
change stronger in the TSMP than in the COSMO simulations. For the vegetated land surface (vg,
black curves) the fluxes change in jumps, which happen for COSMO between initial soil saturations
of 0.3 and 0.4 and in TSMP more gradually between 0.4 and 0.5. In general, the TSMP turbulent fluxes
respond stronger to changes in the initial soil saturation for both bare soil and vegetation as compared
to COSMO.

b)
ALE
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Figure 4. Model response of surface fluxes and boundary layer mean quantities for CSDR experiment:
(a) Sensible heat flux (AH), (b) Latent heat flux (ALE), (c¢) Virtual potential temperature (A 6,)
around 400 m a.g.l., and (d) Lifting Condensation Level (ALCL).

For bare soil, an increase in the deeper-layer soil moisture (VSDR experiments) has no effect in
TSMP while COSMO exhibits small variations (not shown here). For the vegetated land surface,
TSMP shows quite different model responses with and without extending the root vertical
distribution to lower soil layers given the moist deep layer (Figure 5a,b). While the jump in the model
response remains with the default root distribution (VSDR), it completely disappears with the
extended root simulations (VSMR) and approaches the results for COSMO especially in LE for S, =
0.4, as the roots are now able to take up water from deeper layers.
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Figure 5. Response of the surface fluxes and boundary layer mean quantities to increasing near
surface soil saturation (S,,) for VSDR experiment: (a) Sensible heat flux (AH), (b) Latent heat flux
(ALE), (c) Virtual potential temperature (A 6,) around 400 m a.g.l., and (d) Lifting Condensation
Level (ALCL). TSMP results are also shown for VSMR experiment (green marked lines).

The simulated surface fluxes are-besides by soil moisture—controlled by the radiation budget
at the surface, which depends on shortwave albedo, longwave emissivity, and surface temperature.
Both LSMs simulate a lower albedo for the vegetated land surface as compared to bare soil. Net
shortwave radiation (Rysy) barely changes with increasing soil moisture for the vegetated land
surface (560 Wm2 for TSMP and 630 Wm~2 for COSMO). It changes due to the decreasing albedo with
soil moisture for bare soil in TSMP from 519 to 555 Wm~2 and in COSMO from 600 to 618 Wm~. Since
longwave emission of the land surface depends on its emissivity and temperature (also on the
vegetation temperature for TSMP), net longwave radiation increases (becomes less negative) with
increasing soil moisture (Table 3). For bare soil, this increase is stronger in TSMP than in COSMO.
For vegetated land, similar jumps as found for the surface fluxes happen for radiative fluxes: at §,, =
0.3 for COSMO and at S,, = 0.4 for TSMP. For high initial soil moistures (S,, = 0.5), net longwave
radiation (Ry.y ) is similar for bare-soil and vegetated land in TSMP while differences persist in
COSMO. Ry does not vary for TSMP due to changes in the deeper layer soil moisture for bare soil,
while small variations occur for COSMO (Table 3). For the vegetated land surface, both models emit
less longwave radiation from the surface (higher-less negative— Ry, /) with higher deeper-layer soil
moisture because of the lower surface temperature caused by higher evapotranspiration at the
expense of sensible heat. Accordingly, the deeper roots in the VSMR simulations (only TSMP) further
decrease land surface (and vegetation) temperature and thus the emitted longwave radiation (higher

RNLW)'
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Table 3. Averaged net long wave radiation (+ve downwards) from 1100 to 1400 LT

S.w[—1 0.2 0.3 0.4 0.5 0.6
Riyerwy bs vg bs vg bs vg bs vg bs vg
CSDR Experiment
COSMO -199 -157 -196 -155 -189 -137 -182 -116 -172 -108
TSMP -154 -151 -127 -146 -110 -142 -105 98 -102 -96
VSDR Experiment
COSMO -196¢ -137 -191 -129 -185 -116 -180 -111 -172 -108
TSMP -154 -141 -127 -135 -110 -131 -105 -97 -102 96
VSMR Experiment
COSMO -196 -137 -191 -129 -185 -116 -180 -111 -172 -108
TSMP -154 -120 -127 -106 -110 -102 -105 -97 -102 -96

4.2.2. ABL Quantities

The flux response of both LSMs to initial soil moisture strongly impacts the ABL quantities like
the virtual potential temperature and the ABL height (Figures 4c,d and 5c,d). As expected, the ABL
becomes cooler (not shown here) and shallower with increasing initial soil moisture. For the
vegetated land surface, the model response in ABL height to initial soil moisture is larger than for
bare soil. At lower soil saturation (S, = 0.2), the simulated maximum ABL height for bare-
soil/vegetation is approximately around 3/4 km for both models, typical for arid regions [33,34]. The
higher ABL heights for vegetated surface results from its lower albedo, as explained earlier. Here, the
mean ABL height in TSMP exhibits a sudden drop of approximately 2.74 km (corresponding to 3.86
K drop in 6,499 m) from S, = 0.4 to 0.5, while the COSMO mean ABL height gradually drops to
similar values at high initial soil moisture. For bare soil, the mean ABL height decreases gradually
with increasing soil moisture in both models. For the VSDR experiments (high available soil moisture
in deeper layers) the change in ABL height over vegetated land is significantly lower corresponding
to the respective AH decrease (Figure 5¢). Jumps in AABL remain more discernable in TSMP than in
COSMO. In the VSMR experiment (deeper root distribution beside high available soil moisture in
deeper layers), the ABL height still drops stronger in TSMP than in COSMO for S,, = 0.3 but then
converges with COSMO for S,, = 0.4.

The sensitivity of the ABL evolution to changes in soil moisture also impacts the lifting
condensation level (LCL) and the convective available potential energy (CAPE). Figure 4d compares
the change of the mean LCL with initial soil moisture for the two land use types for the same
averaging period as ABL height. With increasing soil moisture, the mean LCL height decreases (i.e.,
increase in pressure) while the mean CAPE increases (not shown here). Changes are larger for TSMP
as compared to COSMO, and the jumps for vegetated land surface are stronger in TSMP. In TSMP,
the responses for vegetation and bare soil match at S,, = 0.6. For the VSDR experiment, ALCL inboth
models drops for vegetation, but the jump in TSMP remains (Figure 5d). For the VSMR experiment,
this jump disappears and ALCL converge for both models for S,, > 0.4.

5. Discussion

For both vegetated and bare soil land use, the TSMP turbulent fluxes respond stronger to initial
soil moisture changes than COSMO. For bare soil, TSMP simulates much higher soil evaporation
despite an additional soil resistance term and its sole dependence on the surface soil layer. The
additional soil resistance decreases exponentially with increasing soil moisture and contributes to
larger increase in evaporation. The impact of the deeper active layer for bare soil evaporation in
COSMO is visible for shallow drier regimes (typically observed during recession periods). For very
dry shallow soil moisture (S, ,<30cm = 0.2), COSMO exhibits net loss in integrated vertical soil
moisture, whereas no soil evaporation takes place in TSMP.
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For vegetated lands, the characteristic jump-like response of the surface energy flux partitioning
in TSMP results from a jump in the root water uptake, which depends on the available soil water for
transpiration. This again depends on the soil water potential, 1, and the PFT-dependent potential at
which stomatas are fully open or closed in each layer ( ¥pse = —2.75 X 10° mm and Yppen =
—0.74 x 10° mm). In CLM, the fraction of water available for transpiration (plant wilting factor)
linearly increases from 0 to 1 between relative soil moistures of S,, = 0.43 and 0.51. In this range,
which also depends on soil structure, the model plants experience water stress. With 1 < ¥ pse,
stomata completely close and transpiration shuts down. The soil moisture limiting functions in CLM
and TERRA-ML differ as the prior is computed as an integral of plant wilting factor and fractions of
roots in each layer, while the latter depends on the integrated total root zone soil moisture content.
This partly explains the absence of strong jumps in model response for TERRA-ML. It also contributes
to higher net loss in soil moisture for experiments with only shallow drier regimes, where all COSMO
simulations lose more water (S, ;<30 cm < 0.4) as compared to the TSMP simulations. For shallow
drier regimes, only with additional modified deeper root fraction distribution, the TSMP response
tends to converge with COSMO results. In CLM, the static root fraction distribution needs to be
modified to bring larger portion of root fractions to available water in deeper layers [9]. Besides, the
permanent wilting point in TERRA-ML depends on the soil type, and is slightly lower than in CLM
with respect to the relative soil moisture content; hence the shift between the model responses in
CSDR experiments. For TERRA-ML and CLM, the average daytime LE is almost zero for S, <
0.3and S, < 0.4 respectively; thus for S, < 0.4, both models respond very differently.

The different ground albedo parameterizations and stronger sensitivity of net longwave
radiation to soil moisture content result in stronger increases of surface net radiation with increasing
soil moisture in CLM as compared to TERRA-ML. However, the net radiation generally remains
higher for TERRA-ML than CLM. For vegetation, the absence of an explicit canopy layer (and canopy
radiative transfer scheme) in TERRA-ML results in a higher ground temperature and lower net
longwave radiation [9,35]. For the vegetated land surface in TSMP, the experiments with deeper root
fraction distribution also increase the net radiation at the ground. This indirect effect is due to the
change in the partitioning of surface energy fluxes, which increases LE and reduces H. It reduces the
ground temperature and increases the net longwave radiation. Earlier, it was shown that deeper root
fraction distributions and soil moisture assimilation allows for improved simulations of soil states
and surface energy flux partitioning for a temperate grassland site in Germany [9]. The current
experiments also indicate, that the simplified assumption of an invariant vertical root distribution
could lead to biases in the available root zone soil moisture in CLM. This could have an important
role in the partitioning of surface energy fluxes, which could strongly impact the changes in model
response.

Overall, the response of LSMs to changing soil moisture may strongly differ because of the
different parameterizations for bare soil evaporation, canopy transpiration, and the soil-vegetation
structure, which affects the ground albedo. Soil resistance and the soil moisture limitation factor from
roots and stomatal closure are semi-empirical and depend on soil/plant dependent potentials at
which stomata fully close or open, that need to be specified a priori. Our experiments show that the
changes in surface energy flux partitioning strongly modulate the evolution of ABL profiles and
height, LCL and CAPE. The change in ABL height and LCL in both COSMO and TSMP tends to
follow the change in surface energy flux partitioning. The changes in surface and ABL quantities
tends to converge for experiments with shallow dry regimes and modified root distribution between
COSMO and TSMP. Variations in ABL profiles and height, LCL and CAPE due to different surface
energy flux partitioning might result in quite different timings and intensities of convection initiation
and precipitation in coupled modeling systems (e.g., [3,8,36,37]).

6. Conclusions

The root water uptake and bare-soil evaporation parameterization in TERRA-ML more weakly
respond to changes in soil moisture as compared to CLM, which also simulates in general much
higher evaporation. The nature and strength of the land-atmosphere coupling between the two LSMs
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was found to vary strongly for the drier regimes. The variability was found to persist even with
shallow drier regimes (typically observed during recession periods). This difference was shown to be
associated with the priori specification of the shallow root fraction distribution in CLM, which limits
the available root zone soil moisture. Such variability could be masked if the model exhibits a wet
bias [9]. However, when both models simulate soil hydrology similarly accurate in the drier regimes,
they will produce different surface energy flux partitioning. This diverging tendency between the
LSMs could contribute to uncertainties in understanding land-atmosphere feedback processes
relevant for weather and climate simulations. The experiments designed in this work are thus crucial
to identify the variability in model response when adding more physically based processes to
simulate the surface characteristics. Further semi-idealized modeling studies needs to be undertaken
using measurements (for periods of recession) over different vegetation types to quantify the
uncertainty in the simulated land-atmosphere feedbacks.

The model responses simulated in this study will vary in extent, when different initial soundings
are used to initialize the atmospheric model or when different soil-vegetation structures and vertical
profiles of soil moisture are employed. We expect, however, the results can be generalized in their
tendencies; thus, different model physics and parameterization in the LSMs can exert systematic
differences in the range of model responses and sensitivities of ABL characteristics to similarly
varying initial soil moisture contents and atmospheric soundings.
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Appendix A

The model and coupling time steps are kept equal. The geographic grid for data exchange
between the two models is kept same by OASIS3 coupler and the weights of the remapping files are
set to 1 to avoid spatial interpolation. In the sequential information exchange procedure, COSMO
sends to CLM: air temperature (T), wind speed (U), specific humidity (QV), total precipitation (Rain),
pressure (P), incoming shortwave (SW) and incoming longwave (LWpy) radiation. CLM sends back
to COSMO: the aerodynamic resistances for momentum, heat and moisture (ry,7y,1;), surface
temperature (T;), surface humidity (QVs), emitted longwave radiation (LWup), and albedo. In
COSMO, the surface exchange coefficients are then estimated as:

1 1 1

Cu = U Cu = ryU = U
where Cy, Cy and C, are dimensionless transfer coefficients for momentum, heat and moisture.
Since, COSMO generally uses the same transfer coefficient for heat and moisture, a new prognostic
variable—the dimensionless transfer coefficient for moisture (Cy) —was added in COSMO to
distinguish it from (Cy). This is a variant of the coupling scheme used in [6] where the turbulent
fluxes from CLM were inverted to obtain the transfer coefficients. Both schemes produce similar
results at higher coupling frequencies as used in this study.
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