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Abstract

Land surface/Earth System models depend upon accurate simulation of evapotranspiration (ET) to avoid excessive biases in
simulated energy, water, and carbon cycles. The Canadian Land Surface Scheme including biogeochemical Cycles (CLASSIC),
the land surface scheme of the Canadian Earth System Model (CanESM) shows reasonable ET fluxes globally, but CLASSIC’s
partitioning into evaporation (E) and transpiration (T') can be improved. Specifically, CLASSIC exhibited a high soil evapo-
ration (Es) bias in sparsely vegetated areas during wet periods, which can deplete soil water and decrease photosynthesis and
T later in the year.

A dry surface layer (DSL) parameterization was implemented to address biases in Es through an increased surface resistance
to water vapour and heat fluxes. In arid/semi-arid regions, the DSL decreased Es, leading to improved seasonality of ET and
increased gross primary productivity (GPP) due to an increase in soil moisture. The DSL simulations significantly (t-test,
p<0.01) increased T/ET from 0.25 in baseline CLASSIC to 0.30 in the DSL simulations. T/ET was further increased to 0.41
(p<0.01), comparable to the CMIP5 model mean, by allowing T to occur from the dry canopy fraction while water evaporates
from the wet fraction. This mainly affected densely vegetated areas, where T and ET increased significantly (p<0.01) and canopy
E was reduced (p<0.01). In seasonally dry tropical forests, higher T and ET reduced GPP. Despite increases in arid/semi-arid
regions, the reduced GPP in tropical forests resulted in 1.6% lower global GPP (p=0.018) than baseline CLASSIC. Including

these modifications in CanESM might reduce biases in climate.
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Key Points:

+ Including a dry surface layer (DSL) parameterization reduced excessive soil evap-
oration (Ey) in CLASSIC globally, especially in dry regions

+ Evapotranspiration (ET) partitioning modifications increased photosynthesis in
arid/semi-arid regions

+ Global transpiration (") to ET ratios were brought closer to observation-based
estimates due to increased T and reduced E; in dry regions
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Abstract

Land surface/Earth System models depend upon accurate simulation of evapotranspi-
ration (ET) to avoid excessive biases in simulated energy, water, and carbon cycles. The
Canadian Land Surface Scheme including biogeochemical Cycles (CLASSIC), the land
surface scheme of the Canadian Earth System Model (CanESM) shows reasonable ET
fluxes globally, but CLASSIC’s partitioning into evaporation (E) and transpiration (77)
can be improved. Specifically, CLASSIC exhibited a high soil evaporation (E;) bias in
sparsely vegetated areas during wet periods, which can deplete soil water and decrease
photosynthesis and 7" later in the year.

A dry surface layer (DSL) parameterization was implemented in CLASSIC to ad-
dress biases in Es through an increased surface resistance to water vapour and heat fluxes.
In arid/semi-arid regions, the DSL decreased Fj, leading to improved seasonality of ET
and increased gross primary productivity (GPP) due to an increase in soil moisture. The
DSL simulations significantly (t-test, p<0.01) increased T /ET from 0.25 in baseline CLAS-
SIC to 0.30 in the DSL simulations. T/ET was further increased to 0.41 (p<0.01), com-
parable to the CMIP5 model mean, by allowing 7" to occur from the dry canopy frac-
tion while water evaporates from the wet fraction. This mainly affected densely vege-
tated areas, where T' and ET increased significantly (p<0.01) and canopy E was reduced
(p<0.01). In seasonally dry tropical forests, higher 7" and ET reduced soil moisture and
GPP. Despite increases in arid/semi-arid regions, the reduced GPP in tropical forests
resulted in ~1.6% lower global GPP (p=0.018) than baseline CLASSIC. Including these
modifications in CanESM might reduce biases in climate.

Plain Language Summary

An important component of the global water cycle is the return of liquid water to
the atmosphere from the land surface. Evaporation (E) occurs on the surface of plants
and the soil while transpiration (T) is water that plants release through their stomata.
We investigated how well E and T are simulated by the Canadian Land Surface Scheme
including biogeochemical Cycles (CLASSIC). We found that the model simulated the
total amount of water lost from the land surface reasonably well, but too much was lost
via E at the expense of T'. To improve this we changed how water evaporates from bare
soil to more realistically capture the resistance to evaporating water as a thin dry layer
forms on the soil surface. We additionally allowed the model to transpire water from plant
leaves while other leaves on the plant were wet and evaporating, which was previously
not the case. Our results improve the partitioning of £ and T in CLASSIC resulting in
more realistic simulated plant productivity in dry regions.

1 Introduction

Evapotranspiration (ET) is an important component of the global terrestrial wa-
ter budget, with about 60% of precipitation over land returned to the atmosphere via
ET (Jung et al., 2010). ET can be separated into its components soil evaporation (Fy),
canopy evaporation (E.) and transpiration (7'). These components draw water from dif-
ferent sources and their relative contributions to ET vary seasonally. While E; mainly
originates from the soil surface and shallow soil depths, T" uses water accessible to plant
roots and E. occurs for a limited time following precipitation events, when water is on
the vegetation canopy due to precipitation interception. Es, E. and T then also show
different sensitivities to environmental drivers of ET such as vapor pressure deficit (VPD)
and solar radiation (K. Wang & Dickinson, 2012). Total ET and the contributions of the
different ET components vary significantly between ecosystems and seasons, as vegeta-
tion cover, vegetation characteristics, i.e. leaf area index (LAI) and rooting depths, and
soil characteristics differ (K. Wang & Dickinson, 2012).
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Available measurements of ET or latent (LE) and sensible heat fluxes (H) range
temporally from half-hourly to annual and spatially from point-scale to hundreds of me-
ters based upon techniques using lysimeters, eddy covariance or Bowen ratio methods
and scintillometers (Barr et al., 1994; Baldocchi et al., 2001; Gavildn & Berengena, 2007;
Malek & Bingham, 1993; Savage, 2009). On monthly to annual time scales over large re-
gions, the surface water balance method can be used. It integrates measurements of pre-
cipitation, river discharges and estimates of changes in terrestrial water storage to de-
termine LE on regional to global scales (L. Zhang et al., 2008; Giintner, 2008). Satel-
lite remote sensing algorithms can estimate ET using empirical relationships with satellite-
derived data (e.g., radiation, temperature, VPD) (Q. Mu et al., 2011). The relative con-
tributions of the ET components can be estimated using several techniques. Canopy in-
terception, which determines the amount of water available for E., can be estimated as
the difference between total precipitation and the precipitation measured underneath the
canopy (Herbst et al., 2008). For transpiration, sap flow methods can determine its value
at the tree level, which can then be up-scaled to the stand or landscape level (Smith &
Allen, 1996; Cermak et al., 2004; Warren et al., 2018). All three ET components, F,

FE. and T, can also be measured with stable isotope techniques whereby variations in the
stable isotopic composition of water vapour measured near the surface in combination
with measurements of the isotopic composition of water from the soil and within the plant
can determine the transpiration and evaporation fractions (Sutanto et al., 2014). How-
ever, direct measurements of ET and its components are only available at small scales
(e.g., plant level), and thus there are large uncertainties in global T'/ET with estimates
varying between 0.43 and 0.75 with a mean value of 0.57 &+ 0.07 (Wei et al., 2017). Most
of global T originates from tropical forests (Good et al., 2015) with an estimated T /ET
of 0.70 £ 0.14 (Schlesinger & Jasechko, 2014), while shrublands and desert ecosystems
tend to have the lowest T/ET with estimated values of 0.47 £+ 0.10 and 0.54 £ 0.18, re-
spectively (Schlesinger & Jasechko, 2014).

Land surface models (LSMs) are used to simulate water and energy fluxes, includ-
ing the different components of ET, for historical simulations and future projections. De-
spite challenges validating the different ET components on large scales, it is important
for LSMs to correctly partition ET as it affects the water, energy and carbon (C) cycles
(Swenson & Lawrence, 2014). Poorly simulated ET also has implications for the simu-
lated climate in Earth System Models (ESMs). Dong et al. (2022) attributed a warm bias
in 2 m air temperatures occurring in the central United States in models contributing
to the Climate Model Intercomparison Project Phase 6 (CMIPG6) to an underestimated
ET and a low T/ET. In the CMIP6 models, ET is highly dependent on shallow soil mois-
ture and water intercepted by the canopy while less dependent on root zone soil mois-
ture. This leads to an underestimated contribution of T to ET, as well as a low total ET.
Summertime ET in CMIP6 models was underestimated which was suggested to be a re-
sult of an overestimation of water stress, as the ESMs were not able to adequately sim-
ulate the ability of plants to access soil moisture in deeper layers, which can sustain T,
and thereby were overly dependent on precipitation to supply near-surface soil moisture
(Dong et al., 2022). While simulated ET partitioning varies between models, e.g. T /ET
ranged from 0.20 to 0.57 (Lian et al., 2018), on average, the CMIP5 models underesti-
mated T" with an ensemble mean T /ET of 0.41 + 0.11 (Lian et al., 2018) compared to
the estimated 0.57 £ 0.07 (Wei et al., 2017) derived from upscaling site measurements
using ecosystem-specific LAT regressions and LAI and canopy interception estimates from
remote sensing and land surface models. As the underestimation of T'/ET in ESMs leads
to underestimations of summertime ET as well as overestimations of air temperature,
improving ET partitioning in LSMs is important for future projections of the water and
C cycles (Dong et al., 2022). Dong et al. (2020) suggest that E; stress functions, com-
monly used in LSMs where they rely upon simple relationships with soil texture, cause
biases in soil moisture-ET coupling in LSMs. Especially in bare soil areas or regions with
sparse vegetation canopies, LSMs tend to overestimate ET due to an overestimation of
E; during periods of high soil moisture (Swenson & Lawrence, 2014). Over the past decade,
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studies have shown that simulated E; can be improved by different means including re-
sistance to E due to water vapour diffusion through a dry layer developing at the soil
surface (Swenson & Lawrence, 2014), a viscous sublayer (Haghighi & Or, 2015; Decker
et al., 2017) or a litter layer (Decker et al., 2017; M. Mu et al., 2021). Biases in simu-
lated ET and its component fluxes were also shown to be reduced by an improved rep-
resentation of the effects of soil texture in the Fy stress function, which decreased soil
moisture-ET coupling strength biases in the Noah land surface model with multiparam-
eterization options (Noah-MP version 3.6) (Dong et al., 2020).

In this study, we investigate ET and its component fluxes in the Canadian Land
Surface Scheme Including biogeochemical Cycles (CLASSIC). In order to improve mod-
elled Es and T, a process-based ground evaporation efficiency parameterization, in which
E; is determined by water vapour diffusion through a thin dry surface layer (DSL) fol-
lowing Swenson and Lawrence (2014) was implemented. The partitioning into F, and
T was also modified such that the dry fraction of the canopy can transpire while F. oc-
curs from the wet canopy fraction following Fan et al. (2019). We compare the modi-
fied and baseline CLASSIC versions at the site-level as well as globally, evaluating them
using eddy covariance or satellite-based observations of CO2 and energy fluxes. Section
2 describes CLASSIC as well as the modifications made to its partitioning of ET. Sec-
tion 3 shows the site-level and global water and carbon fluxes using the original CLAS-
SIC, CLASSIC including the DSL parameterization and CLASSIC including the DSL
as well as a modified partitioning into E. and T'. Differences between the carbon and
water fluxes of the three CLASSIC versions, how they compare with other LSMs and pos-
sible future improvements are discussed in Section 4.

2 Methods

2.1 Model description

CLASSIC is the land surface component of the Canadian Earth System Model (CanESM)

(Swart et al., 2019) and the open-source community model successor to CLASS-CTEM
(Melton et al., 2020), which couples the physics (the Canadian Land Surface Scheme;
CLASS; Verseghy (2017)) and biogeochemistry (the Canadian Terrestrial Ecosystem Model;
CTEM; Arora (2003); Melton and Arora (2016)) sub-modules. The exchange of energy,
water, momentum, and C at the land surface is represented in CLASSIC (for details see
Melton et al. (2020)). The model is driven by seven atmospheric variables: air temper-
ature (7,), precipitation rate, air pressure, specific humidity (¢), wind speed, and incom-
ing shortwave and longwave radiation. Water and heat fluxes between the ground and

the atmosphere, as well as its transfer between soil layers and snow, when present, are
usually calculated on a half-hourly time step. The number of soil layers and their thick-
nesses can be chosen depending on the application, but typically CLASSIC uses 20 ground
layers of increasing thicknesses starting with 10 layers of equal 10 cm thickness giving

a maximum depth of 61.4 m. Heat transfer occurs within the whole ground column, in-
cluding both soil and bedrock layers. The movement of water, however, is limited to the
permeable soil layers. Canopy conductance and photosynthesis are calculated on the same
time step as the energy and water fluxes while vegetation (leaf, stem, root), litter and

soil C pools as well as respiratory fluxes are calculated on a daily time step. We prescribed
the vegetation cover which is represented by plant functional types (PFTs) and their per-
cent coverage (see Table 1). Vegetation biomass and height, LAI and rooting depths are
dynamically determined within the biogeochemistry sub-module based upon photosyn-
thesis and respiration, PFT-specific C allocation parameters and land surface charac-
teristics (e.g., soil temperatures, soil moisture and net radiation) obtained from the physics
sub-module. The physical land surface properties are calculated separately for up to four
subareas of each grid cell (bare ground, snow-covered bare ground, vegetation over soil
and vegetation over snow). In CLASSIC version 1.2 as used here, the vegetation, as seen
by the physics submodule, is composed of five broad categories of PFTs (i.e., needleleaf
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trees, broadleaf trees, crops, grasses and shrubs). The biogeochemical calculations dif-
ferentiate between evergreen and deciduous (split into cold and drought deciduous) PFTs
and C3 and C4 photosynthetic pathways for crops and grasses, which results in 12 PFTs
for the biogeochemistry sub-module.

2.2 Evapotranspiration parameterization and partitioning

The calculation of ET in CLASSIC and modifications made to its partitioning are
described in detail in Appendix A. In short, ET is calculated as the sum of the compo-
nents F, which originates from bare soil and the soil underneath the vegetation canopy,

E. and T. The potential evaporation rate from the soil depends on the ground evapo-
ration efficiency (f8; unitless; Equation A20), which is determined using an empirical for-
mulation based on Lee and Pielke (1992) and Merlin et al. (2011). Based on simulations

at flux tower sites, we determined that CLASSIC overestimates Fy and thus ET in sparsely
vegetated arid or semi-arid regions (see Meyer et al. (2021); E; and ET are not shown
here, but the ET bias is comparable to the bias in LE in Figure B3). During the wet sea-
son, CLASSIC simulates excessive amounts of Ey, limiting the amount of moisture within
the soil for the dry season, which causes a suppression of photosynthesis in these regions.
In order to avoid excessive F from bare soil surfaces in CLASSIC, we implemented a
process-based [ parameterization building on the previously used empirical formulation
(Merlin et al., 2011; Meyer et al., 2021). In the new formulation, E is determined by
water vapour diffusion through a thin DSL whose thickness is calculated based on the
moisture content of the top soil layer following Swenson and Lawrence (2014). This ap-
proach was chosen, as it is likely to have a stronger effect on E than a litter layer for
example in sparsely-vegetated areas. The way the DSL parameterization was implemented
also works well with CLASSIC’s structure. In addition to the DSL’s effects on Ey, we

have implemented its effects on H and the ground heat flux (G) via the thermal con-
ductivity, which depends on the degree of soil saturation (see Section A4 for details). Changes
in surface albedo, when the DSL is present, were also accounted for (see Section A5). Avail-
able observations, although uncertain, indicate that CLASSIC also underestimates the
global T/ET. To address this, we modified the partitioning of E. and T, as in the orig-
inal CLASSIC formulation 7" could only occur when there was no water on the canopy.

The modified CLASSIC version allows the dry fraction of the canopy to transpire while

E. occurs from the wet canopy fraction following Fan et al. (2019) (see Section A6 for
details).

2.3 Simulations

We performed simulations using CLASSIC v.1.2 with the original CEVAP formu-
lation of soil evaporation (labelled ‘Baseline’), a model version including the DSL pa-
rameterization (labelled ‘DSL’; Section A3) and a version including both the DSL pa-
rameterization and a modified partitioning of E. and T (labelled ‘DSL-EcT’; Section A6)
(see Table 1). Site-level simulations for a selection of sites (see Table 2) from the FLUXNET2015
dataset (Pastorello et al., 2020) were driven by observed meteorology at these sites. Site-
specific information such as vegetation cover and composition, soil texture and depth were
obtained from the literature (Melton et al., 2020). At these sites, CLASSIC was driven
by cycling through the meteorological measurements available and the atmospheric COs
concentration from the first year of measurements at each site until the C pools reached
equilibrium (defined as annual NEP / NPP < 0.02, where NEP is the net ecosystem pro-
ductivity and NPP is the net primary productivity). Then, CLASSIC was run for the
years available at each site with transient atmospheric COy concentrations from Le Quéré
et al. (2018).

We also performed global simulations on the CanESM grid (approximately 2.8°by
2.8°). In order to assess differences between the CLASSIC versions and account for un-
certainty in model forcing and geophysical inputs, simulations are driven by combina-
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Figure 1: Soil evaporation efficiency (8) determined using the original CEVAP parame-
terization (Equation A20; blue line) as well as the calculation using the resistance due to
the DSL (first term on the right hand side of Equation A19; black line) for liquid water
content values of the top soil layer ranging between 0 and the soil porosity (set to 0.41

m? m™ for this example) (a) and the thickness of the DSL for the respective liquid water
content (b). This example was derived from annual average values of Cpy X v,, 7, and D,

from year 2005 at the US-Sta shrubland FLUXNET site (see Table 2).

Table 1: Calculation of the surface evaporation efficiency () and the canopy evaporation
(E.) and transpiration (T') components in the three CLASSIC versions (Baseline, DSL
and DSL-EcT) used in this study as well as the meteorological forcing and land cover
representations used in the simulations. The simulations, where the meteorological forcing
and land cover are bold, are the ones shown in the geographic distributions and in Figure
5.

Simulation | Surface evaporation efficiency E,. — T partitioning | Meteorological forcing | Land cover

Baseline CEVAP (Equation A20) T only occurs, when the whole canopy is dry CRUJRAv2.2 ESACCI
GSWP3W5ES ESACCI

CRUJRAv2.2 GLC2000

GSWP3W5ES GLC2000

DSL determined using DSL (Equation A19) T only occurs, when the whole canopy is dry CRUJRAv2.2 ESACCI
GSWP3W5ES ESACCI

CRUJRAvV2.2 GLC2000

GSWP3W5ES GLC2000

DSL-EcT | determined using DSL (Equation A19) | E, occurs from wet canopy fraction, T' from dry canopy fraction (Section A6) CRUJRAv2.2 ESACCI
GSWP3W5E5 ESACCI

CRUJRAv2.2 GLC2000

GSWP3W5ES GLC2000

tions of two different meteorological forcing datasets and two different land cover rep-
resentations, resulting in four simulations for each CLASSIC version. Meteorological forc-
ing for the simulations was either provided by the Climate Research Unit Japanese 55-
year reanalysis version 2.2 (CRUJRAv2.2, 1901-2020; CRU-JRA (2021); Harris et al. (2014,
2020); Kobayashi et al. (2015)) or the Global Soil Wetness Project Phase 3 (GSWP3)
-WFDES5 over land merged with ERA5 over the ocean (W5E5) (GSWP3W5ES5; 1901-

2016; Lange (2020)). The methodology of Melton and Arora (2016) was used to disag-
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gregate the 6-hourly meteorological data to the half-hourly time step CLASSIC uses. Model
preparation for historical simulations included spinups that cycled through the meteo-
rological forcings from 1700-1725 using constant COs concentrations from 1700 until an
equilibrium state was reached. Then, historical simulations with transient CO5 concen-
trations, vegetation cover and composition, including the effects of land use change and
fire, were performed from 1700-2019 (for CRUJRAv2.2) or 1700-2016 (for GSWP3W5ES).
Two different land cover representations are used for the CLASSIC simulations, which
are based on the Global Land Cover 2000 (GLC2000) and the European Space Agency
Climate Change Initiative (ESACCI; ESA (2017)) datasets. As described in A. Wang

et al. (2006), these datasets are mapped onto CLASSIC’s PFTs and a timeseries includ-
ing changes in crop area is created. While the site-level simulations can include all 12
PFTs described in 2.1, the global land cover representations used here do not include
shrub PFTs and sedges, so they only include nine PFTs for the biogeochemical calcu-
lations and four PFTs (i.e., needleleaf trees, broadleaf trees, crops and grasses) for the
physics.

2.4 Observation-based estimates of global T/ET

Global average estimates of the T/ET ratio have been reported by other studies
and can be used to evaluate our model results. Techniques used to determine 7'/ET in-
clude isotopes, site measurements, remote sensing as well as a hybrid approach (Wei et
al., 2017). As the water remaining after F is enriched in the heavier oxygen (180) and
hydrogen (*H) isotopes, whereas T' does not change isotope ratios, measurements of oxy-
gen and hydrogen stable isotope ratios can be used to partition T' and E (Jasechko et
al., 2013). Jasechko et al. (2013) used isotope measurements from Earth’s large lakes and
calculated lake catchment T from stable isotope mass balances between water inputs and
losses. They then up-scaled their calculations to global T' using a global freshwater sta-
ble isotope mass balance resulting in T'/ET of 0.80-0.90 (25th and 75th percentiles) (Jasechko
et al., 2013). Coenders-Gerrits et al. (2014), however, suggest that Jasechko et al. (2013)’s
T/ET was overestimated and showed that using different inputs results in 7/ET of 0.50-
0.80 with a median value around 0.65. Further tests with different inputs and increased
uncertainty estimates, decreased the median 7'/ET even further to 0.58 and increased
its uncertainty with 25th and 75th percentiles of 0.35 and 0.8 (Coenders-Gerrits et al.,
2014). Good et al. (2015) also comment that previous studies might have overestimated
T/ET, as they neglected that E originates from multiple pools and did not account for
their connectivity. Good et al. (2015) estimate the fraction of surface water that is bound
in the soil and accessible by plants for T' versus mobile water that quickly passes through
the soil through preferential flow paths and is assumed to have the same isotopic com-
position as precipitation, as it does not mix with soil water. Good et al. (2015) deter-
mined the global terrestrial isotope budget using an isotope mass balance approach, grid-
ded land-atmosphere water fluxes and an estimate of the soil water-surface water con-
nectivity resulting in T/ET between 0.56 and 0.74 (25th and 75th percentiles) and a mean
of 0.64. A compilation of site-level measurements of T' and ET in different ecoregions
using a range of techniques (eddy covariance, sap flow or isotopic approaches in combi-
nation with biophysical models to partition ET) found a global mean T/ET of 0.61 +
0.15 (£ 1 SD) (Schlesinger & Jasechko, 2014). L. Wang et al. (2014) showed that site-
level T/ET ranged from 0.38 to 0.77 (25th and 75th percentiles) and that 43% of the
variations in T/ET could be explained by differences in LAI and the growing stage of
the ecosystem. The remote sensing-based global T'/ET estimates used to evaluate CLAS-
SIC (Section 3.2) were obtained from studies using remotely sensed datasets of mete-
orological variables (e.g., radiation, air temperature, precipitation) and vegetation char-
acteristics to drive different ET algorithms, which included the Penman-Monteith model
(PM-MOD; Q. Mu et al. (2007, 2011)), the Global Land Evaporation Amsterdam Model
(GLEAM; Miralles et al. (2011)), the Priestley-Taylor Jet Propulsion Laboratory (PT-
JPL; Fisher et al. (2008)) model (Miralles et al., 2016) and the Penman-Monteith-Leuning
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(PML; Y. Zhang et al. (2016)) model. Of the remote-sensing-based global ET models,
PM-MOD is one of the most widely used (for example in the MODIS ET product MOD16).
Unlike other Penman-Monteith-based models, PM-MOD determines the surface and aero-
dynamic resistances without using soil moisture or wind speed inputs. Its resistance pa-
rameters have, however, been calibrated using EC towers, which is not required for GLEAM
and PT-JPL (Miralles et al., 2016). GLEAM determines the ET components based on
Priestley and Taylor (1972) apart from interception losses, which use Gash (1979)’s an-
alytical model driven by precipitation observations (Miralles et al., 2016). Despite us-

ing the same forcing datasets to drive PM-MOD, GLEAM and PT-JPL, where input re-
quirements overlapped, differences in modelled ET and its component fluxes were large
(Miralles et al., 2016). Compared to the other two models and data from ERA-Interim
reanalysis (Dee et al., 2011) and the model tree ensemble (MTE; Jung et al. (2009, 2010))
product, which uses a machine-learning algorithm trained on FLUXNET data, PM-MOD
tends to underestimate ET, especially in the tropics and dry subtropical regions, apart
from in the Northern high-latitudes (Miralles et al., 2016). In high latitudes, GLEAM

and PT-JPL had lower ET than PM-MOD likely due to deficiencies in the Priestley-Taylor
approach when available energy is low (Miralles et al., 2016). Partitioning of ET into

E,, E. and T largely differs between the models with T" being much lower in PM-MOD
and Es and E. higher than in the other two models (Miralles et al., 2016). PM-MOD’s
T/ET of 0.24 is an outlier compared with the other observation-based estimates (see Sec-
tion 3.2), which might in part be due to its underestimation of ET in the tropics and dry
sub-tropics, which tend to contribute the most to global T' (Schlesinger & Jasechko, 2014).
PM-MOD also shows relatively high Fy in tropical regions, where GLEAM and PT-JPL
show very little E,. E.’s contribution to ET is also much larger on average in PM-MOD
with 24% compared to 18% in PT-JPL and 10% in GLEAM (Miralles et al., 2016) and
PML (Y. Zhang et al., 2016).

3 Results
3.1 Site-level results

Baseline CLASSIC simulations at a selection of FLUXNET sites (Table 2) showed
an overestimation of LE compared with eddy covariance measurements at sparsely veg-
etated sites such as open shrublands (e.g., ES-Amo, ES-LJu, US-Sta) during wet peri-
ods and an underestimation of LE during the peak growing season or drier periods at
these sites (Figure 2 and B3). During wet periods, when LE was overestimated, H was
underestimated (Figure B4). During dry periods, on the other hand, H was overestimated
compared to observations. The ground heat flux (G; Figure B5) also tended to be over-
estimated at these sites, especially during summer. The overestimation of LE led to a
strong reduction in soil moisture in the top layer (Figure B6). Thus, GPP was reduced
and underestimated during the peak growing season at several open shrubland or grass-
land sites (e.g., ES-LJu, US-SRC, ES-Amo; Figure 2 and B2).

The DSL simulations mainly affected LE with statistically significant (t-test, p <
0.01) differences between the bias in the DSL simulation and the bias in the Baseline sim-
ulation (Figure B8) at sparsely vegetated sites such as open shrubland sites with a large
bare ground area (e.g., ES-Amo, ES-LgS, ES-LJu, US-Sta, US-SRC, US-Whs), where
the DSL parameterization reduced LE during wet periods and increased LE during dry
periods (Figure 2 and B3). Thus, the DSL simulations eliminated or reduced overesti-
mation of LE during wet times and the simulated seasonal cycle of LE more closely rep-
resented observations at these sites. The reduction in LE in the wet season led to an in-
crease in soil moisture of the top layer (Figure B6) and thus to higher GPP later in the
year (Figure 2 and B2). At the majority of sites, G was only minimally affected (Fig-
ure B5).
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The DSL-EcT modifications affected LE at both sparsely vegetated sites as well
as sites with high LAT (e.g., evergreen forest sites; Figures 2, B3, B7 and B8). As in the
DSL simulations, LE at the sparsely vegetated sites was reduced during wet periods and
increased during dry periods due to the DSL parameterization (Figure 2). Effects of the
FE. and T partitioning modifications on LE at the open shrubland sites were minor, while
LE at densely vegetated sites such as tropical forests in Brazil (BR-Sal) or French Guiana
(GF-Guy) was more strongly impacted (Figure B3). At the sites where LE increased in
the DSL-EcT simulations (mainly denser forest sites), H decreased (Figure B4). For the
more sparsely-vegetated sites, on the other hand, H slightly increased, especially dur-
ing wetter periods. The effect on G at each site was minimal (Figure B5). The E. and
T partitioning modifications resulted in slightly lower GPP than for the DSL simulation,
as LE increased and the liquid water content of the top soil layer () 1) decreased.

Biases in simulated daily LE and GPP compared to observations for the FLUXNET
sites were reduced in the DSL and DSL-EcT simulations compared to the Baseline sim-
ulations at several of the sites (Figure 3 and 4). Averaged over all the sites, the mean
absolute error (MAE) and root mean square error (RMSE) in LE were reduced in the
DSL-EcT simulations compared to the Baseline with a decrease in mean MAE of 5% and
in mean RMSE of 4% (Figure 3). T-tests showed that the majority of sites showed sta-
tistically significant differences (p < 0.01) between daily simulated and observed LE and
GPP for all model configurations (Figure 3 and 4). The magnitude of reduction in MAE
and RMSE varied between sites.

—10—-



Figure 2: Monthly mean observed and simulated latent heat flux (LE) and gross primary
productivity (GPP) for a selection of FLUXNET sites (showing different biomes and cli-
mates) for the Baseline, DSL and DSL-EcT simulations (Table 1). All sites are shown in
Figures B2 and B3. The shading shows the standard deviation over the available years.
Site names, their biomes and years of measurements used are listed for each site (for more
details see Table 2). For some sites, the results from the different simulations and observa-
tions are overlapping and lines may be difficult to distinguish.
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Figure 3: Mean absolute error (MAE, W m~2), root mean square error (RMSE, W m~2)
and p value (determined using an independent two-sided t-test) between the observed and
simulated daily latent heat flux (LE) for the FLUXNET sites (Table 2) for the Baseline,
DSL and DSL-EcT simulations (Table 1). For MAE and RMSE, values closer to zero indi-
cate better model performance.
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Figure 4: Mean absolute error (MAE, g C m~2 day~!), root mean square error (RMSE,
g Cm~2 day~!) and p value (determined using an independent two-sided t-test) between
the observed and simulated daily gross primary productivity (GPP) for the FLUXNET
sites (Table 2) for the Baseline, DSL and DSL-EcT simulations (Table 1). For MAE and
RMSE, values closer to zero indicate better model performance.

3.2 Global results

For the baseline CLASSIC simulations, the largest contribution to global ET comes
from E; (39.5%), followed by E. (34.6%) and T (25.9%) (Figure 5). Results shown in
Figure 5 focus on simulations using one land cover and one meteorological forcing dataset
as the results were similar across the simulations using different land cover and mete-
orological forcing. The ET partitioning in baseline CLASSIC results in a lower T/ET
ratio than estimates from isotope, remote sensing (apart from the PM-MOD algorithm,
which is an outlier compared to other remote sensing-based estimates as discussed in Sec-
tion 2.4) or site measurements as well as several other process-based models suggest (Fig-
ure 6). Total global GPP, LE and H are within the uncertainty bounds of observation-
based estimates (Figure Cla-f). Low productivity regions such as the southwestern United
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States, southern Australia, southern South America, however, show very low to zero GPP.
Due to the low GPP, E; exceeds E. and T in these regions (not shown).

Implementing the DSL parameterization changes CLASSIC’s ET partitioning by
significantly reducing E; (t-test, p < 0.01) and increasing E,. (t-test, p = 0.013) and T
(t-test, p < 0.01) compared to baseline CLASSIC (Figure 5). As T increased and ET
decreased, global T/ET significantly increased (t-test, p < 0.01) from ~0.25 on average
(taken across the simulations listed in Table 1) in baseline CLASSIC to ~0.30 in the DSL
simulations (Figure 6). Slightly increased T in the DSL simulations was due to an in-
crease in GPP, especially in arid and semi-arid regions, where E, was reduced and soil
moisture available to the vegetation increased.

Combining the DSL parameterization with the modifications to E. and T parti-
tioning resulted in slightly increased ET (t-test, p < 0.01), a reduction in Ey (t-test, p
< 0.01), a slight decrease in F. (t-test, p < 0.01) and an increase in T' (t-test, p < 0.01)
(Figure B9). Thus, the T'/ET ratio is significantly higher (t-test, p < 0.01) for the DSL-
EcT simulations than the CEVAP simulations by 0.15 - 0.17 depending on the land cover
and meteorological forcing (Table B1 and Figure 5). The DSL-EcT modifications decreased
both Es and E. while increasing T' (all statistically significant, t-test, p < 0.01). Despite
differences in the water fluxes between simulations using the different forcings (see Fig-
ure B9 and Section 2.3), the modified CLASSIC versions changed ET and its partition-
ing more than the different forcing datasets did (Figure 5 and Table B1). The T/ET for
the DSL-EcT simulations remained lower than several observation-based estimates us-
ing isotopes, other site measurements or remote sensing algorithms (except PM-MOD)
suggest, but was closer to estimates from other models and is close to the CMIP5 en-
semble mean value of 0.41 (Lian et al., 2018).

As CLASSIC’s T'/ET remained low compared to observations and some other LSMs,
we considered further options to improve its ET partitioning. Lian et al. (2018) suggested
that the simulation of T/ET in ESMs could be improved by taking into account the dif-
fuse fraction of incoming radiation, as it would affect the photosynthetic activity of shaded
leaves and likely increase T'. Including the diffuse radiation fraction using a 2-leaf pho-
tosynthesis scheme instead of the big-leaf scheme in CLASSIC (Arora, 2003), however,
only had minor impacts on T and T/ET. Both increased by ~2%, respectively, compared
to the big-leaf scheme without the diffuse radiation fraction in CLASSIC resulting in T/ET
of 0.427 driven with CRUJRA and ESACCI.

GPP significantly increased (t-test, p < 0.01) in arid and semi-arid regions such
as the southwestern United States and Australia due to the modifications in ET parti-
tioning while some densely vegetated areas (especially in the Tropics) showed a reduc-
tion in GPP (Figure 7b). The majority of the regions where GPP increased in the DSL-
EcT simulations showed an increase in H and a small reduction in LE (Figure 7d and
f) or ET, as the decrease in E; (Figure 8b) exceeded the increases in E, and T (Figure
8d and f). In areas with reduced GPP, H decreased and LE (Figure 7b, d and f) and
ET tended to increase, as F increased or decreased only slightly, F,. decreased moder-
ately and T increased statistically significantly (t-test, p < 0.01; Figure 8d and f). In
tropical forests (here defined as areas between 25°S and 25°N with a leaf area index >
3 m? m_2), the DSL-EcT simulation mainly affects F. and T while the change in F; is
relatively small. In semi-arid regions, on the other hand, Es and T are more strongly af-
fected than F..
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Figure 5: Partitioning of evapotranspiration (ET) into its components soil evaporation
(Es), canopy evaporation (E,.) and transpiration (7') for the three different CLASSIC
versions (see Section 2.3; Table 1). Percentages of Ey, E. and T are global averages over
1997-2016 for simulations using the CRUJRA meteorological forcing and the ESACCI
land cover. Total ET values for the different CLASSIC versions are shown below the pie
charts.
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Figure 6: Globally averaged T/ET from observation-based datasets (see Section 2.4) and
different land surface or Earth System models (adapted from Wei et al. (2017)) alongside
the versions of CLASSIC tested in our study (see Section 2.3) . The “Hybrid” refer-
ence dataset uses site measurements, satellite-based observations, as well as land surface
model (a complex physically based model i.e., the Community Land Model 4.5, the re-
mote sensing-based Global Land Evaporation Amsterdam Model (GLEAM) and a simple
biophysical model i.e., Penman-Monteith-Leuning Model; PML) outputs, to upscale site-
level measurements of the ET components (Wei et al., 2017). For each of the CLASSIC
versions (Table 1), the four points represent the results using a combination of the two
different meteorological forcing datasets and the two land cover representations (Section
2.3). The horizontal displacement of the dots is just to allow each one to be visible.
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(a) DSL-EcT (b) DSL-EcT - Baseline

(c¢) DSL-EcT (d) DSL-EcT - Baseline

(e) DSL-EcT (f) DSL-EcT - Baseline

Figure 7: Geographic distribution of annual gross primary productivity (GPP), latent
(LE) and sensible (H) heat flux averaged over 1997-2016 for the DSL-EcT simulation (a,
¢, e) and the difference between the DSL-EcT and Baseline simulations (b, d, f) using the
CRUJRA meteorological forcing and the ESACCI land cover. Grid cells with dots indi-
cate that differences are statistically significant (independent two-sample t-test p level <
0.01).
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(a) DSL-EcT (b) DSL-EcT - Baseline

(c¢) DSL-EcT (d) DSL-EcT - Baseline

(e) DSL-EcT (f) DSL-EcT - Baseline

Figure 8: Geographic distribution of soil evaporation (E), canopy evaporation (E.) and
transpiration (7') averaged over 1997-2016 for the DSL-EcT simulation (a, ¢, ) and the
difference between the DSL-EcT and Baseline simulations (b, d, f) using the CRUJRA
meteorological forcing and the ESACCI land cover. Grid cells with dots indicate that dif-
ferences are statistically significant (independent two-sample t-test p level < 0.01)

Parameter values which determine the DSL thickness (2,4, and K; Equations A12
and A13) and the interception capacity of the canopy (the maximum storage of liquid
water; p;, Equation A31) are uncertain. To investigate how the chosen parameter val-
ues impact simulated energy fluxes and GPP, we conducted a sensitivity analysis with
global simulations. The simulations demonstrated that LE has the opposite response to
H and GPP as K, z,,4, and p; are changed (Figure 9). Changing K or p; affected LE,
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H and GPP more than changes in z,,4,. Of the ET components, E is most affected by
changes in K and z,4,, while changes in p; affected E. the most. Changes in ET par-
titioning due to a modified p; were relatively small, however. A reduction in p; by 50%
from 0.2 kg m™ to 0.1 kg m™2 reduced E./ET only by 15% and increased E,/ET and
T/ET by 7% and 6%, respectively. Thus, even with a significantly reduced interception
capacity, CLASSIC simulated an E. that still contributed 25% of ET, which is higher
than GSWP-2 (16%) (Dirmeyer et al., 2006) and CLM4 (20%) (D. M. Lawrence et al.,
2011), while T was 44% of ET.

Figure 9: Percentage change in LE, H and GPP (top) and in E5, E, and T' (bottom)
with change in the parameters K, maximum DSL thickness (2p4,) and the maximum
storage of liquid water (p;) in the sensitivity simulations performed using CLASSIC with
the DSL-EcT configuration.

4 Discussion

The original CLASSIC version had unreasonably low T'/ET compared to most observation-
based estimates (see Section 2.4 and Figure 6) and other LSMs with a global mean value
of 0.25 4+ 0.01 (mean =+ standard deviation of the ensemble of four simulations using two
meteorological forcings and two land cover representations; Table B1). Similar to results
of Swenson and Lawrence (2014) using the Community Land Model (CLM), implement-
ing a DSL parameterization in CLASSIC increased the resistance to Ey, improved sim-
ulated ET and increased productivity in arid / semi-arid regions (Figures 2 and 7b). In
areas, where the original 5 formulation (Equation A20) simulated high F, which reduced
soil moisture availability later in the growing season, the DSL parameterization gener-
ally improved simulated LE and increased GPP, as there was more water available in the
root zone (Figures 2 and B6). This agrees with findings in other studies using different
models such as Swenson and Lawrence (2014) (CLM4.5) and Decker et al. (2017) (CA-
BLE). Inclusion of a DSL parameterization alone increased CLASSIC’s global T/ET to
0.30 £ 0.01 from 0.25 + 0.01 in baseline CLASSIC. A further modification which influ-
ences the canopy fluxes, F. and T, allowed T to occur from the dry portion of the canopy
while intercepted water is evaporating from the wet canopy fraction. This change increased
CLASSIC’s global T/ET further to a value of 0.41 + 0.01. This value is lower than observation-
based global estimates of 0.57 4+ 0.07 (Wei et al., 2017), but it equals the CMIP5 ensem-
ble mean (Lian et al., 2018) and is 0.16 higher than the baseline CLASSIC simulations.
Other models have been working on improving their 7/ET ratio. For example, imple-
mentation of a bare soil resistance term for dry soils in the ORganizing Carbon and Hy-
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drology in Dynamic EcosystEms (ORCHIDEE) LSM increased simulated T/ET at semi-
arid shrub, grass and forest sites in the Southwestern US (MacBean et al., 2020). In the
Community Atmosphere Biosphere Land Exchange (CABLE) model, T'/ET at several
FLUXNET sites was increased from an average value of 0.28 (ranging from 0.08 to 0.71
depending on the site) to 0.70 (ranging from 0.29 to 0.84) by implementing pore-scale-
based resistance formulations of E, which reduced overestimation of Es (Decker et al.,
2017). In CLM, global T/ET has been increased from 0.43 in CLM3.5, to 0.48 in CLM4,
which rises to 0.56 when the nitrogen (N) cycle is explicitly simulated, as ground evap-
oration decreased from 39% to 32% and 23%, respectively (D. M. Lawrence et al., 2011).
To accomplish these increases in T/ET from CLM3.5 to CLM4 new litter resistance and
canopy turbulence functions were added, which increased the resistance to ground E when
litter was present and turbulent exchange was reduced under dense canopies. The dif-
ferences in T/ET for the two versions of CLM4 (with and without the N cycle) are likely
due to a higher LAI with the N cycle explicitly simulated, which increased T" and E. and
reduced Es (D. M. Lawrence et al., 2011). Our simulations with the modified DSL-EcT
CLASSIC, which had higher T' and T'/ET than the baseline CLASSIC, changed LAI re-
gionally, showing a statistically significant (t-test, p value < 0.01) increase in LAI in arid/semi-
arid regions and a decrease in some tropical forests. Global mean LAI, however, did not
appreciably change compared to the baseline CLASSIC and is higher than AVHRR and
MODIS observations suggest in both simulations (Figure Clg and h). Comparing the
CLASSIC DSL-EcT against CLM4 (no N cycle) (D. M. Lawrence et al., 2011) show CLAS-
SIC DSL-EcT to have lower T' (48% CLM4, 41% CLASSIC DSL-EcT), similar E; (32%
CLM4, 30% CLASSIC DSL-EcT) and higher E. (20% CLM4, 29% CLASSIC DSL-EcT).
The Global Soil Wetness Project Phase 2 (GSWP-2) multi-model mean (including thir-
teen land surface models; see Dirmeyer et al. (2006)) contributions to ET were 48% T,
36% E; and 16% E. (Dirmeyer et al., 2006). Variability between global estimates of the
ET components from CLM4, GSWP-2 and other models such as GLEAM, PT-JPL and
PM-MOD (Miralles et al., 2016) is large and uncertainties are high (see Section 2.4). Com-
pared against observation-based estimates and other models, however, E. remains too
high in CLASSIC DSL-EcT while T is too low. As our parameter sensitivity tests (Sec-
tion 3.2 and Figure 9) showed, the higher E. is in part due to a higher maximum stor-
age of liquid water (p;) compared with CLM4 and a lower p; of 0.1 kg m™ would reduce
CLASSIC’s E. to ~25% of ET from 29%. Measurements of maximum water storage per
leaf area index show large variability depending on the ecosystem, vegetation species and
stand age with values ranging from 0.14 to 0.88 mm (Hadiwijaya et al., 2021), which sug-
gest that a p; of 0.1 kg m™2 could be too low.

In order to improve the simulation of the different ET components and especially
T/ET in LSMs or ESMs, further processes have been highlighted as potentially impor-
tant in other studies using different models. Chang et al. (2018) found that simulated
T/ET of a subhumid, mountainous catchment improved when an empirical resistance
formulation to E was replaced by a process-based soil surface resistance parameteriza-
tion, and lateral flow, redistributing precipitation in mountainous terrain, was included
in a process-based ecohydrological model. Here, we have included a process-based sur-
face resistance parameterization through the simulation of the DSL, however, terrain-
driven lateral flow is not included in CLASSIC. Its inclusion could improve T'/ET fur-
ther, as lateral flow affects soil moisture along hillslopes resulting in drier surfaces on up-
per slopes suppressing E more than T (Chang et al., 2018). Water redistribution in semi-
arid ecosystems, however, is complex and in addition to lateral flow, local microtopog-
raphy and biocrusts forming on bare soils can affect runoff and channel water to vege-
tated patches, where it infiltrates more easily and increases productivity (Chen et al.,
2013; Rodriguez-Caballero et al., 2018). Another issue observed in LSMs is that root growth
and distribution and interactions between soil moisture and root dynamics are often not
adequately represented (Chang et al., 2018; P. Wang et al., 2018). P. Wang et al. (2018)
showed that a dynamic root scheme combined with the simulation of the ground water
table implemented in the Noah LSM, where root dynamics depend on fluctuating ground-
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water levels, improves simulation of root water uptake and latent heat fluxes in arid or
semi-arid regions. During growing season periods when the water table declines, roots
extract water from the saturated zone or directly from groundwater. In forests with deep
roots, for example, ground water dynamics can impact energy, water and carbon fluxes
as well as simulated soil moisture (De Pue et al., 2022; MacBean et al., 2020; Decharme
et al., 2019). Including groundwater recharge from an aquifer in Niu et al. (2007) was
shown to increase soil moisture and ET especially in transition areas from arid to wet
regions (e.g., riparian zones in arid regions). The simulation of seasonal drought effects
in LSMs or ESMs was found to be improved by combining the representation of ground-
water replenishment from an aquifer with lateral flow and dynamic root distributions
instead of commonly used static, prescribed root profiles (P. Wang et al., 2018). Uncer-
tainties in pedotransfer functions, which are used to determine soil physical properties,
also affect the ability of LSMs to adequately represent soil moisture (De Pue et al., 2022).
Simulated soil moisture and infiltration might be improved by incorporating improved
pedotransfer functions (Gupta et al., 2021; Pinnington et al., 2021), which depend on
climatology and land use in addition to soil texture (Fatichi et al., 2020; Vereecken et

al., 2019). Simulated drought response can also be improved by implementing a plant
hydraulics scheme, which determines g. based on xylem hydraulics instead of using an
empirical moisture stress function (Eller et al., 2018). Especially under extreme climatic
conditions or a changing climate, process-based models of g. can improve simulated wa-
ter fluxes during droughts. Eller et al. (2018) showed that their hydraulics-based g. model
was able to better represent effects of drought on T' of tropical forests during El Nino
events than an empirical drought scheme.

Future work, which would likely improve ET partitioning in CLASSIC and sim-
ulated T'/ET, could include the representation of terrain-dependent lateral flow, plant
hydraulics and possibly modifications to canopy interception such as inclusion of wind-
driven loss of intercepted water or snow which increases throughfall (Véliz-Chévez et al.,
2014). As Dong et al. (2022) attributed a warm bias in the central US in CMIP6 mod-
els, which CanESM exhibits as well, to low ET and 7T'/ET, we are also planning to in-
vestigate the effects of the DSL and E.-T partitioning modifications in the ESM CanESM
to determine their effects on land C and water fluxes as well as the climate, when the
land and the atmosphere interact.

5 Conclusions

LSMs often show poor ET partitioning with positive biases in E and negative bi-
ases in T, resulting in an underestimation of T/ET (Chang et al., 2018; Lian et al., 2018).
These biases impact the simulation of C cycle processes. For example, we found that over-
estimation of E during periods of high soil moisture in sparsely vegetated areas such
as low-latitude shrublands resulted in excessive plant water stress during the growing
season and depressed GPP in CLASSIC simulations. To address CLASSIC’s bias in Fj,
we implemented a dry surface layer (DSL) parameterization that increases the surface
resistance to water vapour and heat fluxes. To further improve simulated T', T is now
allowed to occur from the dry fraction of the plant canopy at the same time as water evap-
orates from the wet fraction, which previously did not allow T when a canopy was even
a small fraction wet. After these modifications, in arid and semi-arid regions F; and ET
were reduced during wet periods leading to improved seasonality of ET and an increase
in GPP. However, the impact of our modifications globally was for GPP to decrease slightly
(~1.6%) compared to the baseline CLASSIC simulations as a result of increased T" and
ET and drier soils in other biomes including seasonally dry tropical forests. Globally, the
proportion of T relative to ET was improved compared to observations with an increase
from ~25% in baseline CLASSIC to ~41% in the DSL-EcT simulations. As the simu-
lated global T/ET of 0.41 remains lower than observation-based estimates of 0.57 &+ 0.07
(Wei et al., 2017), possible future improvements to CLASSIC include implementing terrain-
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driven lateral flow redistributing water, and including a plant hydraulics-based g. scheme
instead of an empirical moisture stress function to improve the representation of plant
water use and the vegetation’s response to drought stress. Improvements in ET parti-
tioning in LSMs and ESMs are important to simulate carbon and water fluxes well in
historical and especially future simulations, as warmer climates are expected to enhance
water cycles and impact ESM climate simulations.

Appendix A
A1l Evapotranspiration parameterization

ET is the sum of E, E. and T. E; consists of F originating from bare soil and from
soil underneath the vegetation canopy. The potential evaporation rate from bare soil,
E(0) (mm s1), is calculated as

E(0) = paCprva(q(0) — ga), (A1)

where p, is the air density (kg m™), Cpg the stability-dependent surface drag coeffi-
cient for heat (unitless), v, the wind speed at the reference height (m s), ¢(0) the spe-
cific humidity at the surface (kg kg™') and ¢, the specific humidity at the reference height
(kg kgt) (Verseghy, 2017). The saturated surface specific humidity, ¢(0)s.: (kg ket),
da, and the surface evaporation efficiency (f; unitless; Equation A20) are used to deter-
mine ¢(0) as

Q(O) = Bq(o)sat + (1 - B)Qa- (AZ)
The surface evaporation rate is limited to a maximum value, F(0)yay (mm s7!) deter-
mined by the water content of the top soil layer (f1; m® m™) and the depth of water ponded
on the surface (Z,, m) as

E(0)maz = pu [Zy + (01 — Omin)AZ1] AL, (A3)

with the density of water p,, (kg m™), the depth of the top soil layer AZ; (e.g. 0.10 m)

and the time interval At (s) (typically 900-1800 s for CLASSIC) (Verseghy, 2017). Opin

(m? m?) is the residual soil liquid water content remaining after freezing or evaporation.

This is set to 0.04 m® m™ for mineral and fibric organic soils and 0.15 and 0.22 m?® m™
for hemic and sapric organic soils, respectively. Underneath the vegetation, the maxi-
mum surface evaporation rate, E(0)max,c (mm s), is determined as
E(O)mam,c = Pw (01 - emzn)AZI/At (A4)
The potential evaporation rate from soil under the vegetation, E(0). (mm s!), is cal-
culated as 0
B(0)e = —(q(0) = qa,c), (A5)

Ta,g
where g, . is the specific humidity of the canopy air (kg kg?) and 7, 4 (s m™) is the sur-
face resistance, whose inverse is derived from Deardorff (1972) as

=1.9 x 1073(T(0)y — Tuew)'/?, (A6)
Ta,g

with the virtual potential temperature at the surface (7°(0),; K) and of the canopy air
(Tuev; K) and the constant 1.9 x 103 in m st K/3. The evapotranspiration rate from
the vegetation (ET.; mm s!), i.e., the sum of E. and T, which is equivalent to the la-
tent heat flux from the vegetation canopy divided by the latent heat of vaporization, is
calculated as

4c — YGa,c
ET, = pg——2, A7
P (A7)

where ¢, is the saturated specific humidity at the canopy temperature (kg kg™!), 7, the
leaf boundary layer resistance (s m™') and r. the stomatal resistance (s m™'). The rel-
ative contributions from E or T differ depending on the circumstances in the model. If
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there is snow on the canopy, ET. is limited to the intercepted snow amount and is in the
form of F, through sublimation. If instead, the canopy has liquid water upon it, the cal-
culated ET. is first drawn from the amount of liquid water stored on the canopy (Wp;

kg m™2). If that amount is insufficient to satisfy the calculated ET,, T is possible after
checking there is enough soil water available in the root zone. E. is then set to W; and
the remainder of ET, is allocated to T. Thus, T only occurs, when there is no water avail-
able on the canopy and enough soil water is available, i.e., the liquid water content (6;;

m? m™) exceeds 0,,i, for the respective soil layer. Based on Bonan (1996); McNaughton

and Van Den Hurk (1995), the inverse of ry, is calculated as
1/ry = v}/20 fi PATY2/0.75[1 — exp(—0.75PAIY?)] (A8)

with the wind speed in the canopy air space v,., the fractional coverage of each PFT f;,
the PFT-dependent parameter describing leaf dimension ; (unitless), and the plant area
index (PAI). By default, CLASSIC uses Leuning (1995)’s stomatal conductance (g.; mol
CO2 m=2s71) formulation (details in Arora (2003); Melton and Arora (2016)) and g..
is calculated as G » 1
canopy,net

ge =ML —T) (+vPDJ,) LA (49)
where Geanopy,net is the net canopy photosynthesis rate (mol CO4 m s'l), p is the sur-
face atmospheric pressure (Pa) and I" is the CO3 compensation point (Pa). The param-
eter m (unitless) is 9.0 for needle-leaf trees, 12.0 for other C5 plants and 6.0 for Cy plants,
b is set to 0.01 mol m~2s~! for Cs and 0.04 mol m~2s~! for Cy4 plants. The parameter
V, has values of 2000 Pa for trees and shrubs and 1500 Pa for crops and grasses. The
partial pressure of COs at the leaf surface, ¢s (Pa), depends on the atmospheric CO2 par-
tial pressure cqp (Pa), Geanopy,net and the aerodynamic conductance g, (mol COq m2
s1) and is defined as

1.37 Gcanopy,net p

Cs = Caqp — A10
’ - (A0
The units of g. and g, can be converted from mol CO; m™ s to m s™! using
T,
ge(m s1) = 0.0224T—ZQgC(mol CO, m2 s1), (A11)
rp

with the standard atmospheric pressure py = 101 325 Pa and the freezing temperature
Ty = 273.16 K.

A2 Determination of the dry surface layer thickness

To avoid numerical instabilities due to thin soil layers, CLASSIC uses a 10 cm thick
top soil layer. In reality, soil moisture can vary strongly within the top 10 cm of soil, es-
pecially during extended dry periods where a thin layer at the top of the soil surface gets
very dry while the soil below stays moist (Goss & Madliger, 2007; Kurc & Small, 2004;

Li et al., 2020). To approximate the effects of this thin dry layer on surface water and
energy fluxes, a DSL parameterization is implemented in CLASSIC following Swenson

and Lawrence (2014). Their DSL parameterization determines when a DSL is present,

its thickness, and the resulting surface resistance to evaporation. The formation of a DSL

is initiated when the soil moisture of the top soil layer falls below a defined moisture thresh-
old, Opsro (m? m3), which is determined as

Opsro = K0, 1, (A12)

where 6, 1 is the porosity of the top soil layer (m® m™) and K is a constant (unitless),
here with a value of 0.8 following Swenson and Lawrence (2014). The thickness of the
DSL (m) is calculated as
Opsro—(01,1+0ice,1) )
DSIL = Zmax 00550—0uir for ol,l + 010&,1 < oDSLO (Al?))
0 for 0,1 + Oice,1 > Opsro0,
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where Zq, is the maximum DSL thickness (m), here set to 0.015 m. As the liquid (6;)
and frozen (0;..) water contents of the bare ground and ground under canopy subareas
can differ in CLASSIC, the DSL thickness and the resistance to evaporation are calcu-
lated separately for these two subareas. The “air-dry” soil moisture value (0;,-) was de-
termined following Dingman (2002) as

1
\IISU. °
har = (522 .

with the saturated soil matric potential Wy, (m), the air-dry matric potential ¥, =
10* m (Swenson & Lawrence, 2014) and the Clapp and Hornberger empirical soil wa-
ter characteristic “b” parameter (unitless). The soil resistance to evaporation from bare
ground or the ground under the canopy Rs.i (s m™!) is determined as

DSL

Reoil = ——
SO TD,U’

(A15)

where D, (m? s™1) is the molecular diffusivity of water vapour in the air and calculated
as (D. M. Lawrence et al., 2020)

B Tl 1.75
D, =212x107° , Al
x 10 (273.15) (AL6)

where T} is the temperature of the top soil layer (K). 7 (m® m~3) in Equation A15 is

the tortuosity of the vapour flow paths through the soil and determined following Moldrup

et al. (2003) as
P \3/"
=02, ( “”“) (A17)
Op1

with the air-filled pore space @, (m® m—3) calculated as

Dy = 91),1 - 6air~ (AIS)

A3 DSL effect on surface evaporation

An increasing thickness of the DSL acts to decrease surface evaporation and thus
the latent heat flux in CLASSIC through a decrease in the surface evaporation efficiency
(B; unitless). 8 has a value between 0 and 1, where a value of 1 means that the specific
humidity at the surface equals the saturated surface specific humidity and does not limit
E, i.e. a DSL thickness of 0, whereas a [ value of 0 means no surface evaporation can
occur. f is calculated as the minimum, more limiting value, between the soil evapora-
tion efficiency (Rsoir; Equation A15) derived from the DSL thickness and that calculated
by using CLASSIC’s original soil evaporation efficiency (Meyer et al., 2021; Merlin et al.,
2011) (CEVAP), which limits 8 values below 1 except when soils are fully saturated when

the value can be 1. )

=min | —— CEVAP ). A19
B o (CDHUaRsoil + 17 ) ( )

CEVAP is defined as

0 for 91’1 < Omin

A20
0.25(1 — cos(m0;.1/0,1))?  for Opmin < 011 < 6, 1. ( )

CEVAP = {

When there is snow or ponded water on the surface, £ is set to 1 and ¢(0) is set to ¢(0)sa:-
Equation A19 gives a 8 that is constrained to CEVAP, when the soil is too moist for a
DSL to develop. Figure 1 shows an example of the soil evaporation efficiency determined
using the original CEVAP parameterization as well as the calculation using the resistance
due to the DSL and the minimum of the two parameterizations for a range of liquid wa-
ter content values of the top soil layer.
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571 A4 DSL effect on the thermal conductivity

In CLASSIC, the soil thermal conductivity (Asei; W m™ K1) is determined from
the saturated thermal conductivity (Asqe; W m! K‘l), the dry thermal conductivity (Agry;
W m K1) and a relative thermal conductivity (\,; unitless; ranging from 0 for dry soils
to 1 for saturated soils) following Co6té and Konrad (2005) (Verseghy, 2017)

)\soil = )\r()\sat - )\dry) + >\dry~ (A21)

An empirical coefficient £ (unitless), which differs for frozen (x = 1.2, 0.85, and 0.25 for
coarse mineral, fine mineral, and organic soils, respectively) and unfrozen (k = 4.0, 1.9,
and 0.6 for coarse mineral, fine mineral, and organic soils, respectively) soils, and the de-
gree of saturation (S,; unitless) determine A,

KS,
A= o A22
where 0.
S, = ke (A23)
Op
Adry depends on 6, and is calculated as
) —2.76 0 f i 1 soil
= 0.75 exp(—2.76 §,) for mmer'a SO'l (A24)
0.30 exp(—2.00 6,) for organic soil.

The thermal conductivities of liquid water (A, = 0.57 W m™! K1), ice (Ajce = 2.24 W
m™! K1) and the soil particles (A\g; W m™! K!; values are 2.5 W m™ K for sand and
clay and 0.25 W m™! K! for organic matter) determine \,,; following De Vries (1963)
as

Nwy — {/\lﬁp +As(1—6,)  for unfrozen soil (A25)

Xicelp + As(1 —0,) for frozen soil.

Similar to the latent heat flux (Section A3), the sensible heat flux should be lim-
ited by the DSL because the thermal properties, i.e., the thermal conductivity and heat
capacity, which is influenced by changes in soil moisture, of the DSL differ from those
of the top soil layer, as the DSL is drier and has more air filled-pore space. When a DSL
is present, for mineral soils and organic soils in uplands, the thermal conductivity at the
top of the first soil layer (\; W m™ K!) is linearly interpolated between the “dry” (Agy)
and calculated top soil layer thermal conductivity (Asei;) values depending on the DSL

thickness
DSL
A= Asoil - P ()\soil - )\dry)- (A26)
572 A5 DSL effect on the ground albedo

In CLASSIC, the visible and near-infrared ground albedos (a; unitless) are soil
moisture dependent. As the top of the soil wets from a liquid water content value of 0.22
to 0.26 m® m—2, the albedo values follow a linear relationship between the “dry” (g, dry;
unitless) and “wet” albedo values (o wet; unitless) of the respective soil colour index (P. J. Lawrence
& Chase, 2007). Outside of this range of liquid water content, the model adopts either
the dry or wet albedo value accordingly. With the DSL formulation, if a DSL exists, a
DSL-dependent «y is calculated as

DSL
Qg = Qg wet — 7(ag,wet - ag,dry) (A27)

573 and the o, value used by the model is set to the higher value of the original CLASSIC
574 calculation and the value determined in Equation A27.

—25—



575

576

577

578

A6 Modifications to canopy evaporation and transpiration in CLASSIC

In the CLASSIC v.1.2 formulation for snow-covered canopies the evaporative flux
from the canopy (ET; Equation A7) is first assigned to sublimation, as liquid water, if
present, is assumed to be within or underneath the snow and no T is expected to occur.
When there is only liquid water present on the canopy, we modified the original formu-
lation so that T is allowed to occur from a partially-wet canopy instead of from a com-
pletely dry canopy only. To separate the calculated amount of evapotranspired water (ET.;
see Equation A7) into E, and T, we determine the wet (fyet) and dry (fary) fractions
of the canopy similar to Fan et al. (2019) as

F; for F; > 0.01 and F; < 0.99
fwet =0 for F; < 0.01 (A28)
1 for F; > 0.99

(1 — fuwet)B2T for fuer > 0.01 and fuer < 0.99
fary =41 for fuer < 0.01 (A29)
0 for fuer > 0.99

In general, only the leaves and not stems of a canopy can transpire, fq,, is adjusted by
the LAI to PAI ratio. Fj is the fractional coverage of the canopy covered by liquid wa-
ter (unitless) determined as

A30
0 for Wi maz = 0) ( )

Fl _ {IHIH(W[ / VVl,maz7 1) for Wl,mar > 0)
where W; (kg m™2) is the amount of liquid water stored on the canopy and Wi maa (kg
m2) is the storage capacity of the canopy for liquid water, which is calculated as

Wl,mam =p X PAI (A31)

with the maximum storage of liquid water p; set as 0.20 kg m™ (Bartlett et al., 2006).
W is calculated as the sum of W; of the previous time step and the rainfall intercepted
by the canopy during the current time step

Wi =min(W; 11 + Atpy, (P — XP), Wi maz), (A32)

where P is the rainfall rate (m s!), x is the canopy gap fraction (unitless), At is the model
physics timestep (s) and p,, (kg m3) the density of liquid water. To determine the canopy
fractional coverage of liquid water exposed to the air, F} is decreased by the fractional
snow coverage (Fy).

F; = max(0, min(F; — F, 1)) (A33)

and, similar to Fj, F§ is found by

F = {mm(Wf / Wimaz,1)  for Wi e > 0) (A34)

0 for Wt maz = 0),

where Wy (kg m2) is the amount of frozen water stored on the canopy and Wy q. (kg
m2) is the storage capacity of the canopy for frozen water. If there is no plant available
water in the root zone, the wet canopy fraction is set to 1, as T is not allowed to occur.

The predicted mass of water evapotranspired from the canopy (Wg; kg m™2) is cal-
culated as
Wg = ET. X pu,At, (A35)

where ET, is the evapotranspiration rate from the canopy (m s'; see Equation A7). The
wet and dry canopy fractions as well as Frpgr. determine the fractions of Wg coming from
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E. and T, respectively. The amount of W; (see Equation A32) is adjusted by the amount
of water evaporated from the wet canopy fraction as

Wy =W - (- fary) (1 - Froge) Wg for Wg (1 - fary)(1 - Froge) < W, (A36)

and Wpg is reduced by the amount being evaporated

F - F fi 1- 1-F <
Wy — {WE (Frbre + fary - fary Frore) for Wg (1 - fary) ( rbRe) < W) (A37)

Wg - W, for Wg (1 - fary) (1 - Frore) > W,

The contribution of the leaf boundary layer resistance (rp; s m™; Equation A8) to the
total resistance, the sum of r, and the stomatal resistance (r. or 1/g.; s m™'; Equation
A9), is calculated as a proportion of the total resistance from the leaf boundary layer
and stomata to determine when canopy evaporation is dominant and when T can oc-
cur, as

FRbRc = 7"17/(7’1, + TC). (A?)g)

In the second case of Equation A37, where W, could not meet the calculated amount of
water to be evaporated, W is then set to zero. If the predicted mass of water evapotran-
spired from the vegetation (Wg) after considering evaporation from wet leaves is greater
than zero, it is treated as T'. If there is enough water available in the root zone and T
can occur, the soil water content removed by T and the T flux are calculated for each
soil layer and the liquid water content of each soil layer containing roots is updated.

Appendix B

Figure B1l: Map of the FLUXNET sites used in this study (including their biomes).
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Figure B2: Monthly mean observed and simulated gross primary productivity (GPP)
for the FLUXNET sites for the Baseline, DSL and DSL-EcT simulations (Table 1). The
shading shows the standard deviation over the available years. Site names, their biomes
and years of measurements used are listed for each site in Table 2.
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Figure B3: Monthly mean observed and simulated latent heat flux (LE) for the
FLUXNET sites for the Baseline, DSL and DSL-EcT simulations (Table 1).
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Figure B4: Monthly mean observed and simulated sensible heat flux (H) for the
FLUXNET sites for the Baseline, DSL and DSL-EcT simulations (Table 1).
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Figure B5: Monthly mean observed and simulated ground heat flux (G) for the
FLUXNET sites for the Baseline, DSL and DSL-EcT simulations (Table 1).
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Figure B6: Monthly mean simulated liquid water content of the top soil layer (0-10 cm
depth; 6;1) for the FLUXNET sites for the Baseline, DSL and DSL-EcT simulations (Ta-
ble 1).
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Figure BT7: Monthly mean simulated leaf area index (LAI) for the FLUXNET sites for
the Baseline, DSL and DSL-EcT simulations (Table 1).
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Figure B8: Two-sided t-test p value between the error in simulated daily gross primary
productivity (GPP) and latent heat flux (LE) for the FLUXNET sites (Table 2) for DSL
and DSL-EcT simulations compared to the Baseline simulation (Table 1).
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Figure B9: Annual ET, soil E, canopy E and T for 1960-2016 for the four Baseline and
DSL-EcT simulations (Table 1), respectively.

Table B1: Transpiration (") to evapotranspiration (ET) ratios of the different CLASSIC
simulations (Table 1) averaged over 1997-2016.

Forcing data ‘ Baseline ‘ DSL ‘ DSL-EcT

ESACCI and CRUJRA 25.92% | 30.33% 41.93%
ESACCI and GSWP3 26.72% | 31.43% 41.85%
GLC2000 and CRUJRA | 23.69% | 28.62% 40.35%
GLC2000 and GSWP3 24.30% | 29.48% 40.17%

Appendix C

Zonal ensemble plots of Baseline and DSL-EcT simulations show slight differences
in GPP with the DSL-EcT simulations having slightly lower GPP in the Tropics and slightly
higher GPP in the higher latitudes than the Baseline simulations. Globally, GPP is lower
in the DSL-EcT simulations and shows less variability between the four simulations (us-
ing two different meteorological forcings and two different land cover representations)
(Figure C1). In the Tropics, LE tends to be higher in the DSL-EcT simulations.
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(a) Baseline (b) DSL-EcT

(c) Baseline (d) DSL-EcT
(e) Baseline (f) DSL-EcT
(g) Baseline (h) DSL-EcT

Figure C1: Zonally averaged and global mean GPP, LE, H and LAI over land for the
Baseline and DSL-EcT simulations. The ensemble includes the four simulations using a
combination of two different meteorological forcing datasets and two land cover represen-
tations (Table 1).

Seasonal averages for the 11 TRANSCOM regions show that the Baseline and DSL
simulations have the greatest differences in the North American Boreal, the South Amer-
ican Tropics, Eurasian Temperate and Australia. During the spring, the DSL simula-
tions tend to overestimate GPP in Australia (Figure C2), while they perform well dur-
ing the rest of the year.

—36—



598

599

600

601

(a) Baseline (b) DSL-EcT

Figure C2: Monthly averaged GPP for 11 TRANSCOM regions and globally from March
2000 to December 2013.

In LE and H (Figure C3 and C4), the Baseline and DSL simulations show differ-
ences especially in the South American Tropical, Northern Africa and Tropical Asia. How-
ever, in all of the TRANSCOM regions as well as globally both simulations tend to lie
within the uncertainty bounds of observations.

(a) Baseline (b) DSL-EcT

Figure C3: Monthly averaged LE for 11 TRANSCOM regions and globally from January
2003 to December 2009.
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(a) Baseline (b) DSL-EcT

Figure C4: Monthly averaged H for 11 TRANSCOM regions and globally from January
2003 to December 2009.

Appendix D Open Research
D1 Data Availability Statement
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