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Abstract

Land surface models are tools that represent energy and water flux exchanges be-
tween land and the atmosphere. Although much progress has been made in adding de-
tailed physical processes into these models, there is much room left for improved esti-
mates of evapotranspiration fluxes, by including a more reasonable and accurate repre-
sentation of crop dynamics. Recent studies suggest a strong land surface—atmosphere
coupling over India and since this is one of the most intensively cultivated areas in
the world, the strong impact of crops on the evaporative flux cannot be neglected. In
this study we dynamically couple the land surface model JULES with the crop growth
model InfoCrop. JULES in its current version does not simulate crop growth. Instead,
it treats crops as natural grass, while using prescribed vegetation parameters. Such
simplification might lead to modelling errors. Therefore we developed a coupled mod-
elling scheme that simulates dynamically crop development and parameterised it for
the two main crops of the study area, wheat and rice. This setup is used to examine
the impact of inter-seasonal land cover changes in evapotranspiration fluxes of the Up-
per Ganges river basin (India). The sensitivity of JULES with regard to the dynamics
of the vegetation cover is evaluated. Our results show that the model is sensitive to the
changes introduced after coupling it with the crop model. Evapotranspiration fluxes,
which are significantly different between the original and the coupled model, are giv-
ing an approximation of the magnitude of error to be expected in LSMs that do not
include dynamic crop growth. For the wet season, in the original model, the monthly
Mean Error ranges from 7.5 to 24.4 mm m’, depending on different precipitation forc-
ing. For the same season, in the coupled model, the monthly Mean Error's range
is reduced to 7-14mmm™". For the dry season, in the original model, the monthly
Mean Error ranges from 10 to 17 mm m_1, depending on different precipitation forc-
ing. For the same season, in the coupled model, the monthly Mean Error’s range is
reduced to 1-2mmm™". The new modelling scheme, by offering increased accuracy
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of evapotranspiration estimations, is an important step towards a better understanding
of the two-way crops—atmosphere interactions.

1 Introduction

In recent years, much progress has been made in developing sophisticated Land Sur-
face Models (LSMs), which are able to represent biophysical and hydrological pro-
cesses of the land surface as well as their interaction with the atmosphere. However,
one of the significant problems remaining to be addressed is the adequate representa-
tion of evapotranspiration (ET), which is the primary source of water transport from the
land surface to the atmosphere.

Land surface processes are intrinsically coupled with the atmosphere; changes in
climate factors affect the vegetation dynamics and vice-versa. Nowadays, it is common
practice that LSMs are driven with prescribed vegetation dynamics. Vegetation param-
eters such us Leaf Area Index (LAI), root depth and canopy height are obtained offline
and they either remain constant throughout the entire simulation period or can vary
temporally and/or spatially depending on data availability prior to the simulation. How-
ever, such a simplified approach is expected to have a negative impact on the LSM’s
performance by affecting the simulated ET fluxes and ultimately obstructing weather
and climate predictions and assessment of their impact on water resources.

This is especially the case in the Ganges basin, a region which experiences mon-
soon flooding almost every year (e.g., the summer 2013 floods over northern India). In
that region, the need for better predictions of the water resources regime and under-
standing of the land surface—atmosphere interactions is very important. Recent stud-
ies have shown that there is evidence of strong coupling between the land surface
(soil moisture) and atmosphere (precipitation). In the simplest sense, changes in near-
surface soil moisture alter the partitioning between sensible and latent heat fluxes at
the surface, affect stomatal conductance in vegetation, and are altering properties of
the boundary layer. High evaporation linked to croplands and irrigation systems causes
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increased humidity and reduced temperatures near the surface followed by lower ac-
tual and potential evaporation. These changes can lead to local feedbacks in cloud
formation and convection. Local feedbacks on convection have already been observed
elsewhere in the tropics (e.g., in the Sahel Taylor and Ellis, 2006). However, feedbacks
may apply also on larger spatio-temporal scales. Much evidence already suggests that
land—surface conditions in the Indo-Gangetic Plains are coupled to precipitation pat-
terns. In early modelling experiments, Meehl (1994) showed the influence of the land
surface on the Asian monsoon through changes in soil moisture and precipitation. More
recently, several studies of the Global Land—Atmosphere Coupling Experiment (GLACE
Koster et al., 2004, 2006; Guo et al., 2006; Seneviratne et al., 2006), based on an en-
semble of 12 atmospheric general circulation models, identified northern India as one
of five global hotspots of land—atmosphere coupling strength during the boreal summer.
This is also consistent with evidence of soil moisture feedbacks enhancing monsoon
variability in West Africa (Lavender et al., 2010). Turner and Annamalai (2012) identify
the South Asian monsoon as a fully coupled ocean—land—atmosphere while previous
studies found that croplands play an important role in determining the local climate.
Krishna Kumar et al. (2004) found strong linkages between Indian monsoon rainfall
variations and Indian crop yield. Further, Osborne et al. (2009) showed that there is
a strong feedback of crops to the climate of seasonally arid climates. In the humid trop-
ical regions (such as India), inter-annually varying crops were found to alter the mean
climate. Therefore, there is added complexity to the classical theory supporting that the
strength of the Indian monsoon system is a consequence of the land—sea temperature
contrast.

To overcome this limitation, several recent studies achieved dynamical coupling of
LSMs, climate or hydrological models with crop growth models (Boegh et al., 2004;
Mo et al., 2005; Pauwels et al., 2007; Osborne et al., 2007; Maruyama and Kuwagata,
2010; Lei et al., 2010; Li et al., 2013). Efforts have also been made to include dy-
namic vegetation representation in LSMs (Cox et al., 2000; Dai, 2003; den Hoof et al.,
2011) and hydrologic models (Calvet et al., 1998; Calvet and Soussana, 2001; Li et al.,
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2011). The novelty of our approach lies in the combination of the following points: (1)
We attempt to quantify the potential error in ET estimations of LSMs with no dynamic
vegetation, by comparing the pro-coupling and post-coupling modelling results; Most
of previous studies did not show modelling results before the coupling. This allows us
to test the sensitivity of an LSM with regard to the dynamics of the vegetation cover.
(2) The large spatial scale of the application. Most of the past studies are focused on
small scales, or even point scales, and validated their results against flux tower sites.
The extent of the agricultural areas such as the Ganges basin, and the lack of in situ
measurements make it a very challenging research environment. (3) The specific focus
on impact on evaporative flux, contrasting to most coupling studies that focus on LAI,
crop yield and/or soil moisture fluxes.

This research aims to propose a fully coupled land surface — crop growth model in
order to improve representation of vegetation dynamics and simulation of fluxes over
croplands. The variations between ET fluxes from an LSM with and without dynamic
crop growth are calculated as an indicator of potential uncertainties in the model esti-
mates. The new modelling scheme will allow for further examination of the role of land
surface properties on atmospheric conditions, including human activities such as irriga-
tion practices. The following hypothesis drives the research: “Accounting for dynamic
crop growth in an LSM will significantly improve the representation of soil and land—
surface processes and will give us insights in the sensitivity of ET fluxes in complex
agricultural regions such as the Ganges basin”.

We apply the land surface model JULES (Best et al., 2011; Clark et al., 2011) in
order to investigate the impact of inter-seasonal land cover changes in the ET fluxes
of the Upper Ganges (UG) river basin in India. However, JULES in its current version
does not simulate crop growth. Instead C3 grass is typically used as proxy for annual
crops. This simplified approach has the disadvantage that transient parameters such
as LAl are kept constant throughout long periods. Additionally, differences in structural
and physiological characteristics between natural vegetation and crops, (i.e., albedo,
surface roughness, rooting depth, leaf area, canopy resistance), impact the physical
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properties of the land surface and the bio-geochemical cycles, causing feedbacks to
the climate (den Hoof et al., 2011). Given that the larger part (60 %) of the UG basin
is occupied by agriculture, such simplification (C5 grass as a proxy for annual crops) is
expected to lead to errors in the model’s results.

In order to overcome this problem, JULES was coupled with the crop growth model
InfoCrop (Aggarwal et al., 2006). This coupled system will allow the consistent varia-
tion of variables during the simulation period. The model was parameterised for the two
main crops of the UG basin (wheat and rice) to capture well the inter-annual variations
in land surface processes with subroutines that represent crop growth using a daily time
step from sowing to maturity. A crop calendar based on available data was developed
and added to the coupled system, informing it for the crop type, sowing and harvest
dates and fallow land periods, allowing for 2 cropping seasons per year. The sensitivity
of JULES with regard to the dynamics of the vegetation cover is tested. The discrep-
ancy between the original and the coupled modelling schemes gives an approximation
of the uncertainty in the ET results derived by an LSM with no dynamic vegetation.

This study attempts to quantify the potential error in surface flux estimations of global
land—surface models because of not taking into account dynamic crop development.
The dynamic coupling of an LSM with a crop growth model is expected to improve
the modelling of ET fluxes, whilst having a direct impact on climate factors. This will
facilitate the understanding of land—atmosphere interactions and essentially lead to
improved weather and climate predictions as well as a more adequate interpretation of
their impacts on water resources.

2 Study area and data description

In recent decades the Indian subcontinent has undergone substantial environmental
change. Agricultural land areas expanded to meet the demands of a rapidly increasing
population and groundwater extractions were intensified, leading to an alarming drop
in the water table levels (Tsarouchi et al., 2014). The North Indian plains are amongst
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the most densely populated and intensively cultivated areas in the world. More than
400 million people depend on monsoon rainfall for their livelihood.

The study area, located in Northern India, is part of the UG basin, which corre-
sponds to the upper main branch of the river Ganges and covers an area of 87 000 km?
(Fig. 1). The river Ganges originates in the Himalayas and when it reaches the plains,
it becomes subject to a vast irrigation demand as 60 % of the basin is occupied by agri-
culture (Tsarouchi et al., 2014). As the focus of our study is on improving crop growth
simulation, we decided to apply our model only in the areas occupied by agriculture.
Hence, from now on as study area we refer to the crop covered areas of the UG basin,
as shown in Fig. 2. The two main crops grown in that region are wheat and rice. In
Uttar Pradesh (i.e the district the study area belongs to), rice is predominantly rain fed
and depends largely on the monsoon season rains from June to September (USDA-I,
2013). However, the intensive wheat/rice crop rotation in the area is responsible for
soil degradation which causes drops in the water table levels in some areas and water
logging in others (USDA-I, 2013).

Meteorological data required for the modelling experiments include precipitation, in-
coming short-wave and long-wave radiation, surface pressure, temperature, specific
humidity and wind speed. The different meteorological datasets used to drive the mod-
els are summarized in Table 2. All datasets were further rescaled to the spatial scale
of the JULES implementation, i.e. 0.1° x 0.1°.

The land cover representation is based on high-resolution land cover maps for north-
ern India, developed by the authors (Tsarouchi et al., 2014) and based on Landsat
satellite imagery.

Soil parameters were created using the pedotransfer functions developed by Cosby
et al. (1984). The functions use clay, silt and sand fractions in the soil, which are avail-
able through the Harmonized World Soil Database (FAO, 2009) at 1 km resolution.

Due to lack of ET observations within our study area, we decided to use the MODIS
(Mu et al., 2007, 2011) and the LandFlux-EVAL (Mueller et al., 2013) ET datasets
as reference for evaluating our models. The MODIS (MOD16) global ET dataset was
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developed as part of the NASA/EOS project to estimate global terrestrial ET by us-
ing satellite remote sensing data. The dataset covers the time period 2000-2010 in
a spatial resolution of 1 km. It was developed using Mu et al. (2011) improved ET algo-
rithm over a previous Mu et al. (2007) paper. The algorithm is based on the Penman—
Monteith (Penman, 1948) approach. The input data used to develop the MODIS ET
product include: MODIS land cover type (MOD12Q1) (Friedl et al., 2002); MODIS
FPAR/LAI (MOD15A2) (Myneni et al., 2002); MODIS albedo (Lucht et al., 2000; Jin
et al., 2003); and NASA’'s MERRA GMAO (GEOS-5) daily meteorological reanalysis
data from 2000 to 2010. In order to make the comparison of our models’ outputs with
the MODIS product as meaningful as possible: (a) we made sure that our study area
corresponds to 100 % agricultural area in the MODIS land cover maps and (b) we ran
a set of simulations with the same meteorological reanalysis dataset that was used for
the development of MODIS ET. In the original JULES, LAl remained constant within
the entire simulation whereas in the coupled model, LAl was calculated on a daily ba-
sis from the crop model and passed into JULES (more details regarding the coupling
process are available in the following Sect. 3.3).

The LandFlux-EVAL dataset was generated as part of the LandFlux-EVAL initiative of
the GEWEX Data and Assessment Panel (GDAP). Mueller et al. (2013) evaluated and
compared existing land ET products and generated global merged benchmark products
based on the analysis of the already existing datasets. The product covers the periods
of 1989—-1995 and 19892005, at a monthly time-scale and a 1° resolution. In this study
we used the 1989-2005 period dataset which is based on a total of 14 datasets. In the
individual datasets, ET is derived from satellite and/or in situ observations or calculated
via LSMs driven with observations-based forcing or output from atmospheric reanalysis
models (Mueller et al., 2013).

Lastly, the MODIS LAI (MOD15A2) product (Myneni et al., 2002) was used to evalu-
ate the LAI as calculated from the coupled system.
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3 Model description
3.1 JULES land surface model

JULES, the Joint UK Land Environment Simulator, (Best et al., 2011; Clark et al., 2011)
is a physics-based model which is used as the land surface scheme of the UK Met
Office’s Unified Modelling system.

The model partitions precipitation into canopy interception and throughfall. In the
default runoff scheme, surface runoff is generated based on Hortonian Infiltration and
saturation excess mechanisms. Surface heterogeneity within JULES is represented by
the tile approach (Essery et al., 2003). The surface of each grid-box comprises fractions
of 9 different surface types; five vegetated Plant Functional Types (PFTs): broad-leaf
trees, needle-leaf trees, C; grasses, C, grasses and shrubs and four non-vegetated:
urban, water, bare soil and ice. For each surface type of the grid-box, a separate sur-
face energy balance is solved, and a weighted average is calculated from the individual
surface fluxes for each grid-box. In the subsurface, the soil column is divided into 4 lay-
ers, which have a thickness of 0.1, 0.25, 0.65, and 2m respectively, going from the
top to the bottom. The Darcy—Richards equation (Richards, 1931) is solved using finite
difference approximation, to calculate water movement through the soil. Subsurface
runoff is represented as free drainage from the deepest soil layer. The soil water re-
tention characteristics follow the relationships of van Genuchten (1980). A structural
limitation of the current JULES version is that there is no subsurface grid heterogeneity
such as the surface grid heterogeneity.

The input meteorological data requirements are time-series of incoming shortwave
and longwave radiation, precipitation, temperature, specific humidity, wind speed, and
surface pressure. They are used in a full energy balance equation that consists of
radiation, sensible heat, latent heat, canopy heat, and ground surface heat components
(Zulkafli et al., 2013a).

Vegetation biophysical processes, such as photosynthesis, stomatal conductance
and transpiration, dynamically interact with hydrological and land—atmosphere energy
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exchange processes through an integrated coupling. The Penman—Monteith (Penman,
1948) approach is used to estimate potential evaporation. Canopy evaporation (inter-
ception storage) is assumed to occur at the potential rate, while plant transpiration from
root water uptake from all 4 soil layers (vegetated areas) and bare soil evaporation from
the top soil layer are restricted by stomatal resistance and the soil moisture state, re-
spectively (Zulkafli et al., 2013a). The stomatal resistance is also responsible for the
regulation of CO, exchange between plants and the atmosphere (Cox et al., 1998).

Because the model does not simulate crop growth, crop areas are treated as natural
grass (den Hoof et al., 2011). Vegetation parameters such us Leaf Area Index (LAl),
root depth and canopy height are obtained off-line and they either remain constant
throughout the entire simulation period or can vary temporally and/or spatially (apart
from the root depth which cannot vary spatially) depending on data availability prior to
the simulation. Root depth and density determine the ability of vegetation to access
moisture at each level in the soil (Best et al., 2011). LAI, which illustrates the density
of the leaves, is an important parameter as it contributes to the latent heat flux calcula-
tion by determining the relative fractions of ET and bare soil evaporation in vegetative
surfaces (Best et al., 2011). Canopy coverage, which is a function of LAI, influences
the albedo calculation. In addition, for vegetated surfaces, the maximum amount of
water that can be held by the canopy is a linear function of LAI. Thus, a simplified
approach that does not allow for constant evolving of those parameters is expected to
have a negative impact in the model’'s performance.

In JULES, canopy capacity C,, is computed as:

C,, = 0.5+ 0.05LAl (1)

Where 0.5kg m~2 is the minimum water interception due to puddling of water on the soil
surface and/or interception by leafless plants (through branches and trunk). In the cou-
pled model, this equation has been modified, (see Eq. 3), to match the canopy capacity
as calculated by InfoCrop and to enhance the dependency of canopy interception to LAI
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(as has also been suggested by den Hoof et al., 2013). For a more detailed description
of the model see Best et al. (2011).

3.2 Crop growth model

The functions used to calculate crop development, crop growth, LAl and root depth
are based on InfoCrop (Aggarwal et al., 2006), a crop growth model which has been
parametrised for Indian soils and crop systems. The model simulates crop develop-
ment, photosynthesis, dry matter production and its partitioning, leaf area growth, ET
etc. in response to the effects of weather, soil properties, sowing dates and crop phys-
iology. Similarly to JULES, the Penman—Monteith (Penman, 1948) approach is used to
calculate potential ET. In the subsurface, the soil column is divided into 3 layers and
a tipping bucket approach is followed for the soil water balance. Transpiration is cal-
culated as a function of the water availability in the soil, represented by water stress
factors for each soil layer. The values of water stress factors range between 0 and 1.
The water contents at wilting point, critical point and saturation as well as the water
content in each soil layer are required to calculate the water stress factors. Total water
uptake is calculated based on the water stress factors of individual soil layers. Photo-
synthesis is highly sensitive to water stress. Under insufficient water supply conditions,
CO, assimilation rate (photosynthesis) and stomatal conductance decrease rapidly be-
low the potential rates.

The major photosynthesising organs are leafs. The calculation of the photosyntheti-
cally active radiation absorbed by the surface area of green leafs is highly dependent
on the LAI. This highlights that for optimized crop growth modelling, the most essen-
tial requirement is a correct simulation of the time course of LAI. After crop emer-
gence, the main parameters affecting leaf area expansion are temperature and light
intensity. In the early stage of juvenile growth, the increase of leaf area over time is
approximately exponential. During later development stages, shading from other plant
branches might restrict the leaf area expansion. Apart from shading, the senescence
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of leaves in InfoCrop is also dependent on ageing, nitrogen mobilization, temperature,
water stress and death due to pests and diseases (Aggarwal et al., 2006).

In InfoCrop, canopy interception is assumed to be equivalent to 25 % of the value of
LAI at any given time (Penning de Vries et al., 1989).

Root depth extension rate is affected by soil water stress, soil bulk density, potential
maximum rooting depth and temperature (low temperatures reduce growth). The max-
imum rooting depth varies as a function of thermal time to anthesis; the longer the crop
duration the deeper the roots would go in the soil. If the roots reach a soil layer with
moisture content at or below wilting point, root growth is interrupted. Moisture content
near wilting point causes a very low water uptake rate and that leads to insufficient en-
ergy production for maintenance respiration by photosynthesis. In such case the crop
dies. Otherwise, root growth continues until a crop-specific development stage.

The model separates between 3 development stages: (a) seedling emergence, (b)
anthesis and (c) maturity. Under temperate climate conditions, the development rate is
mainly affected by temperature.

For a more detailed description of the model see Aggarwal et al. (2006).

3.3 Model coupling

The distributed version of JULES was run with a resolution of 0.1° and an hourly time
step while InfoCrop was run at a daily time step. To ensure agreement in calculations,
the same meteorological and soil datasets were used for both models.

In the coupled version, the full energy balance scheme of JULES was used to cal-
culate water exchange between soil layers, land—atmosphere heat flux exchange, ET
etc. in each time step. Every 24 time steps of JULES (i.e. 1 day), the following val-
ues (daily averaged) were passed to the crop model: moisture content, ET, volumetric
water content at critical point, at saturation and at wilting point, (of each soil layer).
The crop model then simulated the agricultural practices, crop growth, photosynthesis,
dry matter production and partitioning etc. and provided daily values of LAI, root depth
and canopy height. These values were returned to JULES which continued to the next
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day of the simulation (see Fig. 3 for a flow chart of the coupled system). The coupled
JULES-InfoCrop model will be hereafter referred to as JULES-Info and the original
JULES model will be hereafter referred to as JULES-base.

Based on a crop calendar review (Agropedia, 2013; NFSM, 2013; USDA-I, 2013;
FAO, 2013; ICAR, 2013) we concluded that the main crops grown in our study area
(district of Uttar Pradesh) are rice during the summer months (July—October) and
wheat during the winter months (October—March). Therefore, the JULES-Info model
was parametrized for those crops under a two-crop rotation system and a crop calen-
dar was added to the coupled model. Table 1 shows the different parameters used by
JULES-Info for rice and wheat.

Canopy height is calculated based on Eq. (61) in Clark et al. (2011), where W/ is the
carbon content of the stems, calculated by the crop model.

In JULES-base, the C5 photosynthesis model (Collatz et al., 1991) is a function of
the maximum rate of carboxylation of Rubisco, V,, (see Cox, 2001, Egs. 43, 45 and
51). V,, is a function of the potential maximum carboxylation rate at 25 °C, V,,. For Cg,
in JULES-base, V,,5x = 0.0008 x n;, where n, is the leaf nitrogen concentration. In the
JULES-Info model we made the following adaptation:

(@)

_J0.0008 x nny,  wheat
M~ 1 0.00036 x n,, rice

since V., of Rubisco in rice is 45% lower than that of wheat (Sheehy et al., 2000).

In JULES-base, the surface infiltration rate K is equal to B¢ x K; Where Kj is the soil
saturated hydrological conductivity and G5 an enhancement factor (Best et al., 2011).
The default value of B4 for C5 grass in JULES-base is 2. For the other PFTs, g is
4 for trees and 2 for C, grass and shrubs. However, and as also suggested by den
Hoof et al. (2013), no justification can be found for different G values between different
PFTs, therefore, in JULES-Info the value of B was set equal to 1 for all PFTs.
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In JULES-Info, canopy capacity is calculated through an adaptation of the formulae
used in JULES-base and InfoCrop, as follows:

C,, = 0.05 +0.25LAl 3)

This adapted formulation is more in line with the equation suggested by den Hoof et al.
(2013), after taking into account what is used in other LSMs and review papers. The
new formula is expected to increase canopy capacity dependence to LAl (den Hoof
et al., 2013).

Irrigation in the coupled model has not been included yet and possible impacts of
this simplification are discussed in the Results section.

3.4 Model experiments

The simulations were performed over the study area for a period of 9years between
2000 and 2008 to coincide with the periods of available data from NCEP, TRMM, GMAO
and MODIS.

Four different model simulations were performed: (A) JULES-base driven with the
GMAO meteorological dataset; (B) JULES-base driven with TRMM precipitation data
and the post-processed NCEP dataset for the rest meteorological variables; (C)
JULES-Info driven with the GMAO meteorological dataset; (D) JULES-Info driven with
TRMM precipitation data and the post-processed NCEP dataset for the rest meteoro-
logical variables.

The JULES-base simulations were run with C; crop parameterisation, where the
vegetation parameters were adapted to crops and have been used as a reference. The
JULES-Info simulations were run with dynamic crop growth parameterisation, where
its interactions with the environment were simulated.

To quantify the uncertainty in the ET results derived by an LSM with no dynamic
vegetation and the impact of the applied changes, LAl and ET output values were
validated against the equivalent MODIS and LandFlux-EVAL products. Performance
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scores tested include the correlation coefficient (r), the coefficient of determination
(RZ), the Root Mean Squared Error (RMSE) and the Mean Error.

4 Results

The sensitivity of the land surface model JULES was evaluated with respect to the daily
and seasonal dynamics of the vegetation cover in the study area. When the model runs
without a dynamic vegetation growth scheme, it assumes 100 % agricultural coverage
throughout the entire simulation period. There is no information about seedling, emer-
gence or harvesting dates, nor about the duration of fallow land periods between differ-
ent cropping seasons. In addition it is assumed that the cultivated crop is a generic Cg
grass. However, when the model runs coupled with the crop growth model (and hence
dynamic vegetation growth is included), the seedling, emergence and harvesting dates
are defined, fallow land periods are included in the simulation and a two crop rotation
scheme (wheat vs. rice) is introduced, with different parameterisation for each crop
(Table 1).

The MODIS LAl is compared with the JULES-Info (forced by the two different meteo-
rological datasets) modelled LAI as shown in Fig. 4 (top). JULES-base was run with its
default LAl value set to 2 for crops. The results show that the modelled LAI matches the
observed MODIS LAI well. The correlation coefficients for TRMM and GMAO forcing
datasets are r = 0.87 and r = 0.66 respectively and the RMSE values are RMSE = 0.17
and RMSE = 0.28 respectively (Fig. 4, bottom). The two peaks per year represent the
two cropping seasons as specified by the crop calendar. The reduced LAl values as
calculated by the JULES-Info model in comparison to the steady value of LAl = 2 used
by the JULES-base model are reducing the canopy storage which is directly translated
into a reduced canopy interception. This is expected to cause a decrease in the total
ET estimation.

The ET results show that JULES is sensitive to the changes introduced after cou-
pling it with the crop model. In the JULES-base version, ET fluxes are often higher in
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comparison to the JULES-Info version results (Fig. 5). There is a significant difference
especially when the dry and the fallow land periods are simulated. JULES-base is over-
estimating ET as it simulates a false land cover with 100 % agriculture that indeed evap-
orates more than the bare soil does. Figure 5 shows that JULES-base, after the wet
season peak in ET, reproduces a second lower peak in month October of years 2003—
2005. However, JULES-Info in agreement with MODIS and LandFlux-EVAL (Fig. 10)
does not reproduce that 2nd peak. This behaviour of JULES-base is possibly related
to a combination of precipitation and temperature patterns as well as the fact that it
operates under a constant LAl of 2. Whereas for JULES-Info, October is a month with
very low LAI values (near 0.5), as it is the transition period between rice harvesting
and wheat planting according to our crop calendar (Fig. 4, top). In addition, JULES-
Info matches better the MODIS and LandFlux-EVAL fluctuation and timing of the peak
values. In both plots, the modelled by JULES-base ET is higher than the MODIS ET.
JULES-base tends to overestimate ET mainly during the dry period because then the
difference between the default LAI value of 2 and the actual LAI value of the growing
crop (wheat) is larger. This is also clearly illustrated on the right-hand plots of Fig. 5
which show the mean seasonal cycle of ET(mm m'1) and give an approximation of the
mean bias per month for each of the models. Similar trends have been observed by
Blyth et al. (2010), who used surface energy flux measurements from 10 FLUXNET
sites around the world that represented a range of climate conditions and biome types,
and found that the JULES-base evaporation is higher than that observed; The same
results were also found by den Hoof et al. (2011), who found that the JULES-base
latent heat flux is overestimated over cropland in Europe. One possibility for this bias
is an overestimation of canopy interception. Blyth et al. (2011), who applied a set of
benchmark tests in order to quantify the performance of JULES, found indeed that the
model is overestimating respiration and that if the evaporation is overestimated, then so
is the photosynthesis. They suggest that these errors occur mainly due to the simple
approach of using a fixed, predetermined LAI. Therefore and as expected, the more
sophisticated approach of JULES-Info, which calculates LAI evolution on a daily basis,
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offers improved accuracy. The coupled model captures better the seasonal variabil-
ity of ET. An overall decrease in the modelled ET (Fig. 5) compared to MODIS ET is
observed. R? values are significantly improved compared to the JULES-base equiv-
alent values and RMSE values are reduced (Fig. 6): R? increased from 0.77 to 0.87
under GMAO forcing data and from 0.71 to 0.84 under TRMM/NCEP data. RMSE de-
creased from 16.27 to 12.98 under GMAO forcing data and from 14.78 to 12.67 under
TRMM/NCEP data.

Looking at the mean annual ET in the study area (Fig. 7), JULES-Info is matching
quite well the equivalent MODIS annual ET, whereas JULES-base constantly appears
to give higher values. The mean difference in annual ET between JULES-base and
JULES-Info is 145mm yr‘1 under TRMM precipitation and 158 mm yr‘1 under GMAO
precipitation. The mean difference in annual ET between JULES-base and MODIS is
180mm yr’1 under TRMM precipitation, whereas the equivalent value between JULES-
Info and MODIS is 35mm yr'1. The same figures under GMAOQO precipitation, show
the same magnitude of difference (233mm yr'1 difference between JULES-base and
MODIS and 75mm yr‘1 difference between JULES-Info and MODIS). Those results
indicate a high sensitivity of the model with respect to vegetation dynamics.

In Figs. 8 and 9 we partition the results into wet (June—September) and dry (October—
May) periods. R? and RMSE values are significantly improved during the wet period
(Fig. 8), when the highest ET rates are being noticed in the study area. However, as
shown in Fig. 9, which illustrates the magnitude of the Mean Error for both the wet
and dry seasons, the main improvement caused by JULES-Info occurs during the dry
period, as the model is no longer constantly overestimating ET. In all cases JULES-Info
achieves lower Mean Error values than JULES-base does.

Figure 10 shows the comparison of the modelled ET with the LandFlux-EVAL prod-
uct. Similar behaviour is observed here as well. Coefficient of determination with
JULES-Info is R? =0.74 and is improved compared to the JULES-base equivalent
value (R2 = 0.69). A noteworthy trend observed here is that during the dry season, both
JULES-base and JULES-Info are underestimating ET when compared to the LandFlux-
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EVAL product. A possible explanation for this could be the fact that we do not account
for irrigation. Different land cover maps, or forcing meteorology used by the LSMs that
contributed in the calculation of LandFlux-EVAL ET could be related as well. However,
looking at the wet period’s ET, JULES-Info provides significantly improved results com-
pared to JULES-base (/?2 increased from 0.59 to 0.73).

As shown in Fig. 11 (source: USDA-II, 2013) most of the wheat that grows in our
study area is rain-fed. In addition, according to USDA-I (2013), rice in the district of
Uttar Pradesh (which is the district our study area belongs to) is predominantly rain fed
and depends largely on the monsoon season rains from June to September. Therefore,
the simplification of not accounting for irrigation is not expected to affect significantly
the results during the dry period. Furthermore, in JULES transpiration only occurs from
the dry fraction of the canopy, which during and after a rain event is a very small part
of the canopy. That means that transpiration during the wet season is not expected to
change significantly even if irrigation was applied, since the dry portion of the canopy
that transpires will remain the same. Nevertheless, it is possible that incorporation of
irrigation in the coupled model will increase soil evaporation. The application of irriga-
tion in the wet (dry) season could also have an impact in the dry (wet) season ET, as
the soil moisture stores could be higher.

5 Conclusions

The objective of our study is to quantify the potential error in ET flux estimations of an
LSM without dynamic vegetation. For this reason, the full energy balance scheme of
JULES (which describes the exchange between atmosphere—surface—subsurface wa-
ter fluxes) has been coupled to the crop growth model InfoCrop, which represents the
crop development and other physiological processes. The model has been parameter-
ized for wheat and rice, the two main crops of the study area, in a two crop rotating
system. A crop calendar was added to the coupled system.
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The results show that JULES is sensitive to the changes applied and the incorpora-
tion of crop dynamics in the model significantly alters the ET fluxes. An overall reduc-
tion is observed in the simulated ET fluxes of the JULES-Info model compared to the
original JULES-base model. The seasonal patterns of ET as simulated by JULES-Info
match better the MODIS and LandFlux-EVAL ET products than JULES-base does. The
difference in mean annual ET between JULES-base and JULES-Info is approximately
150mm yr_1 and can be considered as an indication of the potential error in surface
flux estimations of land—surface models that do not include vegetation dynamics.

Improving the estimation of energy and water fluxes over croplands through a more
accurate description of vegetation dynamics is crucial for projecting potential changes
in the hydrological cycle under different climate change scenarios. Increased accuracy
of ET estimations is an important step towards a better understanding of the temporal
dynamics of climate-surface-groundwater fluxes as a function of agricultural production
and inter-seasonal land cover change; while at the same time is vital for advanced
irrigation practices under a water limited environment.
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Table 1. JULES-Info parameters for wheat and rice.

Jaded uoissnosiq

Parameters Wheat Rice Units Coupling an LSM
Optimal temperature 25 30 °C — with acrop model to
Maximum temperature 40 42 °C - improve ET
Base temperature for sowing to germina- 3.6 7.6 °C @ estimations
tion <
Thermal time for sowing to germination 70 50 °Cdays %. G. M. Tsarouchi et al.
Base temperature for germination to 4.5 10 °’C =
50 % flowering S
Thermal time for germination to 50% 800 1650 °Cdays ® _
flowering
Base temperature for 50 % flowering to 7.5 10 °C — - -
maturity o
Thermal time for 50 % flowering to matu- 373 430 °Cdays 73 - -
iy e e
Relative growth rate of leaf area 0.005 0.009 (°Cd)™ g
ies -1 S
Specific leaf area 0.0020 0.0022 Ha Iezif1 kg™ leaf o - -
Root extension growth rate 25 12 mmd o
Maximum root depth 2000 400 mm g - -
Index of storage organs formation: Slope 30000 56000 No (m)_2 (kg dry ma’tter)_1 —
of storage organ numberm™ to dry mat- o - -
ter during storage formation o _
Potential weight of the storage organs 42 22 mg (storage organ)'1 %
Nitrogen content of storage organ 2 1.4 % 2. _
=)
 Ineractve Discussion
QO
3
~
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Table 2. Meteorological data used to drive the models.

Variable Name Resolution Time step Time domain Reference

Precipitation TRMM 3B42v7  0.25° x 0.25° 3 hourly 2000-2008 Huffman and Bolvin (2013);
Zulkafli et al. (2013b)
MERRA GMAO® 0.50° x 0.67° 3 hourly 2000-2008 GMAO (2004)

Radiation, Surface temperature, NCEP® 1.00° x 1.00° 3 hourly 2000-2008 Sheffield et al. (2006)
Surface pressure, Specific humid- MERRA GMAO  0.50° x 0.67° 3 hourly 2000-2008 GMAO (2004)
ity, Wind speed

2 The reanalysis data from NASA’s Global Modeling and Assimilation Office (MERRA GMAO, GEOS-5)was used for the development of the MODIS ET dataset
(Mu et al., 2011) and was chosen in our study to facilitate ET comparison between our models and the MODIS ET product.

° The post-processed product developed by Sheffield et al. (2006) is the first generation NCEP (US National Center of Environmental Predictions, Kalnay et al.,
1996) climate reanalysis product merged with ground truth data.
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Figure 1. Right side: location map of the study area in north India. Left side: Digital Elevation
Model (DEM) of the UG basin showing the ranges of the elevations (m altitude) and the river

network.
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Figure 2. Land cover map for year 2010, as developed by Tsarouchi et al. (2014).
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Figure 3. Flow chart of the coupling system.
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Figure 4. Top: the MODIS LAl is compared with the JULES-Info (forced by the two different
meteorological datasets) modelled LAl. JULES-base was run with its default LAl value set to
2 for crops. Bottom: performance scores JULES-Info with TRMM and GMAO forcing datasets.
The results show that the modelled LAl matches the observed MODIS LAI well. The two peaks
per year represent the two cropping seasons as specified by the crop calendar.
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Figure 5. Comparison between MODIS ET and simulated ET by the two models: JULES
and JULES-Info. The top figures are with GMAO forcing data and the bottom ones with TRMM

and NCEP forcing data. The right-hand plots show the mean seasonal cycle of Evapotranspi-

ration (mmm™") for each of the models, showing the mean bias per month.
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Figure 6. Performance scores of the two models (JULES-base and JULES-Info) in comparison
with MODIS ET. The top figure is with GMAO forcing data and the bottom one with TRMM and

NCEP forcing data.
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Figure 7. Comparison of the mean annual ET within our study area, as derived from JULES-
base, JULES-Info and MODIS. JULES-base is constantly overestimating the mean annual ET
when compared to MODIS. JULES-Info is matching better the mean annual ET with the MODIS
product.
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Figure 9. Mean error showing the discrepancy between both versions of JULES and MODIS
ET. In all cases JULES-Info achieves lower mean error values than JULES-base does. The
largest improvement is observed in the JULES-Info dry periods where the model is no longer

constantly overestimating evapotranspiration.
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Figure 10. Top: comparison of the modelled ET with the LandFlux-EVAL product. The shaded
area corresponds to the values between the 25th and 75th percentiles of the distribution. Bot-
tom left: performance scores of the two models (JULES-base and JULES-Info) in comparison
with LandFlux-EVAL ET. Bottom right: results and performance scores only for wet (June—
September) period.
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