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Abstract

This thesis investigates the impact of a phenology model on conceptual hydrologic model. In
conventional conceptual hydrologic models the evapotranspiration is partitioned into evapo-
ration and transpiration by a combination of the potential evaporation and the availability of
water. This way the seasonal differences in vegetation dynamics are not taken into account.
These vegetation dynamics represent the presence of transpiring leaves in summer, changing
to an almost complete absence of transpiration in winter for some vegetation types. Including
information on these vegetation dynamics could potentially improve the way streamflow and
evaporation is modelled by conceptual hydrologic models.

To investigate the impact of a phenology model on conceptual hydrologic models the FLEX-
model is adjusted with a phenology model based on the 'K.-ET,’ approach of the Food and
Agricultural Organisation (FAQO) of the UN. With the conventional FLEX-model and the FAO-
adjusted FLEX-model, 28 catchments from the USA are simulated in terms of streamflow and
transpiration. The 28 catchments differ in terms dominant vegetation type and climate indices.
The conventional model and the adjusted model are calibrated with streamflow observations
and transpiration data from NASA Global Land Data Assimilation System (GLDAS) both sep-
arately and together. The conventional FLEX-model and the FAO-adjusted FLEX-model are
compared to each other in order to determine under what climate conditions and for which veg-
etation types the phenology adjustment improves the performance of the model in terms of the
ability to simulate streamflow and transpiration and the predictive capacity of the model.

The streamflow simulation of the FLEX-model does not improve by the FAO-adjustment. The
FAO adjustment does cause an improvement in the mean seasonal sum of the discharge in
the spring months, which is structurally underestimated by the conventional model due to an
overestimation in spring of the transpiration caused by the lack of information on vegetation
dynamics. However the transpiration simulation of the FLEX-model does improve drastically
by the FAO-adjustment. The large overestimation of the transpiration in early spring by the
conventional FLEX-model is solved by the FAO-adjustment, improving the NS- and NSlog-
efficiencies for all catchments, regardless of their vegetation type of climate conditions.
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Introduction

Fresh water is one of the most important natural resources of the earth and therefore hydrology
is a very important field of study. It describes the never-ending transport of water from the
atmosphere to the earth’s surface and back to the atmosphere again. This hydrologic cycle
is a very complex system. The water is present in the system in various forms, such as snow,
evaporation and liquid water and on top of that, there are a lot of different ways of water storage,
such as rivers, groundwater, the atmosphere and the interception zone.

This hydrologic cycle is too complex to be modelled completely accurately. However, there
is a variety of ways to model the hydrological cycle so that a meaningful understanding of
what is happening in terms of water transport and storage is given. In the field of hydrologic
models, you could identify two competing philosophies of most process-based models. On the
one side of the spectrum, there is the description of the small-scale processes which are then
integrated numerically into the catchment scale, and on the other side of the spectrum, the
system can be represented in a spatially lumped model (Hrachowitz and Clark 2017).

One of these ways of hydrological modelling more on the spatially lumped side of the earlier
mentioned spectrum is the conceptual hydrological model. A conceptual hydrologic model
describes the main hydrologic processes with simple mathematical equations. The main hy-
drological processes may include processes such as evapotranspiration, surface storage, per-
colation, snowmelt, baseflow, and runoff, depending on the modeller’s choice (Aghakouchak
and Habib 2010). Itis a more simple way of modelling compared to the more physically based
models from a mathematical perspective. Conceptual models can be implemented as lumped,
where the forcing data and the hydrologic response is representing the whole catchment or as
(semi-)distributed, where the catchment is gridded or subdivided into multiple land cover or to-
pography categories for example (Kumar, Samaniego, and Emad 2010)(Gao et al. 2014)(Feni-
cia et al. 2016).

A conceptual hydrologic model can be very useful for multiple reasons. The model can de-
scribe the hydrological processes that are present in the catchment of interest. This can give
a better understanding of what is happening in the catchment in terms of water fluxes and
storage in a mathematical way. On top of that, the model can be used for predicting the
system. Floods, droughts, groundwater recharge and land-atmosphere exchange can be pre-
dicted with a hydrologic model which can be of great importance in the field of water resource
planning, flood defence and water management strategies (Hrachowitz and Clark 2017). Also,
the model can be used for testing certain changes in the system. The model can for example
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show the impact of certain human activity in the catchment on the hydrological cycle. All these
applications show the importance of well-performing hydrologic models.

Terrestrial evapotranspiration is a large part of the water cycle. Around 60% of all precipitation
on land returns to the atmosphere through terrestrial evapotranspiration (Taikan and Shinjiro
2006). Evapotranspiration is the sum of the evaporation and the transpiration, which is the
water produced by vegetation through photosynthesis. The vegetation that is present in a
catchment has a large impact on the evapotranspiration. The ratio of transpiration to total
terrestrial evapotranspiration is estimated to be between 61% and 77%, according to (Good,
Noone, and Bowen 2015). However, the uncertainty on this ratio is large, since it is also de-
pending on the physiology and structures of the vegetation (Pan et al. 2020). This means that
the accurate partitioning of transpiration and other evaporation is a complex problem and that
there is a lot of improvement in the hydrologic models that are representing these processes
to be made. The conventional conceptual hydrologic models use in most cases a fixed parti-
tioning of evaporation and transpiration. This way of modelling does not include the seasonal
changes of the vegetation that influence the amount of transpiration that occurs.

There are many approaches present in the current literature on how to model the partitioning
of evaporation and transpiration. Examples of this are Shuttleworth—Wallace, ENWATBAL,
Cupid-DPEVAP, SWEAT, TSEB, FAO dual Kc model and HYDRUS-1D (Kool et al. 2014).
However, the combination of a conceptual hydrological model and a sophisticated integra-
tion of the partitioning of evaporation and transpiration has not been sufficiently investigated.
In the research of Okay Mert, three methods have been developed to establish the mentioned
combination (Mert 2021). A method based on the FAO dual Kc model mentioned before, a
method based on the research of Jarvis, which uses a relation between temperature and tran-
spiration (Jarvis and Mcnaughton 1986), and finally a combination of the two methods. The
methods were combined with the GR4J model and the FLEX model, both simple lumped con-
ceptual hydrologic models. The models were tested on two catchments and the performance
of the conventional models was compared with the models that had the adjustment for the
partitioning of evaporation and transpiration.

1.1. Problem statement

Conceptual hydrologic models give a greatly simplified representation of the hydrologic system
and the models often make a lot of assumptions. One of these assumptions regards the
partitioning of evapotranspiration into interception evaporation (E;) and transpiration (E;). The
models assume a constant ratio between these two fluxes throughout the year and with this
assumption disregard the impact of seasonal changes on the vegetation. This could lead
to larger uncertainties in the simulations and predictions of the water fluxes in hydrological
systems. As mentioned before there are a few methods developed in the research of Okay
Mert. Although the first results of testing this principle turned out to be promising, it does not
fully answer questions on how well this principle works and under what conditions in terms
of vegetation and climate conditions the adjustment can have a positive impact on the model
performance and in which part of the performance.

1.2. Research objective

In this thesis we used information about plant phenology to modify a simple lumped concep-
tual hydrological model. This modification is based on the FAO dual Kc model and will be
implemented in the conventional lumped FLEX model. Both the conventional model and the
adjusted model are tested in a large set of catchments with different climate conditions and
vegetation types. We calibrated the model on streamflow and transpiration separately and
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a combination of the two. After this, We compared the performance of the conventional and
adjusted model regarding predictive capacity and the general ability of the model to simulate
streamflow and transpiration correctly. The main research question that will be answered in
this thesis is:

Under what climate and land cover conditions can a phenology adjustment improve the per-
formance of a conceptual hydrologic model?

Where the performance of a conceptual model is subdivided into two parts:

1. The general modelling of hydrological processes such as evapotranspiration and stream-
flow in a catchment

2. The predictive capacity of the model

1.3. Relevance

The first part of the performance of a conceptual hydrologic model is important because it gives
a better understanding of the hydrological processes in a catchment. If the streamflow in a
catchment is modelled properly, but the evaporation and transpiration is deviating a lot from the
data, the model does not give a full understanding of what is happening in the catchment. The
second part is important because this enables people to better anticipate problems regarding
floods, droughts and other water resource planning issues. What follows from this, is that this
research will give a better foundation in determining whether this way of modelling is suitable
for a certain set of circumstances and catchment properties.



Methodology

This chapter describes the experimental set-up and the model which we used to answer the
research question. First, We explain the study area from which catchments are used for the
analysis. Why we will clarify why we chose this area and what strategy we used to select a set
of catchments. This will give an idea of where the FAO model adjustment this research tests
gives an improvement in the model performance. After that, we will elucidate the data that will
be used in the model. This data contains the forcing data that drives the model, the streamflow
and transpiration data that is used for calibrating the model and evaluating its performance and
finally, the Leaf Area Index (LAI) data which is used in the integration of vegetation phenology
information in the FAO model adjustment. Also, we will describe the model setup itself, which
conceptual hydrologic model we chose and why, and how this model works both with the FAO
model adjustment and in its conventional setup.

2.1. Study area

This study extracted catchment from the CAMELS database of the United States of America
(Newman et al. 2014). This is one of the most well-known databases with daily time series
of meteorological forcing data and streamflow. The data set contains 671 catchments in the
contiguous United States (CONUS) minimally impacted by human activities. The catchments
are small to medium-sized with a median basin size of 336 km?2. The meteorological forcing
data are the daily time series from gridded meteorological data sets (Daymet, Maurer and
NLDAS). We chose the CAMELS data set because in the USA there is a wide range of dif-
ferent vegetation types and climate conditions over the country. The CAMELS dataset also
provides a simulation with the coupled Snow-17 and SAC-SMA system, which is a conceptual
air-temperature-index-based snow accumulation and ablation model (Anderson 1973). This
can provide an indication or benchmark for model performance and gives attributes of the
catchments, which helps in the catchment selection.

2.1.1. Catchment selection
Out of the CAMELS dataset, we selected 28 catchments. In this part, the different criteria that
we used in the selection procedure will be presented.

First of all, we selected catchments with four different dominant land cover types: deciduous
broadleaf forest, evergreen needleleaf forest, grassland and mixed forest. The expectations
for these land cover types in terms of the impact of phenology on the hydrological processes
go from large for deciduous broadleaf forest to small for evergreen needleleaf forest, with
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grassland and mixed forest in between. This is because deciduous broadleaf forest loses
their leaves in fall which would eliminate the transpiration during fall and winter and this is not
the case for evergreen needleleaf forest and grassland. The catchments are selected to have
a dominant land cover fraction of at least 0.85, to ensure the impact of the vegetation type is
significant.

In terms of the size of the catchments, we selected relatively small catchments with sizes
not larger than 130 km?. Smaller catchments are in general more homogeneous in there
terms of their meteorological forcing data, so the uncertainty induced by using a lumped model
becomes smaller.

Another requirement we considered is the difference in LAl and the green vegetation fraction
(GVF) throughout the year. the GVF is the fraction of ground covered by green vegetation
(Newman et al. 2014). The difference in LAl and GVF throughout the year refers to the differ-
ence between the maximum and minimum monthly LAl and GVF. The CAMELS dataset uses
a 1 km Moderate Resolution Imaging Spectroradiometer (MODIS) data product which gives
monthly values between 2002 and 2014 (Newman et al. 2014). One of these products is the
maximum difference in LAI. Large values indicate a large difference in transpiration through-
out the year and therefore potentially a large impact of the model adjustment this research is
testing. For all four different dominant land cover types, we selected catchments that have a
variable difference in LAl when the LAl in summer is compared to the LAl in winter. This way
we can show the impact of vegetation phenology on the performance of both the conventional
model and the FAO-adjusted model.

Finally, we selected catchments based on climatic indices: both aridity and seasonality. Aridity
is the ratio between the annual potential evaporation and precipitation and is described by
Equation 2.1 (Budyko, Miller, and Miller 1974).

. E,
Aridity = > (2.1)
Seasonality of precipitation describes to what extent the precipitation is spread over the year.
For this research, we used the seasonality from the CAMELS dataset, which is described
in (Woods 2009). A seasonality close to zero indicates uniform precipitation throughout the
year. Positive values indicate precipitation peaks in summer and negative values indicate
precipitation peaks in winter.

Because the system input in terms of water is determined by the rainfall, it is interesting to see
what changes in the quantity and timing of this input do with the system. Aridity indicates the
quantity of the rainfall input and seasonality links to the timing of the rainfall. When the timing
of rainfall is matching the periods with high temperatures the amount of transpiration could be
boosted, which could lead to a larger impact by the FAO model adjustment. To be able to show
the impact of these indices on the model performance, we chose catchments with deciduous
broadleaf forest as their dominant land cover type with both relatively low values and relatively
high values for both aridity and seasonality.

An overview of the selected catchments is given in Table 2.1 and Figures 2.1 and 2.2.
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Figure 2.1: Catchment locations with the catchment name. The colors show the dominant vegetation type in the
catchments
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Figure 2.2: Locations of the selected catchments with their climate indices. Figure a shows the green vegetation
fraction, Figure b shows the leaf area index, Figure ¢ shows the aridity and Figure d shows the seasonality of the
catchments.
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LAI GVF Dom. land

Catchment Gauge ID Max LAl Max GVF Dom. land cover Seasonality Aridity Area (km2)
difference difference cover frac.

C1 03076600 4,12 3,55 0,83 0,47 1,00 Deciduous Broadleaf Forest 0,07 0,67 127,40
C2 03455500 4,43 3,76 0,86 0,43 0,67 Deciduous Broadleaf Forest 0,06 0,59 72,95
C3 01596500 4,47 3,91 0,85 0,48 1,00 Deciduous Broadleaf Forest 0,10 0,74 124,65
C4 01542810 5,27 4,74 0,90 0,55 1,00 Deciduous Broadleaf Forest 0,18 0,66 13,62
C5 01195100 5,47 4,83 0,91 0,50 0,98 Deciduous Broadleaf Forest 0,00 0,64 14,84
Cc6 01613050 4,19 3,67 0,83 0,47 0,80 Deciduous Broadleaf Forest 0,12 0,79 27,90
c7 03384450 5,04 4,45 0,88 0,48 0,81 Deciduous Broadleaf Forest  -0,07 0,74 111,13
Cc8 12447390 1,20 0,79 0,49 0,18 0,86 Evergreen Needleleaf Forest -0,60 0,86 58,10
C9 14138900 4,85 3,02 0,91 0,19 1,00 Evergreen Needleleaf Forest -0,79 0,24 21,68
C10 10343500 2,07 0,96 0,67 0,16 1,00 Evergreen Needleleaf Forest -1,13 1,10 27,60
[ox k| 06408700 2,65 1,65 0,74 0,21 1,00 Evergreen Needleleaf Forest 0,49 1,28 20,80
c12 12374250 2,88 1,93 0,76 0,20 0,99 Evergreen Needleleaf Forest -0,24 1,07 50,79
C13 14141500 4,22 2,55 0,87 0,17 0,98 Evergreen Needleleaf Forest -0,77 0,29 59,87
C14 12178100 2,84 2,12 0,72 0,30 0,88 Evergreen Needleleaf Forest -0,74 0,33 69,68
C15 07083000 0,79 0,53 0,33 0,15 1,00 Grasslands -0,17 1,36 60,76
Cc16 06879650 2,35 2,08 0,70 0,52 1,00 Grasslands 0,67 1,01 11,51
c17 10244950 0,76 0,44 0,33 0,11 1,00 Grasslands -0,34 2,61 28,20
Cc18 08050800 1,89 1,50 0,61 0,31 1,00 Grasslands 0,08 1,11 100,93
Cc19 06278300 0,87 0,64 0,38 0,19 1,00 Grasslands 0,04 1,32 58,85
C20 10316500 0,99 0,80 0,39 0,24 1,00 Grasslands -0,55 1,55 64,78
C21 09066200 1,61 1,22 0,53 0,26 0,99 Grasslands -0,29 1,40 16,10
C22 07373000 4,72 3,09 0,85 0,19 1,00 Mixed Forests -0,20 0,80 131,18
C23 01411300 5,35 4,57 0,89 0,44 0,92 Mixed Forests 0,05 0,80 79,32
C24 12073500 3,87 2,44 0,86 0,18 0,94 Mixed Forests -0,85 0,71 15,67
C25 01162500 5,40 4,15 0,88 0,33 1,00 Mixed Forests 0,05 0,60 49,71
C26 02143040 5,16 4,25 0,89 0,39 1,00 Mixed Forests 0,01 0,69 66,48
c27 07362587 5,31 3,96 0,87 0,29 1,00 Mixed Forests -0,07 0,75 69,77
Cc28 01170100 5,38 4,62 0,90 0,46 0,86 Mixed Forests 0,07 0,58 106,99

Table 2.1: Overview of the catchments with their properties

2.2. Data

2.2.1. CAMELS dataset

Forcing data

The CAMELS database contains an extension to the daily meteorological forcing from three
data sets: Daymet (Thornton et al. 2014), Maurer (Livneh et al. 2013), and NLDAS (Xia et al.
2012). For this research, we used the forcing data from Daymet. We used This dataset also
for the calculation of the climate indices the database provides. The Daymet forcing data con-
tains precipitation, shortwave radiation, maximum air temperature, minimum air temperature
and water vapor pressure. The precipitation goes directly into the model. We used the max-
imum and minimum air temperature to calculate the mean temperature, which goes directly
into the model. All data has a spatial resolution of 1 km by 1 km and is averaged over the area
of the catchment, making it suitable for a lumped model.

Potential evaporation

Finally, we used the shortwave radiation and water vapor pressure together with temperature
data to calculate the potential evaporation. This is done using the Priestley-Taylor formulation
presented in Equation 2.2, calibrated for each catchment separately. This is a method related
to the Penman-Monteith equation, with the adjustment that it needs less observational data,
which is compensated with a coefficient («) which is found through calibration. The Priestley-
Taylor formulation used is:

A(R, — G)
o
pw * A* (A4 7)

Where E, is the potential evaporation; A (kPa -C™!) is the slope of the saturation vapor
pressure-temperature relationship; R,, (MJ m™2 day™' ) is the net radiation which is estimated
with the day of the year, the Daymet variables and some equations from the FAO report (Allen
etal. 1998). G (MJ m~2 day™') is the soil heat flux (assumed to be zero in this case), p,, is the
density of water (kg/m?), X is Volumetric latent heat of vaporization which is 2453 MJ m=3. v

E, = (2.2)
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(kPa -C™1!) is the psychrometric constant and « (-) is the P-T coefficient, which is calibrated.
The value for o will be high for catchments with more arid climate conditions and low for catch-
ments with more humid climate conditions.

Streamflow

The daily streamflow measurements are retrieved from the United States Geological Survey
(USGS). The USGS developed and maintains a database with over 9000 stream gages called
Geospatial Attributes of Gages for Evaluating Streamflow (GAGES-II). The streamflow data
has a temporal resolution of one day. (Newman et al. 2015)

2.2.2. Transpiration

To be able to evaluate the partitioning of transpiration and evaporation by the model, tran-
spiration data is needed. In this study we retrieved this data from The NASA Global Land
Data Assimilation System (GLDAS). System version 2 has two components: GLDAS-2.0 and
GLDAS-2.1. The difference between these two components is that GLDAS-2.0 is forced with
only meteorological forcing input data and GLDAS-2.1 is forced with a combination of both
model and observation data (Rui and Beaudoing 2021). GLDAS-2.1 is forced with Global Data
Assimilation System atmospheric analysis fields (GDAS) (Derber, Parrish, and Lord 1991), the
disaggregated Global Precipitation Climatology Project (GPCP) V1.3 Daily Analysis precipita-
tion fields (Adler et al. 2003), and the Air Force Weather Agency’s AGRicultural METeorological
modeling system (AGRMET) radiation fields. This dataset produces land surface states and
fluxes at different spatial and temporal resolutions, ranging from 0.25° to 1.0° and 3 hourly to
monthly data (Rodell et al. 2004)(Rui and Beaudoing 2021). From the two components we
chose to use GLDAS-2.1 for the transpiration data in this study, because this in this dataset the
more advanced modelling strategy is used. The GLDAS-2.1 provides a whole list of modeled
fluxes from radiation and heat fluxes to water fluxes. In this study we used the transpiration
data of GLDAS-2.1 from the Noah land surface model, which is provided in W/m? at a spa-
tial resolution of 0.25°. We then averaged the GLDAS-2.1 transpiration over the area of the
catchments and transformed the data to mm/day with a conversion of 1 W/m? = 0.0353 mm/-
day (Allen et al. 1998). The temporal resolution of 3 hours, is averaged to a daily resolution
before going into the model. The Noah Land Surface Model uses a Jarvis scheme(Jarvis and
Mcnaughton 1986) or Ball-Berry scheme(Ball, Woodrow, and Berry 1987) to calculate tran-
spiration. This method also uses LAI data as input (Niu et al. 2011). Because there is no
observational data on transpiration available, and the transpiration product of for example the
Noah Land Surface Model is the best option around, we justified the choice to use this data in
the calibration of the model.

2.2.3. Leaf area index

The LAl variable indicates the number of equivalent leave layers per unit of ground area. We
retrieved the LAl in this study from the MODIS sensors of the Terra and Aqua satellites of NASA
referred to as MCD15A3H. The level-4 MODIS product provides data for LAl and Photosyn-
thetically Active Radiation (FPAR) in combination with a look-up table. The MODIS algorithm
uses as input the spectral information of the MODIS red (648 nm) and near-infrared (NIR,858
nm) with their uncertainties in combination with the vegetation structural type and sun-sensor
geometry. For each pixel modeled and observed bidirectional reflectance factors (BRFs) are
compared for a given set of conditions that are expected of a given biome type(Ranga Myneni
2015). For a more detailed description of the MODIS data, the research of Ranga Myenini
(2015) can consulted.
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This is a remote sensing product with a spatial resolution of 500 m and a temporal resolution of
4 days(Ranga Myneni 2015). As with the other data the LAl is averaged over the whole area
of all the catchments separately. As for the temporal resolution the LAl data is resampled to
three-week data. This is done because the data can be very noisy which makes it inconvenient
to determine the changes in seasons in a semi-automatic way.

2.3. Hydrologic model

In this study we aim at increasing the performance of a conceptual hydrologic model with a
phenology integration. A phenology integration means taking information about vegetation
phenology and deriving a partitioning of the evapotranspiration from this. For the conventional
hydrologic model we chose the lumped FLEX-model(FLEXC®) (Gao et al. 2014) and for the
phenology integration we chose a method based on the research of the Food and Agriculture
Organization (FAO) (Allen et al. 1998). This adjusted model will be referred to as (FLEX™A0),
In this part, we describe the conventional hydrologic model together with the method for phe-
nology integration and how the model is calibrated and evaluated.

2.3.1. FLEX-model

For testing the phenology integration we chose the lumped FLEX model. The Flex (Flux Ex-
change) hydrological model or (FLEXC) is a lumped conceptual model that consists of five
reservoirs that interact with each other. (FLEXC) is based on the HBV model, which is one
of the most widely used and successful conceptual hydrologic models in the field (Bergstrom
1992). We chose this model, because of its simple structure, which makes it easier to im-
plement the phenology integration and also emphasizes the adjustments more. A complex
model has more uncertainty in its structure and more elements that could be impacted by any
adjustments.

As mentioned before (FLEXC) is built out of five reservoirs: The interception reservoir (S;),
which represents the rainfall intercepted by the canopy, the snow reservoir (S,,), which is
used when temperatures are below a certain threshold to simulate snowfall, the unsaturated
soil reservoir (S,), which is the water stored in the unsaturated zone of the soil and runoff-
reservoirs representing the formation of runoff in both a slow reacting reservoir (Ss) and a
fast-reacting reservoir (Sy). An overview of the model structure is presented in Figure 2.3,
where all the buckets represent the reservoirs, the arrows represent the fluxes between the
reservoirs, and the red symbols represent the parameters that are calibrated in the model. The
model starts with the forcing data as input. This input is precipitation (P) and temperature (T")
data. All reservoirs will be enlightened in more depth in this chapter and the equations that
are used to generate the fluxes between the reservoirs will be explained. All equations are
retrieved from (Fenicia et al. 2006) and (Gao et al. 2014)
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Figure 2.3: Structure of (FLEX®) (Gao et al. 2014)

Interception reservoir

As mentioned before the input of the model consists of P and T. P is the water input that is
used to fill the reservoirs and T is the temperature used to determine the partitioning of the
precipitation in the interception reservoir and the snow reservoir. Where the threshold between
this partitioning is set, is determined by the threshold temperature (7;), which is calibrated in
the model. If the temperature is above T}, the precipitation is assumed to be rainfall (P,) and
will be used to fill S;. P, will fill .S; until the maximum interception storage ([,,..). When S;
is filled the water will leave S; as excess rainfall (P, f). This is represented in Equation 2.3.
The water will also leave the interception reservoir as interception evaporation (E;), which is
determined by the potential evaporation (£,) and the storage. This is done with Equation
2.4,

0; if Sz < Imaz
Ptf N { P if S; = Inmaa (23)
o Ep; if S; >0
E_{o; if S5 = 0 (2.4)

The water balance of S; is given by equation 2.5:

das;
dt

— P —E — Py (2.5)

Snow reservoir

If the temperature is below T}, the precipitation is assumed to be snowfall(P;) and will fill S,,,.
From S,, the water will leave the reservoir in the shape of snowmelt (M) in mm/day. This flux
is only induced when the temperature is above T; again. The quantity of the flux is determined
by Equation 2.6 with the temperature in combination with the degree day factor (Fpp). The
degree-day factor is defined as the amount of water that is melted per day and per Celsius
degree above T;. This value will be found by calibration.

M = Fpp(T —Ty) it T>T (2.6)
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The water balance of S,, is given by equation 2.7:

S,
=L =PM (2.7)

Unsaturated reservoir
S, is filled with the effective precipitation (F.), which is the combination of P,y and M, reduced
by the runoff coefficient (C;.). The runoff coefficient is determined by equation 2.8:

1

7Su
1+ exp (SuMgﬁé )

Where S, is the soil moisture content, S, /4. is the maximum soil moisture capacity in the root
zone and g is the parameter describing the spatial process heterogeneity in the catchment.
Parameter § is found through calibration. From S, water is going out through the transpiration
(Ey). £y is calculated with Equation 2.9, with the remainder of E, when E; is subtracted, and
a constraint of S,,, Sunme: and C. where C, indicates the fraction of S, /. above which the
actual evaporation is equal to potential evaporation.

Cr =

(2.8)

Su

E,=(E,—E)min (1, ——% 2.9

! ( P ) min ( Su]\/]axce> ( )

Another flow out of S, is the generated flow during rainfall events (R,). R, is determined by
P. and C,., with equation 2.10

R, = P.C, (2.10)

The water balance of the unsaturated reservoir is then given by equation 2.11

%:Peufce)fm (2.11)

Fast and slow reacting reservoir

From S, the runoff is generated which is stored in the surface runoff reservoirs. The surface
runoff reservoirs are divided into a fast-reacting reservoir (Sy) and a slow-reacting reservoir
(Ss) taking into account the reaction time of the system between the storm and peak flow. This
division is determined by the splitter functions in Equation 2.13, where R; is the flow into the
fast-response routine, R indicates the flow into the groundwater reservoir and D is a splitter to
separate recharge from preferential flow, which will be determined through calibration.

Ry =R,D (2.12)
R, =R,(1-D) (2.13)

How much of Sy and S, then can flow out to runoff is determined by K, which is the timescale
of the fast runoff, and K, which is the timescales of the slow runoff. Both will be determined
by calibration and then used in Equations 2.14 and 2.16 to calculate the fast runoff (Q)¢) and
the slow runoff (Q,), which added together is the total runoff (Q,,)

_ 5

Qs = %, (2.14)

Qs = 7— (2.15)
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QnL:Qf+Qs (216)

The water balances of both the fast-reacting reservoir and the slow-reacting reservoir are
presented in Equations 2.17 and 2.18

Sy
dss
g = s @s (2.18)

2.3.2. Phenology integration

In the FLEX model evapotranspiration is the function of potential evapotranspiration and water
availability in the soil. When the actual soil moisture content is too large, evapotranspiration
will be limited by the climate conditions represented by the potential evaporation. The other
way around, when the soil moisture becomes low, evapotranspiration will be limited by the
water supply. In Equation 2.9 is visible how this process works in (FLEXC). Also in other
conceptual hydrologic models, evapotranspiration is mostly calculated as a function of both
potential evaporation and soil moisture deficiency (Liu et al. 2017). Information about plant
phenology is missing in this method. Through calibration, this might be compensated partly,
so that the model at least still simulates the streamflow of the system properly, but the disad-
vantage is that the division between how much of the potential evapotranspiration is attributed
to E; and how much to FE; is simulated less accurately. This has the consequence that the
interaction between the buckets in the model is significantly different because E; is a flux out
of the interception reservoir and E; is a flux out of the unsaturated soil reservoir.

The method to integrate phenology into the FLEX-model is based on the research of the FAO
(Allen et al. 1998). In this research, guidelines are presented for reference and crop evapo-
transpiration determination through meteorological data and crop coefficients. To determine
the reference crop evaporation multiple methods are developed. One of these methods is
called the 'K.-ET,’ approach. In this approach, crop-evapotranspiration is determined by the
reference crop evapotranspiration and the crop coefficient (K.). K. is then used to find the
crop-evapotranspiration through Equation 2.19, where E'T.. is the crop-evapotranspiration and
ETy the reference crop-evapotranspiration.

ET, = K.« ET) (2.19)

According to (Allen et al. 1998) K. represents four different characteristics that influence the
relationship between actual and potential evapotranspiration of the crops:

» The crop height in relationship to the aerodynamic resistance
» Albedo of both the crops and the surface regarding the net-radiation
» The canopy resistance

» Evaporation from soil

K. can be found empirically through a look-up table after which a K.-curve can be constructed.
This is a curve that is divided into four crop development stages: the initial stage, the crop
development stage, the mid-season stage, and the late-season stage. For the initial stage
and the mid-season stage, the K, values are determined through a look-up table, where the
values are then adjusted to reflect the wetting frequency of soil surface and climate conditions.
An example of this curve is shown in Figure 2.4
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Figure 2.4: K. curve for different growing stages (Allen et al. 1998)

This approach is developed for crops with one growing season and not for vegetation like
forests. Also, this approach demands detailed information about the local circumstances re-
garding vegetation. Therefore, we used a variation of this approach to partition £, into evap-
oration and transpiration. The method consists of three steps.

First, we determined the timing of the development stages by the LAl curve. Because the LAl
gives direct information on the vegetation’s activity in terms of transpiration the LAl is suitable
for determining when the vegetation is starting to grow leaves and when the vegetation is
releasing the leaves. Also in the case of a type of vegetation that holds its leaves throughout
the year the amount of transpiration varies and with that the partitioning of the £,. When there
are sudden changes in the LAl curve, we interpreted that as a transition to a new development
phase and a timestamp is then made that can go into the model.

After that the K,-curve will be constructed by the FLEXFAO model, where K, is the vegetation
coefficient, which is equivalent to K. in the 'K.-ET,’ approach. However, the notation K, does
not imply that this is a crop coefficient, which is not the case in the catchments in this research.
To construct the K,-curve, the values for K, are determined by the FLEX™A© model. This
is done by calibrating the model on K, in the initial stage (K, ;,;) and K, in the mid-season
(K mia)- The K, ;n; will range between 0 and 0.5 and the K, ,,,;4 will range between 0.5 and 1.
Between these stages, K, will be linearly interpolated between K, ;,,; and K, ,,,;q and between
K, mia and K, ;n; of the next season leading to the construction of the K, curve.

Finally, the found K, curve can be used to partition £,,. This is done by modifying the partin the
conventional FLEX model that calculated the E; and E; in a way that includes the partitioning
of evaporation and transpiration by K,. This means that Equation 2.4 will become Equation
2.20, and Equation 2.9 will become Equation 2.21, where ¢ is time.

E; =

{ By (1= Ky(t);  ifS;>0 (2.20)

0; ifSZ':O
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2.3.3. Model calibration and evaluation

A conceptual hydrologic model is a combination between a data-driven model and a physically
based model, which means that in the formulations that describe the hydrologic processes, pa-
rameters are present that can not be measured by fieldwork realistically. To solve this problem
the model needs to be calibrated. By calibration values are found for the parameters that can
not be measured by fieldwork, that give the best performances of the model.

To calibrate the models we used a Monte Carlo sampling strategy. With this method, a set
of 250.000 simulations with parameter samples out of a uniform parameter distribution within
a certain range are carried out. These ranges are presented in Table 2.2. For every sim-
ulation, we determined the performance of that simulation over a calibration period of three
years between January 1, 2005, and December 31, 2008. Also, we used a spin-off period
between 1 and 1.5 years to fill the reservoirs. We determined The performance by simulating
the streamflow and the transpiration and comparing it to the observational streamflow data
from the CAMELS dataset and the GLDAS-2.1 transpiration data respectively with objective
functions. Two objective functions are selected for this research proposed by (Nash and Sut-
cliffe 1970), shown in Equation 2.22 and Equation 2.23, where @, ; is the simulated streamflow
and @, ; the observed streamflow from the CAMELS dataset, described in Chapter 2.2.1. The
Nash-Sutcliffe efficiency (NS) in Equation 2.22 puts more emphasis on how well the model
fits the data in the high flows and the logarithmic Nash-Sutcliffe efficiency (NSlog) in Equation
2.23 puts more emphasis on how well the model fits the data in the low flows.

S (Qui — Qo)?
S Qi — Q)

> i1 (l0g(Qsi) — 109(Qo))*
Z?:l (log(Qs,i) - lOg(Qo,i))2

Nons=1- (2.22)

NQ,NSlog =1- (223)

Both objective functions are also applied on the transpiration flux of the model, leading to
Equation 2.24 and Equation 2.25, where E, ,; is the simulated transpiration and E,,; the
transpiration data from the GLDAS-2.1 dataset described in Chapter 2.2.2.

zyzl(Et,s,i - Et,o,i)2
> i1 (Btsi — Eto)?

Ng,Ns=1-— (2.24)

S (log(Ets,i) — log(Ere))?
Z?:l(log(Et,s,i) - log(Et,a,i))Z

NE, Nsiog =1 — (2.25)

With these objective functions, the Euclidean distance can be calculated. The Euclidean dis-
tance combines multiple objective functions so that the best performing samples can be se-
lected considering multiple objective functions. We calibrated each catchment in three different
ways:

* Only on streamflow, using Equation 2.26.

» Only on transpiration, using Equation 2.27.
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» On streamflow and transpiration, using Equation 2.28.

Deq = \/ (1 = No,ns)?+ (1 — No,NSiog)? (2.26)

Do, = \/(1 = N, ws)? + (1= Ni vstog)? (2.27)

Deg.5 = \/(1 — Nons)? + (1= No.siog)® + (1 = Ni, ns)? + (1 = Ne, nsiog)?  (2.28)

For every calibration, we considered the 100 samples with the lowest value for D, to be the
best behavioral samples and we used them for evaluation from January 1, 2008, to December
31, 2011. This way the predictive capacity of the model can be evaluated. For all three ways
of calibration, we evaluated both simulated streamflow and simulated transpiration. This way
a broad overview of the impact of the FAO adjustment on the different hydrologic processes
can be presented.

Parameter Dimension Description Calibration range
Fpp L/T*Temp  Degree day factor (1,8)

T; Temp Threshold temperature for snow (-2.5,2.5)
Loz L maximum storage capacity of S; (0.1,5)
SuMaz L Maximum storage capacity of S, (50,1000)
C. - Coefficient for constraint on E, (0.25,1)
B - Coefficient of shape of C, (0.01,5)
D - Coefficient of partitioning of runoff (0,1)

Ky T Time scale for Q; (1,20)

K T Time scale for Q) (10,100)
Ky ini - vegetation coefficient in initial stage (0,0.5)
Ky mid - vegetation coefficient in mid-season stage (0.5,1)

Table 2.2: Calibrated parameter ranges



Results

In this chapter, the results are presented. First, we present the results of the analysis of the LAI
which we used for the determination of the growing stages of the vegetation. Then, we show
the results of the model simulations. This is to give an impression of how well the models work
and what the differences are between the different calibration strategies. After that, we give a
more detailed description of the model performances. These results are subdivided into the
three different calibration strategies described in Chapter 2.3.3. For every calibration strategy,
the results are subdivided into the results for the streamflow and the transpiration. For both
the streamflow and the transpiration, we then present the conventional FLEX model (FLEX®)
and the FLEX model with the FAO adjustment (FLEXA9) for comparison.

3.1. Determination growing stages

The growing stages are determined with the MODIS-derived Leaf Area Index. In Figure 3.1, the
LAl curve is presented for one catchment for every vegetation type. This way an indication is
given about the seasonal variation of the LAl in catchments with different vegetation types. The
green line shows the average LAl in the catchment and the purple dots show the boundaries
between the different growing stages, which are used in the model. The other LAI curves with
the timestamps for the growing stages can be found in Appendix A.

16
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Figure 3.1: Leaf Area Index (LAI) for four catchments. The purple dots indicate the transition of the vegetation’s
development stages. The periods between the top purple dots indicate the dormant seasons. The periods
between the bottom purple dots indicate the peak seasons.

To give an indication of what dates can be used as boundaries for the different growing stages
when no LAl data is present a range of the dates is shown in Table 3.1. For every dominant
vegetation type the table shows a range of the dates that we used in this research as bound-
aries for the different growing stages.

Growing stage Deciduous broadleaf forest Evergreen needleleaf forest Grassland Mixed forest

1 Feb 3rd - May 13th Feb 15th - May 30th Mar 1st - Jun 18th  Feb 16th - Apr 26th

2 May 19th - Jul 16th Jun 19th - Jul 18th Apr 23th - Jul 18th  Apr 22th - Jun 27th

3 Aug 26th - Oct 16th Aug 7th - Oct 24th Aug 4th - Oct 10th  Aug 23th - Oct 23th
4 Nov 8th - Dec 22th Nov 3th - Dec 23th Oct 29th - Dec 18th  Nov 10th - Dec 26th

Table 3.1: Date ranges for the start of the four growing stages for catchments with deciduous broadleaf forest,
evergreen needleleaf forest, grassland, and mixed forest respectively.

3.2. Model simulations

In this chapter we will show the streamflow and transpiration simulations of four catchments out
of the whole batch of catchments. Not all catchments will be enlightened in detail, because of
the large amount of catchment we examined in this research. Instead for all four different land
cover types that were taken into account in this thesis, we selected one catchment and present
them in this chapter. We did this to show some of the patterns that can be recognised in the
simulations. We will not go into detail about all the specific particularities of the streamflow
and transpiration simulations for all catchments individually, because the scope of this thesis
is more focused on the performance of the models on a broader scale. All the streamflow and
transpiration simulations of the catchments individually can be found in Appendix B and C if
the reader is interested.
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3.2.1. Streamflow

Some of the simulations of the streamflow of FLEX® and FLEXFAC are presented in the Figures
3.2 - 3.5. For every vegetation type one catchment is presented in this subsection. The
streamflow simulations of the other catchments can be found in Appendix B. Every catchment
simulation in the figures consists of three parts. The top graph shows the simulated streamflow
and the observed streamflow for the whole simulation, and the bottom two parts show the
simulated streamflow and the observed streamflow for the first year of the calibration period
and the first year of the evaluation period. The colors in the figure indicate which calibration
strategy was used, and the linestyles indicate whether FLEX® or FLEX™A9 was used for the
simulation. A pattern that comes back in most simulations regardless of their landcover type
is that the models that used only streamflow data and the models that used both streamflow
data and transpiration data for calibration, which are represented by the red and green lines,
show a reasonably good correlation with the observed streamflow data. The models that used
only transpiration data for calibration, which is represented by the blue line, show little or very
little correlation with the observed streamflow data. For the catchment shown in this chapter
the things that stand out besides the characteristics mentioned above will be laid out. The
catchments give typical responses in comparison to the whole batch of catchments.

In Figure 3.2 the streamflow simulation of catchment C5 is visible. The landcover in this catch-
ment is dominated by deciduous broadleaf forest. The baseflow is matched closely throughout
the whole simulation both for the calibration period and the evaluation period and the peak-
flows are matched occasionally. From this graph not a clear distinction between the models
calibrated on streamflow and the models calibrated on streamflow and transpiration can be
seen.

Catchment 01195100 - Streamflow Simulation
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Figure 3.2: Catchment C5 streamflow simulation. Landcover dominated by deciduous broadleaf forest

In Figure 3.3 the streamflow of catchment C9 is presented. The landcover in this catchment
is dominated by evergreen needleleaf forest. In the figure it is visible that similar to catchment
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C5in Figure 3.2 that the models calibrated on only transpiration give relatively poor streamflow
responses compared to the observed streamflow. The baseflow is modelled reasonably well,
but the response in the peakflow is not sufficient. The models that calibrated on streamflow or
streamflow and transpiration are both performing better, however the models that calibrated
on both streamflow and transpiration still miss some of the peaks in their response.

Catchment 14138900 - Streamflow Simulation
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Figure 3.3: Catchment C9 streamflow simulation. Landcover dominated by evergreen needleleaf forest

In Figure 3.4 the streamflow simulation of catchment C21 is visible, which has a dominant land-
cover of grassland. In this catchment the river has a clear seasonal pattern with a peakflow in
late spring or early summer. What stands out in this simulation is that the FLEXC calibrated
on transpiration is underestimating in the peakflows and the FLEXFAC calibrated on transpira-
tion is overestimating in the spring. FLEXC calibrated on streamflow and transpiration gives
a good simulation of the peakflows, but FLEX™AO calibrated on streamflow and transpiration
underestimates the peakflows similarly to FLEX™AC calibrated on transpiration.
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Catchment 09066200 - Streamflow Simulation
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Figure 3.4: Catchment C21 streamflow simulation. Landcover dominated by grassland

Catchment 25 is dominated by mixed forest. The streamflow simulation is presented in Figure
3.5. Different from the catchments earlier shown in this chapter the FLEX™C calibrated on
transpiration already shows better responses to the peakflows, even though no streamflow
observations were used for calibration. If this is also the case for other catchments with mixed
forests will be shown in Chapter 3.4.
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Figure 3.5: Catchment C25 streamflow simulation. Landcover dominated by mixed forest

3.2.2. Transpiration

We also evaluated the transpiration simulations in this study. The results of the transpiration
simulations give a more consistent image of the impact of different calibration strategies and
the FAO adjustment. The transpiration simulations of the same four catchments as in Chapter
3.2.1 are presented in Figures 3.6, 3.7, 3.8 and 3.9. The results are resampled to a 7 day
mean so that the seasonal pattern becomes more clear and the results are less 'noisy’. The
transpiration simulations of the other catchments are presented in Appendix C. In the figures
the GLDAS21 transpiration data is presented by the black line. The red lines represent the
FLEX® models where the linestyles distinguish between different calibration strategies. The
blue lines show the FLEXFAC models also with different linestyles for the three calibration
strategies. These colors show that for all three calibration strategies the FLEXFA° models
present a much better simulation of the transpiration. Especially in the winter and early spring,
when the transpiration is increasing mostly due the growing potential evaporation in this period,
the FLEXC models overestimate the transpiration. What also can be noticed in the figures is
that FLEXC calibrated on streamflow gives a transpiration that drops to zero occasionally in the
summer months, when the GLDAS21 transpiration is peaking. However the FLEX™A© models
have this behaviour to a much lesser extend, and follow the GLDAS21 data more accurately,
even though this data was not used in the calibration.

P [mm/day]

Plmm/day]

Observed Precipitation
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Figure 3.6: Catchment C2 transpiration simulation. Landcover dominated by deciduous broadleaf forest
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Figure 3.7: Catchment C9 transpiration simulation. Landcover dominated by evergreen needleleaf forest
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Catchment 09066200 - Transpiration simulation (7 day mean)
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Figure 3.8: Catchment C9 transpiration simulation. Landcover dominated by grassland

Catchment 01162500 - Transpiration simulation (7 day mean)

r
= =
! g
£
E® E
i o
1
o T
2004
First Year of calibration Period 0 First Year of evaluation period 0
b M el | TH AT WY T 1 ¥ L BN AR M i i e v L k' L b LI
5 LU L ! 5] L I LA ‘" T
7] I 100 7] I 100
i
61 I." k200 61 k200
= = = =
m 5 = @ 5 =
3 laon 8 = b 300 8
E 300 T E 300 g
EH] E EH E
= Fao0 & & 5| 400 &
2 A \ 2 -
¥ X I 500 ik I 500
s i v
19 ey - 11 Vi v -
T I 600 ot N ! A I 800
R e L — e P I /A L . R
2005-01  2005-03 200505  2005-07  2005-09  2005-11  2006-01 2008-01  2008-03  2008-05  2008-07  2008-09  2008-11  2009-01
=== FLEX® calibrated on streamflow ..o FLEX" calibrated on transpiration —-~ FLEX® calibrated on streamflow and transpiration = GLDAS21 Transpiration
=== FLEX™° calibrated on streamflow ... FLEX™9 calibrated on transpiration ~ —-- FLEX™? calibrated on streamflow and transpiration — Opserved Precipitation

Figure 3.9: Catchment C9 transpiration simulation. Landcover dominated by mixed forest

3.3. Model performance when calibrated on streamflow

In this research we used three different calibration strategies. FLEXC and FLEXFAC have
been calibrated on streamflow, on transpiration and on both streamflow and transpiration sep-
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arately. In this subsection the results are presented for FLEX® and FLEXFAC that have been
calibrated on streamflow only. The results are separated into the streamflow simulation and
the transpiration simulation. First the performance of the models is shown for the streamflow
simulations of all catchments and then the performance of the transpiration simulations of all
catchments.

3.3.1. Streamflow

The Nash-Sutcliffe (NS) efficiencies and logarithmic Nash-Sutcliffe (NSlog) efficiencies of the
streamflow simulations of FLEX® and FLEX™AO calibrated on streamflow only are presented
in the boxplots in Figure 3.10. The performance of the model is shown in terms of the ability to
simulate both low flows and high flows, and on the ability to predict future fluxes in the model.
The NS-efficiency emphasizes more on high flows and the NSlog-efficiency emphasizes more
on low flows, and the ability to predict future fluxes in the model is presented by showing the
objective functions for the calibration period and the evaluation period separately. In accor-
dance with this, Figure 3.10 shows four graphs. The top figure shows the NS-efficiency in the
calibration period. The second graph shows the NS-efficiency in the evaluation period. The
third figure shows the NSlog-efficiency in the calibration period and finally the bottom figure
shows the NSlog-efficiency in the evaluation period. For all catchment, which are shown by
the x-axes, FLEXC and FLEXFAC are presented next to each other. The colors indicate the
dominant vegetation type in the catchments.

Figure 3.10 shows that for most catchments the performance of the models is reasonably
good. The y-axes only show the boxplots with a objective function above -0.4. We did this
to put more emphasis on the well performing catchments, with the disadvantage that some
of the catchment with very low scores are ignored. Catchments score low on some or all
parts of the performance and are therefore ignored are C11, C12 and C17. Furthermore the
graphs show that for all catchments the NSlog-efficiency is very similar or higher than the NS-
efficiency, which means both FLEX® and FLEXFAC are most times better in simulating the low
flows than the high flows. Also most catchments show similar values for the objective functions
in the calibration period and the objective functions in the evaluation period, which means that
in general FLEX® and FLEXFAC have a reasonable predictive capacity, where there is not a
noticeable difference in performance between FLEX® and FLEXFAC.

The impact of the FAO adjustment does vary. For the catchments with deciduous broadleaf
forest and mixed forest FLEXC and FLEXFAC give similar results or even a decrease in perfor-
mance. For catchments with evergreen needleleaf forest increase of decrease varies a lot be-
tween the catchment, with some catchments improving in performance and some catchments
worsening in performance. The catchments with grassland are improving in NS-efficiency,
however the NSlog-efficiency is staying similar or even decreasing in some cases. The per-
formance comparison is shown in more detail in Figure 3.11 and 3.12.
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FLEX Model - Performance of Streamflow Simulation - Calibrated on streamflow
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Figure 3.10: Performance of the streamflow simulation of FLEX® and FLEX™® when calibrated on streamflow,
presented next to each other for every catchment. The four graphs separate the performance into the NS and
NSlog objective function and the performance in the calibration period and the evaluation period. The colors
show the dominant vegetation type in all the catchments. The x-axes show all the catchments that have been
simulated.

Figure 3.11 shows how much the NS-efficiency and the NSlog-efficiency increased or de-
creased after the FAO adjustment. For every catchment the ANS and ANSIlog are presented
next to each other. The colors indicate the dominant vegetation type.

The figure shows that for most catchments the efficiencies stay the same or decrease slightly.
For catchments with mixed forest is visible that the NSlog-efficiency decreases more than
the NS-efficiency, with between 0.04 and 0.22 for the NSlog-efficiency and between 0.01 and
0.05 for the NS-efficiency. The NS-efficiency of the catchments with grassland does increase
structurally between 0.01 and 0.16, while this increase is not there for the NSlog-efficiency for
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the same catchments.

03 ANS and ANSlog of streamflow simulation after the FAO adjustment when calibrated on streamflow
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Figure 3.11: Performance comparison of the streamflow simulation between FLEX® and FLEX ™ calibrated on
streamflow. The figure shows the increase or decrease of the NS-efficiency and the NSlog-efficiency after the
FAO adjustment for every catchment respectively. The colors indicate the dominant vegetation type.

To be able to show a potential relationship between the impact of the FAO adjustment and
some key climate indices, ANS and ANSlog are also plotted against some climate indices in
Figure 3.12. In Figure 3.12 the performance of streamflow simulation FLEX® and FLEXFAC cal-
ibrated on streamflow is compared. The figures show how much the performance is increased
or decreased after the FAO adjustment. This increase or decrease is presented with respect
to three different climate indices. The first two figures show how the performance comparison
relates to the maximum difference in LAl throughout the year. The middle two figures show
the performance comparison in relationship with the aridity and the final figures in relationship
with seasonality. The top row shows the NS-efficiency and the bottom row the NSlog-efficiency.
The dot marker and the cross marker represent the performance in the calibration period and
the evaluation period respectively. The colors indicate the dominant vegetation type in the
catchments.

In the first two figures is visible how the catchments with deciduous broadleaf forest and mixed
forest have a higher difference in LAl than the catchments with grassland and evergreen
needleleaf forest. This is expected due to the fact evergreen needleleaf forests and grassland
is not impacted by phenology as much. For ANS the improvement by the FAO adjustment
seems higher for catchments with low LAl differences throughout the year. Both the aridity
and seasonality are not clearly related to the vegetation types in the catchments. The figures
confirm that catchments with grassland are improving more than other dominant vegetation
types. Furthermore the figures don’t show any clear relationships between the climate indices
and the NS- or NSlog-efficiencies.
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FLEX® and FLEX™? {calibrated on streamflow) - performance comparison of streamflow simulation for different climate indeces
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Figure 3.12: Performance comparison between FLEX® and FLEX™®. The top figures show the comparison of
the NS-efficiency and the bottom figures show the comparison of the NSlog-efficiency. The y-axes show how
much the NS/NSlog-efficiency is increased or decreased after the FAO adjustment. The dot marker shows the
performance in the calibration period and the cross marker the performance in the evaluation period. The colors
indicate the dominant vegetation type in the catchment. The x-axes show different climate indices.

In Figure 3.13 the mean seasonal sums of the streamflow for the observed streamflow, FLEX®
and FLEXFAO are presented for all catchment. All four graphs show one season, where the
top graph shows the spring, second graph the summer, third graph the fall and the bottom
graph the winter. The colors show the dominant vegetation type of the catchments.

The figure shows that in the spring the streamflow is slightly overestimated by FLEXFAC pe-
tween 2 and 51 mm/day, and slightly underestimated by FLEX® between 20 and 68 mm/day
for all catchments with deciduous broadleaf forest and some of the catchments grassland and
mixed forest. For catchments with evergreen needleleaf forest FLEXFAC is also overestimating
the streamflow in spring with between 70 and 113 mm/day, however this is not for all catch-
ments, FLEXC is relatively closely matching the observed streamflow. In summer it can be
noticed that FLEX® and FLEX™A© are underestimating the streamflow for the well performing
catchments C15, C19, C20 and C21 with grassland, where FLEXFAC is closer to the observed
streamflow than FLEXC. For the other seasons there are no clear patterns visible in the over-
or underestimation by the streamflow simulation of FLEX® and FLEXFAC in relationship to their
dominant vegetation type.
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Figure 3.13: Mean seasonal sums of the streamflow for the observed streamflow, FLEXC and FLEX™©. The
seasons are indicated by mam = March, April, and May, jja = June, July, and August, son = September, October,
and November, djf = December, January, and February. The colors show the dominant vegetation type in the
catchments, which are indicated on the x-axes. For every catchment, the observed streamflow, FLEXC and
FLEX™® are presented in that order.
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3.3.2. Transpiration

The Nash-Sutcliffe (NS) efficiencies and logarithmic Nash-Sutcliffe (NSlog) efficiencies of FLEX®
and FLEXFAC calibrated on streamflow are presented in the boxplots in Figure 3.14. The per-
formance of the model is shown in terms of the ability to simulate both low flows and high
flows, and on the ability to predict future fluxes in the model. The NS-efficiency focuses more
on high flows and the NSlog-efficiency focuses more on low flows, and the ability to predict
future fluxes in the model is presented by showing the objective functions for the calibration
period and the evaluation period separately. In accordance with this, Figure 3.14 shows four
graphs. The top figure shows the NS-efficiency in the calibration period. The second graph
shows the NS-efficiency in the evaluation period. The third figure shows the NSlog-efficiency in
the calibration period and finally the bottom figure shows the NSlog-efficiency in the evaluation
period. For all catchment, which are shown by the x-axis, FLEXC and FLEXFAC are presented
next to each other. The colors indicate the dominant vegetation type in the catchments.

The y-axes show a range between -2 and 1, which is a large range for objective functions.
Even with this large range some catchments still lie outside the range. We chose this range
so that the relatively well performing catchments, which are most relevant for analysis are
also still visualized. Catchments that have efficiencies even below 2 can be interpreted as
being very disbehavioural, which are catchments C15, C17, C19, C20 and C21 in the NS-
efficiency and catchments C18, C26 and C27 in the NSlog efficiency of the FLEXC simulation.
With this observation it must be noted that the efficiencies are calculated with the simulated
transpiration in combination with the GLDAS-21 transpiration, while this data is not used in
the model calibration or in any way in the model. However, even with this noted, the figure
shows that for almost all catchments especially the NSlog-efficiencies of FLEX® are very low
with values even below zero. However in this figure it is already visible that the performance
drastically improves after the FAO adjustment for almost all catchments, regardless of their
dominant vegetation type and even when FLEXC was performing very badly. It can be seen
that FLEXC simulates the NS-efficiency better for catchments with deciduous broadleaf forest
and mixed forests in comparison with the NSlog-efficiency, while for grassland it is the other
way around. For catchments with evergreen needleleaf forest it varies. The efficiencies in
the calibration period and the evaluation period perform very similar for all catchments, which
confirms that the models both have a good predictive capacity.
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FLEX Model - Performance of Transpiration Simulation - Calibrated on streamflow

NS-Calibration period

ESQ%%%gﬁ T+F¢T¥ R } ﬁﬁi;ﬁﬁf

Performancel[-]

1 C G o G G O @ @ clocdl clz c3 cs c15 cl6 cn cls Clo 20 21 CQ2 23 4 @5 26 Q7 8
NS-Ewaluation period

z%gﬁé%%ﬂtTlTﬁ e ﬁ gﬁgfgﬁf

a o a e o 8 €9 CI0 CI1 C12 CI3 C14 €15 C16 C17 CI8 Cl9 (20 21 €22 (33 C24 €25 C26 (27 C28
10 NSlog-Calibration period

= L) =

S TULIT LR [if

{ T 9 %
5]
-2.0 T T T T T T +

aa Q@ 48 ¢ o6 6 O CE C‘B CICI Cll C12 C13 'E14 CJS C16 Cl? 18 C19 QD C21 C22 C23 C24 C25 26 @7 QB
NSlog-Evaluation period

JO—_ %T%% ® -RERED —E—

ST O * |

'] I T T
[+]
é ? i i LTI 1
. L]
-2.0 T T T T T T T

L 7
= é * i eﬁ
(sl
[=]
a0 @ 48O ¢ G . O Gﬂ- C‘9 ClCl Cll C12 C13 'C14 C15 Clﬁ 'Cl]' s C19 QD C21 C22 C23 C24 C25 26 27 QB

Performance([-]

o— [+
o

omn—li
o

Performance(-]

HH

—— o
|—|—|
on—|—|

'_|

HlH
oH-o
H

00 ——

Performancel[-]

[ Deciduous broadleaf forest I Grassland mm FLEX®
B Evergreen needleleaf forest I Mixed forest FLEXFA2

Figure 3.14: Performance of the transpiration simulation of FLEX® and FLEX™° when calibrated on streamflow,
presented next to each other for every catchment. The four graphs separate the performance into the NS and
NSlog objective function and the performance in the calibration period and the evaluation period. The colors
show the dominant vegetation type in all the catchments. The x-axes show all the catchments that have been
simulated.

Figure 3.15 shows how much the NS-efficiency and the NSlog-efficiency increased or de-
creased after the FAO adjustment. For every catchment the ANS and ANSlog are presented
next to each other. The colors indicate the dominant vegetation type.

The figure shows that for most catchments the efficiencies increase drastically. What stands
out is that the improvement of the NSlog-efficiency is higher than the improvement of the NS-
efficiency for catchments with deciduous broadleaf forest and mixed forest, while this is not
necessarily the case for catchments with evergreen needleleaf forest or grassland. For the
catchments with deciduous broadleaf forest the increase is between 0.15 and 0.60 for NS-
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efficiency and between 0.70 and 0.90 for the NSlog-efficiency. For catchments with mixed
forest the increase is between 0.30 and 0.50 for NS-efficiency and between 1.6 and 5.0 for
the NSlog-efficiency. An important sidenote to this graph is that the catchment with the largest
improvement are also catchment with very low efficiencies by FLEXC. This in combination
with FLEXFAC giving similar performances as the other catchments, makes a large improve-
ment.

ANMS and ANSleg of transpiration simulation after the FAO adjustment when calibrated on streamflow
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Figure 3.15: Performance comparison of the transpiration simulation between FLEX® and FLEXFA° calibrated

on streamflow. The figure shows the increase or decrease of the NS-efficiency and the NSlog-efficiency after the
FAO adjustment for every catchment respectively. The colors indicate the dominant vegetation type.

In Figure 3.16 the performance of the transpiration simulation FLEX® and FLEXFAC calibrated
on streamflow is compared. The figures show how much the performance is increased or
decreased after the FAO adjustment. This increase or decrease is presented with respect to
three different climate indices. The first two figures show how the performance comparison
relates to the maximum difference in LAl throughout the year. The middle two figures show
the performance comparison in relationship with the aridity and the final figures in relationship
with seasonality. The top row shows the NS-efficiency and the bottom row the NSlog-efficiency.
The dot marker and the cross marker represent the performance in the calibration period and
the evaluation period respectively. The colors show the dominant vegetation type in the catch-
ments.

In the first two figures is visible how the catchments with deciduous broadleaf forest and mixed
forest have a higher difference in LAl than the catchments with grassland and evergreen
needleleaf forest. This is expected due to the fact evergreen needleleaf forests and grassland
is not impacted by phenology as much. The both the aridity and the seasonality are not clearly
related to the vegetation types in the catchments. The figures confirm that the NS-efficiency
and the NSlog-efficiency greatly improves after the FAO adjustment. The first most left two
figures show that the NS-efficiency improves more for catchments with low LAI difference and
the NSlog-efficiency improves more for all catchments approximately the same amount, with
some outliers at the catchments with mixed forest and high LAI difference. In the most right
two figures there is not a clear relation visible between seasonality and the improvement of
the performance after the FAO adjustment.
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FLEX® and FLEX™? {calibrated on streamflow) - performance comparison of transpiration simulation for different climate indeces

5 5 5
4 4 4
® ® ®
~ 3 L] § —~ 3 H . 3 ™ H
Lo x - x - x
2,1 e z2, . £, .
= ® . ¥ < ¥ . ® < ¥ . ®
! ] § 8 = L] ! LS 5 L] ! § 2 & ¥
o s ¥ T, o - 0 " ¥ ¥ o LY 5 o 3§ ¥ @
L ] L ]
1 2 3 4 05 10 15 20 25 -1.00 -0.75 -0.50 -0.25 000 025 050 075
LAl difference(-) Aridity(-} Seasonality(-)
5 5 5
4 4 4
— x — x — x
T 3 % T 3 ® B3 ®
g x g x 2 x
= = =
= 2 a L] = 2 % L a 2 &!
" ® g *x & * s e m X .
1 7 # 17 & "y 2 " 1 o % 2
# L] L ® ® L L " ¥ L X! ¥ "
1 2 3 4 5 05 10 15 20 25 -L00 -0.75 -0.50 -0.25 000 025 050 075
LAl difference(-) Aridity(-} Seasonality(-)

® Calibration period

B Mixed forest *  Evaluation period

[ Deciduous broadleaf forest BB Evergreen needleleaf forest BB Grassland

Figure 3.16: Performance comparison between FLEX® and FLEX™®. The top figures show the comparison of
the NS-efficiency and the bottom figures show the comparison of the NSlog-efficiency. The y-axes show how
much the NS/NSlog-efficiency is increased or decreased after the FAO adjustment. The dot marker shows the
performance in the calibration period and the cross marker the performance in the evaluation period. The colors
indicate the dominant vegetation type in the catchment. The x-axes show different climate indices.

In Figure 3.17 the mean seasonal sums of the transpiration for the GLDAS21-transpiration,
FLEXC and FLEXFAC are presented of all catchment. All four graphs show one season, where
the top graph shows the spring, second graph the summer, third graph the fall and the bottom
graph the winter. The colors show the dominant vegetation type of the catchments.

The figure shows that in the spring the mean seasonal sum of the transpiration is greatly
overestimated by FLEXC for all catchments. For catchments with deciduous broadleaf forest
this overestimation varies between 29 and 198 mm/day, while for FLEXFAC it varies between
an underestimation of 48 mm/day and an overestimation of 55 mm/day. For catchments with
evergreen needleleaf forest the overestimation of FLEX® varies between 55 and 215 mm/day,
while for FLEX™AC it varies between an underestimation of 80 mm/day and an overestimation
of 83 mm/day. For catchments with grassland the overestimation of FLEXC varies between 7
and 180 mm/day, while for FLEXFAC it varies between an underestimation of 8 mm/day and
an overestimation of 69 mm/day. Finally for catchments with mixed forest the mean seasonal
sum of the transpiration of FLEX® compared to the GLDAS21-transpiration varies between an
underestimation of 8 mm/day and an overestimation 137 mm/day, while for FLEXFAC it varies
between an overestimation of 3 mm/day and an overestimation of 88 mm/day. In the other
seasons the mean seasonal sum of the transpiration simulated by FLEXC is much closer to
the GLDAS21-transpiration. In the winter months FLEXC also overestimates the the mean
seasonal sum of the transpiration. This overestimation is small when compared to the other
seasons, however relatively large compared to the GLDAS-21 transpiration data.
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Figure 3.17: Mean seasonal sums of the transpiration for the GLDAS21-transpiration, FLEX® and FLEX™°. The
seasons are indicated by mam = March, April, and May, jja = June, July, and August, son = September, October,
and November, djf = December, January, and February. The colors show the dominant vegetation type in the
catchments, which are indicated on the x-axes. For every catchment, the GLDAS21-transpiration, FLEXC, and

FLEX™® are presented in that order.

3.4. Model performance when calibrated on transpiration

In this subsection the results will be presented for FLEXC and FLEXFAC that are calibrated on
transpiration only. The results are separated into the streamflow simulation and the transpi-
ration simulation. Because the overall performance of the streamflow simulations when the
models are calibrated on transpiration only is very low logically, these results are not so rele-
vant for the purposes of this research. Therefore these results are not shown in this chapter.
For the reader that is still interested the results are moved to Appendix D. The results of the
performance of the transpiration simulation is presented in this chapter.
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3.4.1. Transpiration

The Nash-Sutcliffe (NS) efficiencies and logarithmic Nash-Sutcliffe (NSlog) efficiencies of FLEX®
and FLEXFAO calibrated on transpiration are presented in the boxplots in Figure 3.18. The per-
formance of the model is shown in terms of the ability to simulate both low flows and high flows,
and on the ability to predict future fluxes in the model. The NS-efficiency focuses more on
high flows and the NSlog-efficiency focuses more on low flows, and the ability to predict future
fluxes in the model is presented by showing the objective functions for the calibration period
and the evaluation period separately. In accordance with this, Figure 3.18 shows four graphs.
The top figure shows the NS-efficiency in the calibration period. The second graph shows the
NS-efficiency in the evaluation period. The third figure shows the NSlog-efficiency in the cali-
bration period and finally the bottom figure shows the NSlog-efficiency in the evaluation period.
For all catchment, which are shown by the x-axes, FLEX® and FLEXFAC are presented next
to each other. The colors indicate the dominant vegetation type in the catchments.

The y-axes only show the boxplots with a objective function above -0.4. We did this to put
more emphasis on the well performing catchments, with the disadvantage that some of the
catchment where FLEXC has low efficiencies are ignored. These catchments are C15, C19,
C20 and C21. With this observation it must be noted that the efficiencies are only low for the
FLEXC. FLEXFAC however gives much higher performances, which confirms an improvement
in performance of the FAO adjustment. It can be seen that FLEXC simulates the NS-efficiency
better for all catchments in comparison with the NSlog-efficiency. The efficiencies in the cali-
bration period and the evaluation period perform very similar for all catchments, which confirms
that the models both have a good predictive capacity. What also stands out is that the range
of the boxplots is very small. The performance comparison is shown in more detail in Figures
3.19 and 3.20.
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Figure 3.18: Performance of the transpiration simulation of FLEX® and FLEX™ when calibrated on

transpiration, presented next to each other for every catchment. The four graphs separate the performance into
the NS and NSlog objective function and the performance in the calibration period and the evaluation period. The
colors show the dominant vegetation type in all the catchments. The x-axes show all the catchments that have
been simulated.

Figure 3.19 shows how much the NS-efficiency and the NSlog-efficiency increased or de-
creased after the FAO adjustment. For every catchment, the ANS and ANSlog are presented
next to each other. The colors indicate the dominant vegetation type.

The figure shows that for most catchments the efficiencies increase drastically. What stands
out is that the improvement of the NSlog-efficiency is higher than the improvement of the
NS-efficiency for catchments with deciduous broadleaf forest and evergreen needleleaf forest,
while this is not necessarily the case for catchments with mixed forest or grassland. For the
catchments with deciduous broadleaf forest, the increase is between 0.06 and 0.18 for the NS-
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efficiency and between 0.25 and 0.51 for the NSlog-efficiency. For catchments with evergreen
needleleaf forest, the increase is between 0.09 and 0.35 for the NS-efficiency and between
0.16 and 0.91 for the NSlog-efficiency. For catchments with grassland, the increase is be-
tween 0.0 and 2.12 for the NS-efficiency and between 0.22 and 1.78 for the NSlog-efficiency.
For catchments with mixed forest, the increase is between 0.01 and 0.15 for the NS-efficiency
and between 0.03 and 0.93 for the NSlog-efficiency. An important sidenote to this graph is
that the catchments with the largest improvement are also catchments with very low efficien-
cies by FLEXC. This in combination with FLEXAC giving similar performances as the other
catchments, makes a large improvement.

ANS and ANSleg of transpiration simulation after the FAD adjustment when calibrated on transpiration
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Figure 3.19: Performance comparison of the transpiration simulation between FLEX® and FLEX™ calibrated
on transpiration. The figure shows the increase or decrease of the NS-efficiency and the NSlog-efficiency after
the FAO adjustment for every catchment respectively. The colors indicate the dominant vegetation type.

In Figure 3.20 the performance of the transpiration simulation FLEX® and FLEXFAC calibrated
on transpiration is compared. The figures show how much the performance is increased or
decreased after the FAO adjustment. This increase or decrease is presented with respect to
three different climate indices. The first two figures show how the performance comparison
relates to the maximum difference in LAl throughout the year. The middle two figures show
the performance comparison in relationship with the aridity and the final figures in relationship
with seasonality. The top row shows the NS-efficiency and the bottom row the NSlog-efficiency.
The dot marker and the cross marker represent the performance in the calibration period and
the evaluation period respectively. The colors show the dominant vegetation type in the catch-
ments.

The figures confirm that the NS-efficiency and the NSlog-efficiency greatly improve after the
FAO adjustment. The first two figures show that the efficiencies improve more for catchments
with low LAI difference. Catchments with a relatively high aridity have high values for ANS
and ANSlog, however this is only in the case of grassland, and not for catchments with similar
values for aridity but other dominant vegetation types. Also in this figure, the observation
that the catchments with a high ANS or ANSIlog are also the catchments with a low overall
performance by the FLEX® needs to be taken into account.
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Figure 3.20: Performance comparison between FLEX® and FLEX™®. The top figures show the comparison of
the NS-efficiency and the bottom figures show the comparison of the NSlog-efficiency. The y-axes show how
much the NS/NSlog-efficiency is increased or decreased after the FAO adjustment. The dot marker shows the
performance in the calibration period and the cross marker the performance in the evaluation period. The colors
indicate the dominant vegetation type in the catchment. The x-axes show different climate indices.

In Figure 3.21 the mean seasonal sums of the transpiration for the GLDAS21-transpiration,
FLEXC and FLEXAO are presented of all catchments. All four graphs show one season,
where the top graph shows the spring, the second graph the summer, the third graph the
fall, and the bottom graph the winter. The colors show the dominant vegetation type of the
catchments.

The figure shows that in the spring the mean seasonal sum of the transpiration is greatly over-
estimated by FLEXC for all catchments. For catchments with deciduous broadleaf forest, this
overestimation varies between 6 and 103 mm/day, while for FLEX™A© it varies between an
underestimation of 54 mm/day and an overestimation of 8 mm/day. For catchments with ev-
ergreen needleleaf forest, the overestimation of FLEXC varies between 61 and 89 mm/day,
while for FLEXFAC it varies between an underestimation of 8 mm/day and an overestimation
of 24 mm/day. For catchments with grassland, it varies between an underestimation of 17
and an overestimation of 64 mm/day for FLEX®, while for FLEXFAC it varies between an un-
derestimation of 19 mm/day and an overestimation of 35 mm/day. Finally, for catchments
with mixed forest, the comparison of the mean seasonal sum of the transpiration FLEXC in
spring varies between an underestimation of 21 mm/day and an overestimation of 81 mm/day,
while for FLEX™AC it varies between an underestimation of 28 mm/day and an overestimation
of 31 mm/day. In the other seasons, the mean seasonal sum of the transpiration simulated
by FLEXC is much closer to the GLDAS21-transpiration. In the winter months FLEXC also
overestimates the mean seasonal sum of the transpiration. This overestimation is small when
compared to the other seasons, but relatively large compared to the GLDAS21-transpiration
data.



3.5. Model performance when calibrated on streamflow and transpiration 38

FLEX" and FLEX™? (Calibrated on transpiration) - Mean Seasonal Sums of Transpiration

400
350 1
300 4
250 1

E:dimm/day)
o8 288
E—
E_
E—
1=
E—
*

maim

400

250 1
200 1
150 1
100 A

E:imm/day)
"
o B g g

G 6 8 €9 C10 €11 C12 C13 €14 C15 C16 €17 C18 C19 20 21 22 23 24 25 26 27 28
jia

400
350 1
300 4
250 1
200 1
150
100 1

Eximm/day)

aa @ g ¢4 G 6 O G O Cl0 C1 42 C13 4 45 s C17 B8 9% 20 @1 @2 23 @4 Q5 Qe Q27 Q8
son

400
350 1
300 A
250 1
200 A
150 4
100 4

Eximmyday)

0 L3 LA L 1 e e 1

Q g o L¢3 G O Ao al az ax a4 as ae A7 ae A9 Qo @1 @

[ Decidugus broadleaf forest B Evergreen needleleaf forest B Grassland I Mixed forest

GLDAS21-Transpiration @ FLEX®  mmmm FLEX™®

Figure 3.21: Mean seasonal sums of the transpiration for the GLDAS21-transpiration, FLEX® and FLEX™°. The
seasons are indicated by mam = March, April, and May, jja = June, July, and August, son = September, October,
and November, djf = December, January, and February. The colors show the dominant vegetation type in the
catchments, which are indicated on the x-axes. For every catchment, the GLDAS21-transpiration, FLEXC, and
FLEX™® are presented in that order.

3.5. Model performance when calibrated on streamflow and tran-
spiration

In this research we used three different calibration strategies. FLEX® and FLEXFAC have been

calibrated on streamflow, on transpiration and on both streamflow and transpiration separately.

In this subsection the results will be presented for FLEX® and FLEXFAC that have been cal-

ibrated on streamflow and transpiration. The results will be separated into the streamflow
simulation and the transpiration simulation. First the performance of the models will be shown
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for the streamflow simulations of all catchments and then the performance of the transpiration
simulations of all catchments.

3.5.1. Streamflow

The NS-efficiencies and logarithmic NSlog-efficiencies of the streamflow simulations of FLEX®
and FLEXFAC calibrated on streamflow and transpiration are presented in the boxplots in Fig-
ure 3.22. The performance of the model is shown in terms of the ability to simulate both low
flows and high flows, and on the ability to predict future fluxes in the model. The NS-efficiency
emphasizes more on high flows and the NSlog-efficiency emphasizes more on low flows, and
the ability to predict future fluxes in the model is presented by showing the objective functions
for the calibration period and the evaluation period separately. In accordance with this, Fig-
ure 3.22 shows four graphs. The top figure shows the NS-efficiency in the calibration period.
The second graph shows the NS-efficiency in the evaluation period. The third figure shows
the NSlog-efficiency in the calibration period and finally the bottom figure shows the NSlog-
efficiency in the evaluation period. For all catchment, which are shown by the x-axis, FLEXC
and FLEXFAC are presented next to each other. The colors indicate the dominant vegetation
type in the catchments.

Figure 3.22 shows that for most catchments the performance of the models is reasonably good.
The efficiencies are slightly lower than the models that are only calibrated on streamflow, be-
tween 0.05 and 0.2 for most catchments for the NS-efficiency and between 0.0 and 0.1 for the
NSlog-efficiency. The y-axes only show the boxplots with an objective function above -0.4. We
did this to put more emphasis on the well-performing catchments, with the disadvantage that
some of the catchments with very low scores are ignored. Catchments that score low on some
or all parts of the performance and are therefore ignored are C11, C12 and C17. Furthermore,
the graphs show that for all catchments the NSlog-efficiency is very similar or higher than the
NS-efficiency, which means both FLEX® and FLEXFAC are most times better in simulating the
low flows than the high flows. Also, most catchments show similar values for the objective
functions in the calibration period and the objective functions in the evaluation period, which
means that in general FLEX® and FLEXFAC have a reasonable predictive capacity, where
there is not a noticeable difference in performance between FLEXC and FLEX™AC.
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FLEX Model - Performance of Streamflow Simulation - Calibrated on streamflow and transpiration
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Figure 3.22: Performance of the streamflow simulation of FLEX® and FLEX™® when calibrated on streamflow
and transpiration, presented next to each other for every catchment. The four graphs separate the performance
into the NS and NSlog objective function and the performance in the calibration period and the evaluation period.

The colors show the dominant vegetation type in all the catchments. The x-axes show all the catchments that

have been simulated.

Figure 3.23 shows how much the NS-efficiency and the NSlog-efficiency increased or de-
creased after the FAO adjustment. For every catchment, the ANS and ANSlog are presented
next to each other. The colors indicate the dominant vegetation type.

The figure shows that for most catchments the efficiencies increase for most catchments. For
catchments with deciduous broadleaf forest the NS-efficiency increases between 0.01 and
0.08 and the NSlog-efficiency between 0.01 and 0.095. For the catchments with evergreen
needleleaf forest most catchments also increase for both efficiencies, except for C11 and C12,
which will be ignored due to their low overall performances visible in Figure 3.22. Catchment
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C17 will be discarded for the same reason. With this in mind the NS-efficiencies vary between
a decrease of 0.02 and an increase of 0.18. The NSlog-efficiencies of the catchments with
evergreen needleleaf forest vary between a decrease of 0.03 and an increase of 0.16. The
increase of the NS-efficiencies of the catchments with grassland vary between 0.005 and 0.34.
The NSlog-efficiencies do decrease in some cases varying between a decrease of 0.11 and an
increase of 0.13. The increase of the NS-efficiencies of the catchments with mixed forest vary
between 0.02 and 0.11. The NSlog-efficiencies of these catchments vary between a decrease
of 0.09 and an increase of 0.17.

In general, there is no clear connection visible between how much the performances of the
models increase and the dominant vegetation type. The catchments with deciduous broadleaf
forest and mixed forest do seem more consistent in their performances and improvement of
performance.

0a ANS and ANSlog of streamflow simulation after the FAD adjustment when calibrated on streamflow and transpiration
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Figure 3.23: Performance comparison of the streamflow simulation between FLEX® and FLEX™ calibrated on
streamflow and transpiration. The figure shows the increase or decrease of the NS-efficiency and the
NSlog-efficiency after the FAO adjustment for every catchment respectively. The colors indicate the dominant
vegetation type.

To be able to show a potential relationship between the impact of the FAO adjustment and
some key climate indices, ANS, and ANSlog are also plotted against some climate indices in
Figure 3.24. In Figure 3.24 the performance of streamflow simulation FLEX® and FLEX™A© cal-
ibrated on streamflow is compared. The figures show how much the performance increased
or decreased after the FAO adjustment. This increase or decrease is presented in relationship
to three different climate indices. The first two figures show how the performance comparison
relates to the maximum difference in LAl throughout the year. The middle two figures show
the performance comparison in relationship with the aridity and the final figures in relationship
with seasonality. The top row shows the NS-efficiency and the bottom row the NSlog-efficiency.
The dot marker and the cross marker represent the performance in the calibration period and
the evaluation period respectively. The colors show the dominant vegetation type in the catch-
ments.

In the first two figures is visible how the catchments with deciduous broadleaf forest and mixed
forest have a higher difference in LAl than the catchments with grassland and evergreen
needleleaf forest. This is expected due to the fact evergreen needleleaf forests and grass-
land are not impacted by phenology as much. Furthermore, the figures don’t show any clear
relationships between the climate indices and the NS- or NSlog-efficiencies.
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FLEX® and FLEX™? {calibrated on streamflow and transpiration) - performance comparison of streamflow simulation for different climate indeces
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Figure 3.24: Performance comparison between FLEX® and FLEX™®. The top figures show the comparison of
the NS-efficiency and the bottom figures show the comparison of the NSlog-efficiency. The y-axes show how
much the NS/NSlog-efficiency is increased or decreased after the FAO adjustment. The dot marker shows the
performance in the calibration period and the cross marker the performance in the evaluation period. The colors
indicate the dominant vegetation type in the catchment. The x-axes show different climate indices.

In Figure 3.25 the mean seasonal sums of the streamflow for the observed streamflow, FLEX®
and FLEXFAO are presented for all catchments. All four graphs show one season, where the
top graph shows the spring, the second graph the summer, the third graph the fall, and the
bottom graph the winter. The markers separate the efficiencies in the calibration period and
the evaluation period. The colors show the dominant vegetation type of the catchments.

In the figure is visible that overall both FLEX® and FLEXFAC match the mean seasonal sums
of the observed streamflow quite well throughout the different seasons. However, no clear
consistencies on whether the models are overestimating or underestimating are present in
the different seasons. With small differences FLEX® and FLEXFA0 are in some cases overes-
timating and in some cases underestimating the mean seasonal sums of the observed stream-
flow.
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FLEX® and FLEXFA? (Calibrated on streamflow and transpiration) - Mean Seasonal Sums of Streamflow
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Figure 3.25: Mean seasonal sums of the streamflow for the observed streamflow, FLEXC and FLEX™©. The
seasons are indicated by mam = March, April, and May, jja = June, July, and August, son = September, October,
and November, djf = December, January, and February. The colors show the dominant vegetation type in the
catchments, which are indicated on the x-axes. For every catchment, the observed streamflow, FLEXC and
FLEXO are presented in that order.

3.5.2. Transpiration

The Nash-Sutcliffe (NS) efficiencies and logarithmic Nash-Sutcliffe (NSlog) efficiencies of FLEX®
and FLEXFAC calibrated on streamflow and transpiration are presented in the boxplots in Fig-
ure 3.26. The performance of the model is shown in terms of the ability to simulate both low
flows and high flows, and the ability to predict future fluxes in the model. The NS-efficiency
focuses more on high flows and the NSlog-efficiency focuses more on low flows, and the
ability to predict future fluxes in the model is presented by showing the objective functions
for the calibration period and the evaluation period separately. In accordance with this, Fig-
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ure 3.26 shows four graphs. The top figure shows the NS-efficiency in the calibration period.
The second graph shows the NS-efficiency in the evaluation period. The third figure shows
the NSlog-efficiency in the calibration period and finally, the bottom figure shows the NSlog-
efficiency in the evaluation period. For all catchments, which are shown by the x-axes, FLEX®
and FLEX™O are presented next to each other. The colors indicate the dominant vegetation
type in the catchments.

The y-axes only show the boxplots with an objective function above -0.4. We did this to put
more emphasis on the well-performing catchments, with the disadvantage that some of the
catchments modeled by FLEXC have low efficiencies and are ignored. These catchments
are C11, C15, C17, C19, C20, and C21. With this observation, it must be noted that the
efficiencies are only low for the FLEXC. FLEXFAC however gives much higher performances,
which confirms an improvement of the FAO adjustment. It can be seen that FLEXC simulates
the NS-efficiency better for catchments with deciduous broadleaf forests and mixed forests
in comparison with the NSlog-efficiency. The efficiencies in the calibration period and the
evaluation period perform very similarly for all catchments, which confirms that the models
both have a good predictive capacity. The performance comparison is shown in more detail
in Figure 3.27 and 3.28.
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Figure 3.26: Performance of the transpiration simulation of FLEX® and FLEX™® when calibrated on streamflow
and transpiration, presented next to each other for every catchment. The four graphs separate the performance
into the NS and NSlog objective function and the performance in the calibration period and the evaluation period.
The colors show the dominant vegetation type in all the catchments. The x-axes show all the catchments that
have been simulated.

Figure 3.27 shows how much the NS-efficiency and the NSlog-efficiency increased or de-
creased after the FAO adjustment. For every catchment, the ANS and ANSlog are presented
next to each other. The colors indicate the dominant vegetation type.

The figure shows that for most catchments the efficiencies increase drastically. What stands
out is that the improvement of the NSlog-efficiency is higher than the improvement of the
NS-efficiency for catchments with deciduous broadleaf forest and evergreen needleleaf forest,
while this is not necessarily the case for catchments with mixed forest or grassland. For the
catchments with deciduous broadleaf forest, the increase is between 0.12 and 0.18 for the
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NS-efficiency and between 0.19 and 0.56 for the NSlog-efficiency. For catchments with mixed
forest, the increase is between 0.09 and 0.38 for the NS-efficiency and between 0.01 and
0.89 for the NSlog-efficiency. An important sidenote to this graph is that the catchments with
the largest improvement are also catchments with very low efficiencies by FLEXC. This in
combination with FLEXTAC giving similar performances as the other catchments, makes a
large improvement.

ANS and ANSlog of transpiration simulation after the FAO adjustment when calibrated on streamflow and transpiration
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Figure 3.27: Performance comparison of the transpiration simulation between FLEX® and FLEXFA° calibrated
on streamflow and transpiration. The figure shows the increase or decrease of the NS-efficiency and the
NSlog-efficiency after the FAO adjustment for every catchment respectively. The colors indicate the dominant
vegetation type.

In Figure 3.28 the performance of the transpiration simulation FLEX® and FLEX™AO calibrated
on streamflow and transpiration is compared. The figures show how much the performance
increased or decreased after the FAO adjustment. This increase or decrease is presented
in relationship with three different climate indices. The first two figures show how the perfor-
mance comparison relates to the maximum difference in LAl throughout the year. The middle
two figures show the performance comparison in relationship with the aridity and the final fig-
ures in relationship with seasonality. The top row shows the NS-efficiency and the bottom
row the NSlog-efficiency. The dot marker and the cross marker represent the performance in
the calibration period and the evaluation period respectively. The colors show the dominant
vegetation type in the catchments.

The figures confirm that the NS-efficiency and the NSlog-efficiency greatly improves after the
FAO adjustment. The first two figures show that the efficiencies improve more for catchments
with low LAI difference and high aridity. Also in this figure the observation that the catchments
with a high ANS or ANSlog are also the catchments with a low overall performance by the
FLEXC needs to be taken into account.
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FLEX® and FLEX™? {calibrated on streamflow and transpiration) - performance comparison of transpiration simulation for different climate indeces
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Figure 3.28: Performance comparison between FLEX® and FLEX™®. The top figures show the comparison of
the NS-efficiency and the bottom figures show the comparison of the NSlog-efficiency. The y-axes show how
much the NS/NSlog-efficiency is increased or decreased after the FAO adjustment. The dot marker shows the
performance in the calibration period and the cross marker the performance in the evaluation period. The colors
indicate the dominant vegetation type in the catchment. The x-axes show different climate indices.

In Figure 3.29 the mean seasonal sums of the transpiration for the GLDAS21-transpiration,
FLEXC and FLEXAO are presented of all catchments. All four graphs show one season,
where the top graph shows the spring, the second graph the summer, the third graph the
fall, and the bottom graph the winter. The colors show the dominant vegetation type of the
catchments.

The figure shows that in the spring the mean seasonal sum of the transpiration is greatly
overestimated by FLEXC for all catchments. For catchments with deciduous broadleaf forest,
this overestimation varies between 50 and 138 mm/day, while for FLEXFAC it varies between
an underestimation of 41 mm/day and an overestimation of 31 mm/day. For catchments with
evergreen needleleaf forest, the overestimation of FLEXC varies between 79 and 176 mm/day,
while for FLEXFAO it varies between an underestimation of 24 mm/day and an overestimation
of 52 mm/day. For catchments with grassland, the overestimation of FLEXC varies between 21
and 110 mm/day, while for FLEX™A9 it varies between an underestimation of 24 mm/day and
an overestimation of 34 mm/day. Finally for catchments with mixed forest the overestimation
of FLEXC varies between 56 mm/day and 132 mm/day, while for FLEXFAQ it varies between an
underestimation of 8 mm/day and an overestimation of 64 mm/day. In the other seasons, the
mean seasonal sum of the transpiration simulated by FLEX® is much closer to the GLDAS21-
transpiration. In the winter months FLEXC also overestimates the mean seasonal sum of the
transpiration. This overestimation is small when compared to the other seasons, but relatively
large compared to the GLDAS21-transpiration data.
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FLEX® and FLEXFA (Calibrated on streamflow and transpiration) - Mean Seasonal Sums of Transpiration
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Figure 3.29: Mean seasonal sums of the transpiration for the GLDAS21-transpiration, FLEX® and FLEX™°. The
seasons are indicated by mam = March, April, and May, jja = June, July, and August, son = September, October,
and November, djf = December, January, and February. The colors show the dominant vegetation type in the
catchments, which are indicated on the x-axes. For every catchment, the GLDAS21-transpiration, FLEXC, and
FLEXO are presented in that order.



Discussion

In FLEX® and many other lumped conceptual hydrologic models, the total evaporation is sep-
arated into evaporation and transpiration in a way that does not account for phenology or
vegetation dynamics. In FLEXC evaporation is a flux going out of the interception reservoir as
interception evaporation and transpiration is a flux going out of the unsaturated soil reservoir
as transpiration. The partitioning of these two fluxes is determined by first quantifying the in-
terception evaporation with the potential evaporation and the model input, and then using the
remainder as transpiration from the unsaturated soil reservoir. While this way of modeling is
very suitable for both fast and high-quality streamflow modeling (Gao et al. 2014), the evapo-
transpiration fluxes are not always adequate. Neglecting the vegetation dynamics causes the
model to not include the fact that deciduous broadleaf forests for example are leafless in the
winter months practically leading to no transpiration in these months. On the other hand in the
summer months, transpiration would have a much more dominant role in the total evapotran-
spiration due to the presence of a developed canopy, with many transpiring leaves.

The FAO adjustment which we used in this research does take these vegetation dynamics
into account. This chapter will discuss what the impact of this FAO adjustment is on the perfor-
mance of the streamflow simulation and the transpiration simulation of FLEX® and FLEXFAC,
based on the results. The performance that is discussed in this chapter is separated into the
general ability to simulate streamflow and transpiration and the predictive capacity of the model.
First, the streamflow simulation of both models will be discussed, and then the transpiration
simulation of both models, comparing different calibration strategies with each other.

4.1. Streamflow simulation

In general, both FLEX® and FLEX™© can model the observed streamflow quite well, with
higher performances for the NSlog-efficiencies than the NS-efficiencies. This means that the
models are both better at simulating the low flows than the peak flows. The reasons for this
are difficult to track down. The heterogeneity of the soil, the vegetation, elevation, and the
spatial distribution of the rainfall are all important for the peak flow response of the hydrologic
system, which could lead to higher uncertainties and therefore different responses than the
models used in this research. The uncertainties for the temporal and spatial distribution of the
precipitation increase in the case of convective precipitation fields that can generate extreme
flooding events in high-elevation, complex terrain configurations (Anquetin et al. 2005) (Em-
manuel et al. 2017) (Sokol et al. 2021). This is then reflected in the models being better in sim-
ulating the low flows and therefore having higher NSlog-efficiencies than the NS-efficiencies.
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Adding the GLDAS21-transpiration data to the calibration, causes the NS-efficiencies and the
NSlog-efficiencies to be slightly lower for the streamflow simulation, especially the streamflow
modeled by FLEXC. This is to be expected when the amount of Monte Carlo simulations stays
the same during the calibration, while there are two extra objective functions.

When the models are calibrated on streamflow the streamflow simulated by FLEXFAC has very
similar or sometimes even lower NS-efficiencies and NSlog-efficiencies than FLEXC, which
means that the FAO adjustment does not necessarily have a positive effect on the general
capability of the FLEX model to simulate the streamflow, when only streamflow observations
are used to calibrate the model. With the two extra parameters K, ;,,; and K, ,,,4, there are 11
parameters to be calibrated instead of 9 in FLEXC. This makes the calibration more extensive,
which means the Monte Carlo needs more simulations to find the best performing parameter
sets. In this research the ranges within which the parameters are calibrated is set relatively
wide to make them suitable for a wide range of different catchments. This has the disadvan-
tage that more simulations are needed to find the optimal set of parameters. Whether more
Monte Carlo simulations would improve the simulations of FLEX® and FLEXFAC in this study
is not investigated, because in this study the focus is more on the comparison than on opti-
mizing the model. However, this is a purely mathematical explanation for the lack of impact
of the FAO adjustment, which has nothing to do with the hydrological processes in the catch-
ments. This means that the slightly more complex calibration process of FLEX™© weighs
up to the impact of a more sophisticated way of including vegetation dynamics in the pro-
cess of partitioning the evaporation in the model. When both the streamflow observations and
the GLDAS21-transpiration data are included in the calibration process the FAO adjustment
seems to cause a positive impact on the NS-efficiencies and the NSlog-efficiencies. The effi-
ciencies of FLEXC are slightly lower than when the models are calibrated on streamflow only
due to the two extra objective functions, but the impact of the FAO adjustment on the model
is higher, with the extra benefit that the transpiration is also better simulated. This positive
ANS and ANSlog is consistent for the catchments with deciduous broadleaf forest and mixed
forest. For catchments with evergreen needleleaf forest and grassland, it is more variable with
more outliers, with especially the ANSIog for catchments with grassland being positive. These
catchments are catchments with a relatively long period with little to no streamflow. It could be
that for this reason, the model is compensating in the calibration process, which causes the
underestimation during the peak flow. It can also be explained partly by the higher overall per-
formance of the catchments with deciduous broadleaf forest and mixed forest, which indicate
a higher quality of the input data. Besides that, there is no clear relationship visible between
how large the impact is of the FAO adjustment and the vegetation type in the catchment. In
the catchments with deciduous broadleaf forest and mixed forest, the LAI difference is the
largest, which means that the vegetation dynamics throughout the seasons are the largest for
these catchments. However, FLEX™A0, which accounts for these vegetation dynamics, does
not necessarily simulate the streamflow better.

For the FLEXC calibrated on streamflow only, the mean seasonal sum of the streamflow is
underestimated in spring for most catchments. This underestimation is logical, when combined
with the overestimation of the mean seasonal sum of the transpiration in spring by FLEXC.
This underestimation of the mean seasonal sum of the streamflow in spring is solved mostly
by the FLEX™O_ This means that even though the overall performance of the FLEXFAC is
similar or worse than FLEXC, the underestimation of the streamflow in spring is fixed by the
FAO-adjustment.

The NS-efficiencies and the NSlog-efficiencies are for most catchments very similar, so the
predictive capacity of the models is good. The differences between FLEX® and FLEXFAC are
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small to nonexistent when looking at the efficiencies in the calibration period compared to
the efficiencies in the evaluation period. The LAl data that is included in FLEX™A0 as extra
information on vegetation dynamics could make it more difficult for the model to predict any of
the water fluxes in the model since an extra model input needs to be predicted. However the
model does not use the LAI data with a daily resolution, but only the timestamps of when the
growing stages change. This in combination with the observation that the seasonal patterns
in the LAI data were quite consistent through the years for the catchments in this research,
would minimize the negative impact on the predictive capacity of the model.

4.2. Transpiration simulation

The performance of both FLEX® and FLEXFAC in simulating the transpiration varies more.
When the GLDAS21-transpiration data is included in the calibration process, FLEXC ability to
simulate the peak flows is reasonable, which is reflected in the NS-efficiencies being above
0.5 for most catchments. However, the NSlog-efficiencies of the FLEX® are worse. Most
catchments have NSlog-efficiencies below 0.4, even when only GLDAS21-transpiration data
is used in the calibration process. This can be explained by the absence of information on the
vegetation dynamics in FLEXC. The transpiration in FLEXC is determined by the potential evap-
oration in combination with the amount of available water in the unsaturated soil reservoir(.S,,)
and the calibrated parameter S, /4. This leads to an overestimation of the transpiration in
winter and the start of spring, which was visible for all three calibration strategies in the mean
seasonal sums of the transpiration. This overestimation of the transpiration in winter and the
start of spring is also reflected in the fact that the NS-efficiencies of the transpiration simu-
lation of FLEX® were higher than the NSlog-efficiencies. The NSlog-efficiencies emphasize
the low flows during the winter and early spring, which are the months that are simulated less
accurately due to the absence of information on vegetation dynamics and phenology in the
model.

The spread of the boxplots showing the efficiencies for the transpiration simulation of the mod-
els calibrated on GLDAS21-transpiration data only was also very low. This is due to the sen-
sitivity of the models being very high for the shape coefficient(3), which is used in determining
the runoff coefficient(C,.) in the model. Because the models are used in a wide range of catch-
ments with different properties, the ranges which are used for the parameters in the calibration
process are kept relatively wide, while for getting high efficiencies for the transpiration simu-
lation a smaller range for 5 would be sufficient. The calibration process of selecting the 100
best performing parameter sets and using their median streamflow and transpiration simula-
tion as results for the models leads to a narrow range of efficiencies. This does not occur as
much when the models are also using streamflow observations in the calibration process, be-
cause for getting well-performing streamflow simulations, the models are much less sensitive
for 3.

Where a positive impact of the FAO adjustment on the performance of the streamflow was
only situational, it is for the transpiration simulation much larger and consistent regardless of
the calibration strategy. Even when the models were only calibrated on streamflow, the NS-
efficiencies and NSlog-efficiencies of the transpiration simulation of FLEXFAC were for most
catchments well above 0.5. In the improvement is visible that ANSlog is higher for most
catchments than ANS, so the model improves more in the low flows than the peak flows. This
is to be expected, because in winter and early spring when the transpiration is lowest, FLEXC
is overestimating the transpiration due to the absence of information on vegetation dynamics
in the model. The improvement in the performance of the model is present regardless of
the dominant vegetation type of the catchment. However, the improvement seems largest
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for catchments with grassland, even though these are not the catchments with the highest
difference in LAl throughout the seasons or the catchment with trees that shed their leaves
during autumn and winter. What can be noticed in the results is that these high values for
ANS and ANSlog are more due to bad performances of FLEXC than to high performances of
FLEXFAOC. The efficiencies of FLEXTAC are relatively close to each other, when the catchments
are compared, while the efficiencies of FLEXC vary a lot.

What is important to mention as a critical sidenote to the calibration strategy used in this re-
search, is that there is no actual observational data used to calibrate the transpiration simula-
tion. The GLDAS21-transpiration data used to calibrate the model on transpiration is modeled
data itself. The GLDAS21-transpiration data is a product of the Noah Land Surface Model
(Rui and Beaudoing 2021). The Noah Land Surface Model uses a Jarvis scheme(Jarvis and
Mcnaughton 1986) or Ball-Berry scheme(Ball, Woodrow, and Berry 1987) to calculate tran-
spiration. This method also uses LAI data as input (Niu et al. 2011). Because there is no
observational data on transpiration available, and the transpiration product of for example the
Noah Land Surface Model is the best option around, this choice to use this data in the calibra-
tion of the model is justified.



Conclusion

This study has as its objective to test and investigate a model adjustment that includes infor-
mation on vegetation dynamics and plant phenology to partition the evaporation in conceptual
hydrological models. We compared the performance of a conventional conceptual hydrologi-
cal model and the same model with the model adjustment, where the performance is separated
into the general capacity of the model to simulate streamflow and transpiration and the predic-
tive capacity of the model. On top of this, we investigated the relationship between the perfor-
mance of the models and the catchment’s characteristics on vegetation and the catchment’s
climate conditions. We did this by testing the FLEX model, which is a relatively inelaborate
conceptual hydrological model (Gao et al. 2014), in its conventional setup and its adjusted
setup on 28 catchments with different climate and land cover characteristics. This adjustment
is based on the crop evaporation method of the Food and Agriculture Organization and parti-
tions the evapotranspiration using LAl data (Allen et al. 1998). Because we investigated the
general capacity to simulate both streamflow and transpiration, streamflow observations and
transpiration data are used in the calibration process, both separately and together.

FLEXC and FLEX™O are able to model the observed streamflow quite well, with higher perfor-
mances for the low flows than for the peak flows. NS-efficiencies and the NSlog-efficiencies
of FLEX® are in most cases higher than the NS-efficiencies and the NSlog-efficiencies of
FLEXFAO when the model is calibrated only on streamflow observations. This could be due to
the addition of two extra parameters that need to be calibrated for FLEXFAC. However, it does
suggest that the FAO adjustment does not necessarily improve the general ability of the model
to streamflow when only streamflow observations are used for calibration. The negative ANS
and ANSlog are consistent for catchments with deciduous broadleaf forest and mixed forest.
For catchments with evergreen needleleaf forest and grassland, it is more variable with more
outliers, with especially the ANS for catchments with grassland being positive. This is due to
an underestimation of FLEXC during the peak flow. These catchments are catchments with a
relatively long period with little to no streamflow. It could be that for this reason, the model is
compensating in the calibration process, which causes the underestimation during the peak
flow. Also, it could be due to the data quality, which is relatively low for some catchments
with evergreen needleleaf forest and grassland. When the model is calibrated on both stream-
flow and transpiration, the NS-efficiencies and the NSlog-efficiencies are in general lower than
when only calibrated on streamflow. However The ANS and ANSlog after the FAO adjustment
are positive for most catchments, and this is in combination with a large improvement in the
ability of the model to simulate the transpiration.
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In the transpiration simulation of FLEX® and FLEXAO, there is a larger difference between
both models. For all catchments FLEXFAC produces NS-efficiencies and NSlog-efficiencies
that are much higher than FLEXC, regardless of the vegetation type of the catchment. The tran-
spiration in FLEXC is determined by the potential evaporation in combination with the amount
of available water in the unsaturated soil reservoir(S,) and the calibrated parameter S, /4.
This leads to an overestimation of the transpiration in winter and the start of spring, which
was visible for all three calibration strategies in the mean seasonal sums of the transpiration.
This overestimation of the transpiration in winter and the start of spring is also reflected in
the fact that the NS-efficiencies of the transpiration simulation of FLEX® were higher than the
NSlog-efficiencies. Where the expectation was that the improvement would be highest for
catchments with a large difference in LAl throughout the year, this is not reflected in the re-
sults. The improvement seems largest for catchments with grassland, even though these are
not the catchments with the highest difference in LAl throughout the seasons or the catchment
with trees that shed their leaves during autumn and winter. What can be noticed in the results
is that these high values for ANS and ANSlog are more due to bad performances of FLEX®
than to high performances of FLEX™AC.

The predictive capacity of both FLEXC and FLEXFA© are very similar. Regardless of the domi-
nant vegetation type of the catchments or the climate indices of the catchments or the calibra-
tion strategy used, the NS-efficiencies and the NSlog-efficiencies of FLEXC and FLEXO in
the calibration period are very similar to the evaluation period.

This study concludes that conceptual hydrological models that include information from plant
phenology as in the FAO adjustment have a similar ability to simulate the streamflow as con-
ceptual hydrological models that do not include this information. However, the impact on the
ability to simulate transpiration can be very positive even for vegetation types that transpire
throughout all seasons. To optimize the model and to be able to simulate both the streamflow
and the transpiration simulation best, both streamflow and transpiration data could be used
in the calibration process. The predictive capacity of a conceptual hydrological model is not
impacted by the inclusion of information on vegetation dynamics if it is done in the structure of
this research.

5.1. Recommendations

It would be valuable if the research on this promising combination of the FLEX model and
the FAO adjustment would be extended. This research has its focus on homogeneous and
consistent land cover conditions in which rapid changes in land cover by for example human
activities are not included. Also, more research could be done on an even more generally
applicable way of including vegetation dynamics could be investigated. For example, using
more predictable variables like temperature to predict the growing stages in the future for which
no direct LAl is available.
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Appendix A: Leaf area index and
determination of growing stages
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Figure A.1: LAl and growing stages catchment C1 Figure A.2: LAl and growing stages catchment C2
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Figure A.3: LAl and growing stages catchment C3 Figure A.4: LAl and growing stages catchment C4

58




59

LA

LA

LAI-)

LAl for catchment 01195100

LAl for catchment 01613050

5 4
4 3
3 z

32
2

1
1
T T T T T T T T T 0 T T T T T T T u T
2003 2004 2005 2006 2007 2008 2009 2010 2011 2003 2004 2005 2006 2007 2008 2009 2010 2011
Date [years] Date [years]
— LAl # LAl Seasonal Change — LAl # LAl Seasonal Change

Figure A.5: LAl and growing stages catchment C5
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Figure A.7: LAl and growing stages catchment C7
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Figure A.8: LAl and growing stages catchment C8
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Figure A.9: LAl and growing stages catchment C9
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Figure A.10: LAl and growing stages catchment C10

LAl for catchment 12374250

250
225 0
200
25
175
20
150 x
135 J1s
100 10
075
0s
050
003 004 005 2006 2007 2008 2009 010 2011 003 2004 2005 2006 2007 2008 2009 2010 2011
Date [years] Date [years]
— LAl # LAl Seasonal Change — LAl # LAl Seasonal Change

Figure A.11: LAl and growing stages catchment C11

Figure A.12: LAl and growing stages catchment C12



60

LAl for catchment 14141500

LAl for catchment 12178100

5 30
a 25
20
—_ 3 —
E S1s
2
10
1 05
o T T T T T T T T T ca T T T T T T T T T
2003 2004 2005 2006 2007 2008 2009 2010 2011 2003 2004 2005 2006 2007 2008 2009 2010 2011
Date [years] Date [years]
— LAl #  LAlSeasonal Change — LAl # LAl Seasonal Change
Figure A.13: LAI and growing stages catchment C13  Figure A.14: LAl and growing stages catchment C14
LAl for catchment 07083000 LAl for catchment 06879650
09 175
08 150
o7 125
o Z100
S5 5
075
0.4
050
03
025
02
2003 2004 2005 2006 2007 2008 2008 010 011 2003 2004 2005 2006 2007 2008 2003 010 w011
Date [years] Date [years]
— LAl # LAl Seasonal Change — LAl # LAl Seasonal Change
Figure A.15: LAl and growing stages catchment C15 Figure A.16: LAl and growing stages catchment C16
LAl for catchment 10244950 LAl for catchment 08050800
0.9
0.8 20
07
06 15
500 3
0.4 10
03
02 05
01
2003 2004 005 006 2007 2008 2009 w010 w011 2003 2004 2005 006 w007 2008 2009 2010 w011
Date [years] Date [years]
— LAl # LAl Seasonal Change — LAl # LAl Seasonal Change
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Figure A.21: LAl and growing stages catchment C21
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Figure A.23: LAl and growing stages catchment C23
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Appendix B: Streamflow simulations

Catchment 03076600 - Streamflow Simulation
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Figure B.1: Catchment C1 streamflow simulation
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Figure B.2: Catchment C2 streamflow simulation
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Catchment 01542810 - Streamflow Simulation
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Figure B.4: Catchment C4 streamflow simulation
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Figure B.5: Catchment C5 streamflow simulation
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Catchment 01613050 - Streamflow Simulation
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Figure B.6: Catchment C6 streamflow simulation
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Figure B.7: Catchment C7 streamflow simulation
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Catchment 12447390 - Streamflow Simulation
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Figure B.8: Catchment C8 streamflow simulation
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Figure B.9: Catchment C9 streamflow simulation
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Figure B.10: Catchment C10 streamflow simulation
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Figure B.11: Catchment C11 streamflow simulation
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Catchment 12178100 - Streamflow Simulation
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Figure B.14: Catchment C14 streamflow simulation
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Figure B.15: Catchment C15 streamflow simulation



70

Q [mmy/day]

Q [mm/day]

Q [mmyday]

Q [mm/day]

Catchment 06879650 - Streamflow Simulation

—=-- FLEX calibrated on streamflow —=- FLEX® calibrated on streamflow and t

—— FLEX™" model calibrated on streamflow

ranspiration

—— FLEX™? model calibrated on streamflow and transpiration

—==- FLEX® calibrated on transpiration
—— FLEX™2 model calibrated on transpiration

—— Observed Streamflow
—— Observed Precipitation

Figure B.17: Catchment C17 streamflow simulation
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Figure B.16: Catchment C16 streamflow simulation
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Catchment 08050800 - Streamflow Simulation
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Figure B.18: Catchment C18 streamflow simulation
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Catchment 10316500 - Streamflow Simulation
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Figure B.20: Catchment C20 streamflow simulation
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Figure B.21: Catchment C21 streamflow simulation
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Catchment 07373000 - Streamflow Simulation
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Figure B.22: Catchment C22 streamflow simulation

Catchment 01411300 - Streamflow Simulation
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Figure B.23: Catchment C23 streamflow simulation
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Figure B.24: Catchment C24 streamflow simulation
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Figure B.25: Catchment C25 streamflow simulation
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Catchment 07362587 - Streamflow Simulation
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Figure B.27: Catchment C27 streamflow simulation



76

Q [mmy/day]

Q [mm/day]

Catchment 01170100 - Streamflow Simulation

0 —WWWWWWWWWWTWWW- o
60 I 100
i
1
) 1
: 200
1
i -
40 i z
Calibrafion Period : Evaluation Period 300 %
i £
30 ! =
: 400
2 i
1
i 500
10 |
. 1L WAL AT LY X S \ ] Y Jd 1 4 I o0
2004 2005 2006 2007 2008 2009 010 2011
Date [years]
First Year of calibration Period First Year of evaluation Period
70 O "”"lﬂ ™ T T W LAV LA BAR M o L I ) LA | I T VT W rv Fl "‘V‘IY‘VP 0
&0 I 100 60 100
50 k200 501 k200
300 = 300
£ E £
E Emxd £
Faoo ™ < I ano =
20 20 1
500 500
10 10 A
\
0 " 3 | 600 0 : s - R | 600
T T T T T T T T T T
2005-01 2005-03 2005-05 2005-07 2005-09 2005-11 2006-01 2008-01 2008-03 2008-05 2008-07 2008-09 2008-11 2008-01
—=—- FLEX® calibrated on streamflow —==- FLEX® calibrated on streamflow and transpiration ——- FLEX" calibrated on transpiration —— Observed Streamflow
—— FLEX™° model calibrated on streamflow  —— FLEX™" model calibrated on streamflow and transpiration ~ —— FLEX™® model calibrated on transpiration ~— Cbserved Precipitation

Figure B.28: Catchment C28 streamflow simulation
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Appendix C: Transpiration simulations

Catchment 03076600 - Transpiration simulation (7 day mean)
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Figure C.1: Catchment C1 transpiration simulation
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Catchment 03455500 - Transpiration simulation (7 day mean)
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Figure C.2: Catchment C2 transpiration simulation
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Catchment 01542810 - Transpiration simulation (7 day mean)
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Catchment 01613050 - Transpiration simulation (7 day mean) 0
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Figure C.6: Catchment C6 transpiration simulation
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Figure C.7: Catchment C7 transpiration simulation
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Catchment 12447390 - Transpiration simulation (7 day mean)
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Figure C.8: Catchment C8 transpiration simulation
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Figure C.9: Catchment C9 transpiration simulation
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Catchment 10343500 - Transpiration simulation (7 day mean) 0
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Figure C.10: Catchment C10 transpiration simulation

Catchment 06408700 - Transpiration simulation (7 day mean) 0
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Figure C.11: Catchment C11 transpiration simulation
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Figure C.12: Catchment C12 transpiration simulation
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Figure C.13: Catchment C13 transpiration simulation
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Catchment 12178100 - Transpiration simulation (7 day mean)
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Figure C.14: Catchment C14 transpiration simulation
Catchment 07083000 - Transpiration simulation (7 day mean)
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Figure C.15: Catchment C15 transpiration simulation
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Catchment 06879650 - Transpiration simulation (7 day mean) 0
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Figure C.16: Catchment C16 transpiration simulation
Catchment 10244950 - Transpiration simulation (7 day mean) 0
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Figure C.17: Catchment C17 transpiration simulation
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Catchment 08050800 - Transpiration simulation (7 day mean) 0
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Figure C.18: Catchment C18 transpiration simulation
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Figure C.19: Catchment C19 transpiration simulation
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Catchment 10316500 - Transpiration simulation (7 day mean) 0
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Figure C.20: Catchment C20 transpiration simulation
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Catchment 07373000 - Transpiration simulation (7 day mean)
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Figure C.22: Catchment C22 transpiration simulation
Catchment 01411300 - Transpiration simulation (7 day mean) 0
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Figure C.23: Catchment C23 transpiration simulation
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Catchment 12073500 - Transpiration simulation (7 day mean) 0
7
B
5
= =
53 g
E H
E E
i3 o
2
400
1 5 : g
; |
il Ak
. b Jl:ﬁh | 500
2004 2009
0 First Year of evaluation period 0
- \ T L Vo ¥ T u
: A N : TT
) "‘
6 I 100 51 AR 100
oo\
£
s _ 59 :
= taos % bao0 =
=] 5 244 o
£ T E 4 2
£ E E E
o3 Foos & 34 k300 =
2 24
[ 400 ‘l 400
1 19 H
ey !
P
L . : — . - 500 o=z : : — : P acme? 1500
2005-01 2005-03 2005-05 2005-07 2005-09 2005-11 2008-01 2008-01 2008-03 2008-05 2008-07 2008-09 2008-11 2009-01
=== FLEX® calibrated on streamflow .0 FLEXC calibrated on transpiration —-= FLEX calibrated on streamflow and transpiration = GLDAS21 Transpiration
—==- FLEX™" calibrated on streamflow oo FLEX™® calibrated on transpiration ~ =—-= FLEX"® calibrated on streamflow and transpiration ~— ODserved Precipitation
Figure C.24: Catchment C24 transpiration simulation
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Catchment 02143040 - Transpiration simulation (7 day mean)
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Figure C.26: Catchment C26 transpiration simulation
Catchment 07362587 - Transpiration simulation (7 day mean) 0
8
& 5, | 200
= ; -
m )
2 4 l Cal\brﬂtfi‘n erjod S
E 4 i A : ‘u?n | £
E ' E
] | ] e 200 Iy
B11 LY
2 "
i | i I 500
1 i
A i
- f |- 600
2004 2005
First Year of calibratien Period First Year of evaluation period
 ANAR SN AN MBS B A G TV 0 I “w] \l[v AU 8| hathase U D .’, vy 0
8 “ B4
100 100
5 | 200 64 | 200
= - = o=
@ = 3 =
g to0f  E 3002
Ea £ E4 z
i L™ @ 400 &
2 500 21 500
. LY ¥ . g
0 L A 1 \ e feoo : \ 3 ! LS Feoo
f T r T T T - T T T 1 r
2005-01 2005-03 2005-05 2005-07 2005-09 2005-11 2006-01 2008-01 2008-03 2008-05 2008-07 2008-09 2008-11 200%-01

FLEX® calibrated on transpiration

=== FLEX® calibrated on streamflow

=== FLEX" calibrated on streamflow FLEX™ calibrated on transpiration
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Catchment 01170100 - Transpiration simulation (7 day mean)
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Performance[-] Performance(-] Performance[-]

Performance[-]

Appendix D: Performance results of

streamflow simulation when models are

calibrated on transpiration

FLEX Model - Performance of Streamflow Simulation - Calibrated on transpiration
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Figure D.1: Performance of the streamflow simulation of FLEX® and FLEX™° when calibrated on transpiration,
presented next to each other for every catchment. The four graphs separate the performance into the NS and
NSlog objective function and the performance in the calibration period and the evaluation period. The colors
show the dominant vegetation type in all the catchments. The x-axes show all the catchments that have been

simulated.
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ANS and ANSlog of streamflow simulation after the FAD adjustment when calibrated on transpiration
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Figure D.2: Performance comparison of the streamflow simulation between FLEX® and FLEX™° calibrated on
transpiration. The figure shows the increase or decrease of the NS-efficiency and the NSlog-efficiency after the
FAO adjustment for every catchment respectively. The colors indicate the dominant vegetation type.
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Figure D.3: Performance comparison between FLEX® and FLEX™°. The top figures show the comparison of

the NS-efficiency and the bottom figures show the comparison of the NSlog-efficiency. The y-axes show how

much the NS/NSlog-efficiency is increased or decreased after the FAO adjustment. The dot marker shows the
performance in the calibration period and the cross marker the performance in the evaluation period. The colors
indicate the dominant vegetation type in the catchment. The x-axes show different climate indices.
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00 FLEX® and FLEXP? (Calibrated on transpiration) - Mean Seasonal Sums of Streamflow
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Figure D.4: Mean seasonal sums of the streamflow for the observed streamflow, FLEX® and FLEX™©. The
seasons are indicated by mam = March, April, and May, jja = June, July, and August, son = September, October,
and November, djf = December, January, and February. The colors show the dominant vegetation type in the
catchments, which are indicated on the x-axes. For every catchment, the observed streamflow, FLEXC and
FLEXO are presented in that order.
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