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Abstract 
This work provides a water balance-based approach to improve understanding of drought trends 

by calculating root storage deficits in the United States. To do this, data is ultimately compiled 

from 1125 watersheds for the years 2001 to 2016. The root storage deficit is then determined 

using iteratively optimized transpiration values minus the water available to plants and compared 

to the latent heat of the FLUXCOM energy fluxes data. The stimulus for this work is a better 

understanding of desiccation processes. Answers to this are given only indirectly. For example, 

no concrete consequences can be derived from the calculated root storage deficits. Further-

more, it turns out that the water cycle-based approach provides clearly interpretable results only 

for catchments with sufficient water supply. Thus, increasingly arid catchments do not satisfy 

the general conditions required for the calculations. Catchments in which the root storage deficit 

exceeds one meter are declared as ever-growing deficit. In these catchments an increased dry-

ing process is to be assumed. In all other catchments, temporally congruent developments are 

shown for both applied methods. Due to the increased dependence on incoming precipitation, 

calculations performed with the CHIRPS dataset were repeated with the CRUNCEP dataset. 

This turns out to be generally smaller but confirms the drying processes suggested by the 

CHIRPS dataset. In contrast, the extents of drying suggested for both methods differ by up to 

972 mm for the CHIRPS precipitation dataset, with holistically calculated root storage deficit 

maxima differing by an average of 178mm. This work is nonetheless useful because otherwise 

only grid dataset-based and thus statistically adjusted approaches are common in climatological 

science. Thus, the water cycle-based approach provides a concrete application of the raster 

values to point measurements. 
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1. Introduction 
In this article, specific impacts of drought in river basins in the USA are calculated, taking into 

account the hydrological cycle. The impacts are determined by the so-called Discharge Method 

and compared with impacts based on machine-learning data sets. Specifically the FLUXCOM 

energy fluxes product data sets were used. In addition, the background of the FLUXCOM project 

and the raw data and measurement methods underlying this data set are explained. The dis-

crepancies between hydrologically calculated parameters and concrete impacts on ecosystems 

mentioned in Streudle (2000) are also explained in more detail. Additional information on the 

FLUXCOM RS+METEO product is provided in Chapter 2. Evaporation is an essential compo-

nent of the hydrological cycle. It is composed of the energy boundary (formed by solar radiation) 

and the availability of water. This is also known as the water boundary. Evaporation, which is 

determined by the energy limit alone, is also called potential evaporation. As mentioned, this 

consists only of energy supply and can therefore be determined relatively easily from the inci-

dent angle of the solar radiation (Coenders, 2017). For the calculation of actual evaporation, 

there are many more factors involved, making it much more difficult to correctly predict the latent 

heat of evaporation. Understanding evaporation is central to a better understanding of the global 

water cycle (Brenner, 2021). In practice, it is evident that the determined values of evaporative 

fluxes from different measurement methods often differ. Even if these methods have their justi-

fication in detail, it is not possible to give a blanket answer where and under which conditions 

the individual methods perform best. Basically, two approaches to measuring evaporation can 

be identified: 

Eddy covariance data 

Eddy covariance measurement sites use in-situ measurements of vertical airflow to determine 

parameters for determining local evaporation. Both the turbulent fluxes of sensible heat and 

latent heat are determined. It should be noted that evaporation originates from latent heat. In 

addition, variations in wind components, temperature, and absolute humidity are measured. 

Eddy covariance measurements are considered a direct and reliable method for performing 

long-term measurements. In the FLUXCOM Energy FLUXES product, the FLUXNET data set is 

used. The FLUXNET dataset is based on 227 global eddy covariance measurement locations 

which are combined into one dataset. The energy corrections proposed as part of the FLUXCOM 

initiative (discussed in more detail in Section 2.2.1) are applied to the same FLUXNET eddy 

covariance measurements to compensate for inconsistencies with the remote sensing data. 
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Remote sensing data 

Remote sensing involves projecting sound signals or electromagnetic waves onto the Earth to 

make inferences about water availability based on its reflections. In addition, the net total radia-

tion can be derived from the measured energy reflection. It should be noted that in addition to 

the different local measurement methods, remote sensing results can also provide evaporation 

results that differ from each other. The added value of the FLUXCOM RS+METEO energy flux 

dataset is not least the combination of the measurement methods just mentioned. The aim of 

the machine learning based approach is to provide additional weightings and adjustments so 

that the FLUXNET network of eddy covariance towers can be determined even where no in-situ 

measurements are available.  

1.1. Problem definition and Research Questions 

In this paper, the numerical methods of root storage deficit calculation mentioned in van 

Oorschott (2021) are applied to river basins in the United States. Results from the Discharge 

method are compared with results from the FLUXCOM method. The Discharge method is an 

iterative procedure for calculating transpiration while also taking in to consideration the hydro-

logical cycle.  The FLUXCOM method uses latent heat values from the FLUXCOM RS METEO 

Energy Fluxes product, based on the CRUNCEP precipitation dataset. These are considered 

equivalent to actual evaporation to determine alternative daily values of transpiration minus in-

terception evaporation.  Interception evaporation is all partial products of evaporation except 

transpiration. Interception evaporation results from the capacity of the interception reservoir, for 

more details see chapter 4. The resulting transpiration daily values are later used to determine 

the water balance of plants in the catchment areas.  Periods of time when more water is removed 

from plants than is added are defined as root storage deficits. As described in Wang-Erlandsson 

(2016) and van Oorschott (2021), this deficit allows conclusions to be drawn about the formation 

of roots. Thus, root storage deficit serves as a proxy of plant water deficiency and for determining 

drought conditions and their severity. As described in van Oorschot (2021), there are numerical 

approaches to root storage deficit calculation. These show that consideration of the water cycle 

allows representative transpiration day values to be determined. These show that in the summer 

of a year a deficit is created in the roots, which can usually be replenished in the more temperate 

period. Here, the maximum value of the temporary deficit is used to determine the extent of 

drought for the selected period. Thus, the root storage deficit serves to determine the extent of 

drought and its timing. 

Methodological framework 

1125 river basins in the USA were selected as the study area, which, due to the uniform meas-

urement procedures, represent the largest possible study area and allow statistical conclusions 

to be drawn about the development of drought. Not only the holistic maximum extent of drought 

is extracted but also the respective annual maxima and the day of occurrence. As explained in 

Section 2.2.5, the FLUXCOM authors compared their results with the state of the art estimates 

and literature. The goal of the present work is to continue the validation process of the 

FLUXCOM authors. For this purpose, the maxima of the root storage deficit calculated using the 
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Discharge method are examined with those of the FLUXCOM product for possible inconsisten-

cies. Areas with a negative net water balance may later allow conclusions to be drawn about 

the overall evapotranspiration performance of the respective river basins (Sung, 2017). In sta-

tistical data analysis, especially in hydrology, the time scales of different hydrological processes 

differ due to the irregularity of meteorological events. For this reason, recurrent processes in the 

hydrological cycle can only be determined if sufficiently long time periods are considered. Thus, 

the years 2001 to 2016 were chosen as the time range. In this period of 16 years, it can be 

assumed that limited informational value does not occur (Klingel, 2015).  The root storage ca-

pacity is based on the portion of the water cycle that is available to plants alone. This is addi-

tionally linked to local transpiration, which can deviate strongly from effective evapotranspiration, 

especially during dry periods (Nijzink, 2016). The approach to calculating root storage deficit is 

based on the hypothesis that plants expand their roots only when necessary, i.e. during periods 

of water shortage, also known as drought stress. Under this assumption, the extent of drought 

can be determined by the change in root storage capacity.  As described in Wang-Erlandsson 

(2016), root zone storage capacity is the product of plant-available soil water and rooting depth. 

As plant available water varies seasonally, the storage capacity of the root zone also varies. 

Combined with the hypothesis that plants do not root deeper than necessary, it follows that 

plants expand their root zone when plant-available soil water decreases and becomes insuffi-

cient for supply. The lack of water is therefore primarily responsible for the development of the 

root zone. In order to obtain concrete values of root storage deficit, van Oorschott (2021) applied 

methods to calculate root storage capacity using local runoff, which is why this method is used 

as the Discharge Method in this work. The goal underlying the further consideration of this paper 

is: 

If the Discharge method is applied in sufficient river basins in the USA and compared with results 

of the FLUXCOM energy fluxes product on the status of the root storage deficit, statements can 

be made regarding the applicability of the Discharge method and its results on the formation of 

roots. 

It can be concluded later that the storage capacity of the root zone provides information about 

spatially varying changes in the hydrological characteristics of an area and can therefore be 

useful to detect changing hydrological conditions (de Boer-Euser,2016). As described in Liu 

(2015), current techniques for detecting drought developments towards desertification, whether 

based on raster maps or field measurements, are insufficiently studied scientifically. Thus, no 

conclusion can be derived regarding the specific consequences with respect to fluctuations in 

the water cycle. A clear link is obvious but these concepts must still be considered in a differen-

tiated way. Comparison of the two resulting root storage capacity trends will show whether the 

FLUXCOM energy dataset is generally suitable to provide corresponding insights. Runoff data 

and their catchments were requested from the USGS. In order to obtain catchment-specific rep-

resentative values, only raster-based data is used, apart from the measuring points of the local 

runoff, and for each catchment area the respective area shares of the raster values are weighted 

according to the resolution of the data set. Thus, the following raster data sets are used for the 

following processing. For precipitation, the CHIRPS dataset is used. To obtain potential evapo-

transpiration data, the 𝐸𝑝𝑜𝑡 product of the GLEAM dataset is used. Data of latent heat are used 

from the FLUXCOM Energy fluxes product. For the most comprehensive analysis possible, only 
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the most promising approach, i.e. the latent heat results in RS + METEO, is used.  The raw data 

and analysis methods used for this purpose are explained in more detail in chapter 3.1. 
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2. Theoretical Framework 
In the following chapter, the background of machine learning in the FLUXCOM ensembling is 

explained in more detail. In addition to the general methodology, the most promising products 

for my analysis will be differentiated and synthesized. There are several approaches to match 

remote sensing data and steady-state measurement results using machine learning the 

FLUXCOM initiative of the University of Jena. It contains not only global evapotranspiration data 

but also climatological and hydrological parameters, which are usually matched with eddy co-

variance measurement points and therefore have a wide range of parameters. In the following, 

the approach "The FLUXCOM ensemble of global land-atmosphere energy fluxes", is pursued 

in more detail. 

 

Figure 1: A general overview of the FLUXCOM initiative (Jung, 2019) 

The aim of the FLUXCOM initiative is to complete the existing network of in situ measurements 

of the FLUXNET initiative, using FLUXNET observations and adding them together with satellite 
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data and global meteorological data to a machine learning approach which is schematically il-

lustrated in Figure 1. Effectively, the FLUXNET network is extended by its missing measurement 

points. 

2.1. FLUXCOM basics 

FLUXCOM is a 2018 project that combines energy flux measurements from FLUXNET monitor-

ing sites with remote sensing and meteorological data using machine learning. This allows the 

creation of a global evaporation data estimate available at 0,5° resolution (Jung, 2019). The 

products of the FLUXCOM initiative consist of an approach based on remote sensing data alone, 

and a second one in which meteorological data have been added to the machine learning algo-

rithm as well. The data sets based on remote sensing data alone are neglected in this work due 

to the higher reliability of data supported by meteorological data. The FLUXCOM energy fluxes 

dataset represents a combination of the results of the FLUXNET eddy covariance towers, as 

well as the remote sensing and meteorological data. The energy fluxes determined in this way 

consist of the net total radiation and the corresponding division into sensible and latent heat. 

The latent heat can later be added one-to-one to the estimated actual evaporation. The following 

data and measurement methods were used as a basis for the FLUXCOM procedure and have 

been assigned to clarify the aim of the later applied value tables: 

RS: Moderate Resolution Imaging Spectroradiometer (MODIS) satellite data. 

Includes land cover data from 2001-2010 and is taken without consideration of possible land 

cover changes. Includes daytime and nighttime land surface temperature, land cover, and frac-

tion of photosynthetically active radiation absorbed by a canopy (Ryu, 2001). From the MODIS 

land cover data, which are available in three spatial resolutions (250m, 500m, and 1000m), a 

0,5° raster of representative plant functional types was created by linear interpolation of 8-day 

values (Jung, 2019), (NASA,2014).  

EC - Measurement dataset - FLUXNET 

The FLUXNET2015 dataset is a global initiative to provide CO2 water and energy fluxes derived 

from eddy covariance measurements (Pastorello, 2015). For this purpose, 212 measurement 

sites are available worldwide. Based on the data collected there, a global map is created that 

indicates net ecosystem exchange (NEE), ecological respiration (RECO) and gross primary pro-

duction (GPP). The measurement period is more than 20 years and is monitored and analysed 

by the AmeriFLux Management Project (AMP) and the European Fluxes database, as well as 

the ICOS Ecosystem Thematic Centre (ICOS-ETC) (Pastorello, 2015). Data processing consists 

of data quality assurance and quality control. 
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CRUNCEP 

The CRUNCEP dataset is an atmospheric climate forcing dataset used as input to land surface 

models. In particular, this dataset is intended to drive the Community Land Model over a long 

time period. The CRUNCEP dataset represents a combination of two existing datasets, the CRU 

TS3.2 0,5 x 0,5 ° monthly data covering the period from 1901 to 2002, and the NCEP 6-hourly 

2,5 x 2,5 ° reanalysis data covering the period from 1948 to 2016 (Viovy., 2018). 

GLEAM   

The Global Land Evaporation Amsterdam Model (GLEAM) is an assemblage of algorithms 

which evapotranspiration based on a Priestley-Taylor formulation with explicit soil moisture 

stress, and interception by the GashModel43, and was informed by various satellite forcing data 

(Jung, 2019) (Martens, 2017). Since the GLEAM dataset contains a large amount of data, it 

should be noted that the evapotranspiration dataset (v3.1a) was used for the cross-consistency 

check of the FLUXCOM initiative. The extension of the cross-consistency check carried out in 

the paper is based on the potential evaporation 𝐸𝑝𝑜𝑡  (mm/d) and is taken from a later publica-

tion version of the GLEAM dataset (v3.3). 

LandFLux-EVAL 

LandFlux-EVAL is the ensemble mean of evapotranspiration products based on different ap-

proaches. For the net radiation Rn, two satellite-based products from Clouds and the Earth's 

Radiant Energy System are compared with each other to obtain corroborated values of net ra-

diation (CERES, 2021). 

2.2. Machine Learning FLUXCOM 

In this chapter the overall methodology of the FLUXCOM global land-atmosphere energy fluxes 

is explained in more detail. Note that due to the consideration of climate data only the RS+ME-

TEO approach is discussed. The machine learning approach in the FLUXCOM project is used 

to obtain a prediction for the latent heat and the sensible heat. The applied algorithms are ap-

plied to the FLUXNET in situ measurements to fill in the missing measurement points.  

2.2.1. Preparation of dependant variables 

Before the FLUXNET data is presented to the algorithm for training, an energy closure adjust-

ment is made. These adjustments follow 3 different approaches". The general form of the cor-

rection is 𝑥𝐿𝐸 ∗ 𝐿𝐸 + 𝑥𝐻 ∗ 𝐻 = 𝑅𝑛 − 𝐺 , where G is the ground heat flux, and𝑥𝐿𝐸 and 𝑥𝐻 are the 

correction factors for latent and sensible heat, respectively". (Jung, 2019). The authors assume 

that the bowen-ratio optimisation, which assumes that the ratio of sensible heat to latent heat is 

accurately measured and both receive the same correction factor: 𝑥𝐿𝐸+𝐻 = 𝑥𝐿𝐸 = 𝑥𝐻 To force 

the energy balance closure,𝑥𝐿𝐸 =
(𝑅𝑛−𝐺)

(𝐿𝐸+𝐻)
 . In the residual approach, the missing energy is then 

attributed to either 𝐻 (𝐻𝑟𝑒𝑠) or 𝐿𝐸 (𝐿𝐸𝑟𝑒𝑠).  𝐿𝐸𝑟𝑒𝑠 with 𝑥𝐿𝐸 =
(𝑅𝑛−𝐺−𝐻)

𝐿𝐸
,𝑥𝐻 = 1 and  𝐻𝑟𝑒𝑠 with 𝑥𝐻 =
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(𝑅𝑛−𝐺−𝐿𝐸)

𝐻
,𝑥𝐿𝐸 = 1.The correction factors are then continuously estimated from the 30-day me-

dian. The algorithm can then recognise latent heat and sensible heat as such and only needs to 

be fed with sufficient independent variables. 

2.2.2. Prediction variables  

To support the algorithm with sufficient data, use is made of MODIS land products. MODIS 

products include daytime and nighttime land surface temperatures, land cover, the fraction of 

photosynthetically active radiation absorbed by a canopy, and the bidirectional reflectance dis-

tribution function (Jung, 2019). “The Land Cover Dynamics product includes layers on the timing 

of vegetation growth, maturity, and senescence that mark the seasonal cycles. Estimates of 

vegetation phenology are provided twice annually from the two 12-month focus periods, July-

June, and January-December, allowing for hemispheric differences in the growing seasons, and 

enabling the product to capture two growth cycles if necessary.” (NASA, 2014). These data are 

cut to a 0,5 ° grid and tiled by plant function type. Seasonal cycles are then created by linear 

interpolation of 8-day values.  Four different commonly used Global climate forcing datasets are 

used to obtain meteorological data (CRUNCEPv8). The water availability indices were calcu-

lated for each forcing dataset based on daily precipitation and potential evaporation. 

 

Figure 2: Illustration of methodological steps and resulting ensemble members for the RS and the 

RS+METEO approach according to (Jung,2019). 
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2.2.3. Predicton of LE and H 

In order to obtain a representative prediction, three machine learning methods are used to pre-

dict 𝑅𝑛, 𝐿𝐸 and 𝐻. The machine learning algorithms used for this follow the approach of convo-

lutional neural networks. The full factorial design approach ensures that all potential sub-prod-

ucts are taken into account. These contain 4 different global climate data, where 3 correction 

factors are added for 𝐿𝐸 and 𝐻 respectively. This results in 84 sub-products with their respective 

specific partial results. The methodological steps and the resulting partial products are shown 

in Figure 2. In the RS+METEO setup ensemble products for mean monthly fluxes are generated, 

where the ensemble estimate corresponds to the median of the ensemble members for each 

grid cell and month. For a more precise determination of the ensemble dispersion or uncertainty, 

the median absolute deviation is also included. 

2.2.4. Cross-consistency checks with state-of-the-art estimates 

Spatial patterns of mean annual LE and Rn fluxes and the monthly time series of their continen-

tal means from the FLUXCOM ensemble are compared with previous estimates. For LE, the 

FLUXCOM RS and RS + METEO ensembles are compared with the Model Tree Ensemble 

(MTE10), the Global Land Evaporation Amsterdam Model (GLEAM v3.1) and LandFlux-

EVAL41. The MTE is based on only one machine learning method, trained on monthly flow data, 

and can be considered a precursor to FLUXCOM. Due to the increased data situation and the 

associated increased data-based security of confidential values, it was decided to use only the 

RS+METEO product. Since 8-day values were used instead of daily values in most of the sub-

products, a subproduct was selected that provides daily values and covers as long a time span 

as possible in order to simplify the calculation. A maximum time span from 2001 to 2016 was 

determined for the CRUNCEP ensembled result. This is based on a meteorological product, the 

CRUNCEP precipitation data set, and is based on all 3 machine learning methods. 
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3. Applied methods 
This chapter first explains the attached data and its pre-processing. Then current ambitions for 

calculating root storage development are presented. In this way, the FLUXCOM data are not 

only compared with potential evaporation in general but also in dry periods (Sung, 2017). There 

is thus an additional dependency on water inflow, i.e. precipitation, which is first calculated using 

the CHIRPS dataset and then qualitatively compared with the CRUNCEPv7 dataset. By exam-

ining FLUXCOM performance through the calculation of the root storage deficit, not only the 

performance in periods of drought but also the replenishment of these deficits and thus the 

holistic development of the respective region is taken into account. Ultimately, the respective 

developments of the root storage deficits are compared to see whether the changes in the 

RS+METEO result deviate from the original information or not. 

3.1. Data basis 

In order to be able to carry out the analysis adequately, it is of utmost importance to obtain 

reliable and sufficiently long data series. In addition, the measurement methods used should be 

as comparable as possible. Due to the large national area and the resulting uniform measure-

ment techniques, the calculations are carried out exclusively in the USA. For this purpose, all 

measuring points marked as river courses and their coordinates were overlaid with the available 

boundary data. Last but not least, the associated data sets of local discharges had to have the 

time span of the FLUXCOM data, namely from 01.01.2001 to 31.12.2016. If the first calculations 

lead to satisfactory results, further areas can be added to the calculations. For a comprehensive 

analysis, these would have to be distributed as widely as possible across the globe in order to 

detect possible deviations in the quality of the data. Of the originally selected catchments, some 

may be dropped because the requested data series of local runoff are either not complete, or 

are based on estimated values instead of measurements. Although the available data are based 

on daily measurements and calculations, in this paper the results for annual and total extreme 

values are calculated and used as a basis for the further explanations. This makes it possible to 

compare potential impacts of possible dry periods across years (Wang-Erlandsson, 2016). Fur-

thermore, conclusions can be drawn in a holistic context. 
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Discharge readings  

In order to be able to cover the area of the USA accordingly, the available discharge measure-

ment values in the USA were queried. Subsequently, all areas marked by the USGS as river 

course and their measurement series were downloaded and their catchments marked by the 

USGS were displayed as polygons and assigned to the respective river catchments by triangu-

lation. Subsequently, the Discharge related to the area of the respective catchment was used in 

further calculations in order to calculate consistently in mm/d. 

Potential evaporation data 

For the potential evaporation data needed in the upcoming calculations, the GLEAM v3.3 da-

taset was used (Martens et al., 2017). This is the same dataset mentioned in Chapter 2 but it is 

a newer version and a different variable, namely potential evapotranspiration  𝐸𝑝𝑜𝑡(mm/d). To 

combine point values and raster data, the raster values and their area weighting were adjusted 

to the catchments and a representative mean value was calculated which corresponds to the 

determination of representative values (Miralles, 2011). 

Precipitation data 

In the present work, the decision was made not to use point measurements for precipitation but 

to use the CHIRPS precipitation grid. This has a lower accuracy in relation to the actual local 

precipitation but is more representative of the long-term total precipitation due to the statistical 

adjustments. The Climate Hazards Group Infrared Precipitation with Stations (CHIRPS) dataset 

is a combined product of remote sensing and in situ observations with high resolution (Ullah, 

2019) and daily precipitation estimates based on the duration of cold clouds. In a first step, 

station data are blended to produce a preliminary information product. Then, a blending proce-

dure is applied that takes into account the spatial correlation structure to assign interpolation 

weights (Funk, 2015). To combine point values from other data series with the raster data, the 

raster values and their area weighting were tailored to the catchments and a representative 

mean value was calculated.  

FLUXCOM latent heat Data 

The latent heat data is derived from the LE.RS_METEO.EBC-ALL.MLM-ALL.METEO-

CRUNCEP_v8.720_360.daily dataset. Generally, the latent heat of the FLUXCOM dataset is 

equated with the actual evaporation. This is not quite correct, as the actual evaporation also 

depends on the local temperature (Jung, 2010).  However, the fluctuations in temperature are 

so small that this can be neglected. The resulting factor for actual evaporation is ρλ=2.45 

(GJ/m3) (Coenders, 2017).  
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3.2. Discharge method for estimating root zone storage capacity 

In this chapter, the previously mentioned data is processed. The respective catchment areas 

are first divided into two fictitious storage media. The water available to the roots is then deter-

mined in the storage medium associated with transpiration. The fluxes associated with precipi-

tation and evaporation, also called vertical water flows, are explained in Figure 3. In order to 

carry out the validation especially in extreme situations, it was decided to specifically investigate 

droughts. According to Wang-Erlandsson (2016), the root storage capacity model is based on 

the observation that plants do not root deeper than necessary to meet their water needs. This 

means that during dry periods and at dry sites, root growth takes place to a much greater extent 

to reach the water-bearing layers than at moist sites with high groundwater levels. The root mass 

at dry sites, which can serve as a water reservoir, is correspondingly greater. This allows pos-

sible qualitative differences to the FLUXCOM evapotranspiration data set during the dry periods 

mentioned and the resulting variation of the root storage deficit to be identified. In this context, 

the daily values determined are not only examined for their informative value with regard to the 

long-term water cycle but specifically during dry periods. In the search for a suitable calculation 

method, it was decided to use the Discharge method, which has been used for some time as a 

tool for calculating mass shifts of fluids (Gao, 2017). This method is commonly used to determine 

the required storage capacity of reservoirs. It is not only a matter of the maximum filling quantity 

but also of the final emptying of the reservoir without overflowing. 

 

 

Figure 3: Explanation of the storage media used and their incoming and outgoing flows. 𝑺𝒊 (mm) 

depends on the incoming rain 𝑷 (mm/d), the outgoing interception evaporation 𝑬𝒊 (mm/d) 

and the effective precipitation 𝑷𝒆 (mm/d). The transpiration storage 𝑺𝒕𝒓(mm) depends only 

on the effective precipitation and the transpiration 𝑬𝒕𝒓 (mm/d). 

As shown in Figure 3, each river basin is divided into two storage media, the interception storage 

Si and the transpiration storage 𝐸𝑡𝑟. The interception storage represents a fictitious storage me-

dium in which all evaporation that does not originate from plants occurs. The interception storage 
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describes the evaporation from wet surfaces after precipitation. This includes interception from 

leaves as well as from wet surfaces such as vegetation, paved surfaces, fallen leaves, bare soil, 

etc. (Gerrits et al., 2011).  Transpiration storage, on the other hand, represents the amount of 

water used by plants for transpiration. 

The interception storage 𝑆𝑖 (mm) is thus defined as storage basin of a catchment that is respon-

sible for all evaporation that does not take place in the form of transpiration. For both partial 

evapotranspiration, the assumption is that together they correspond to total evapotranspiration 

and actual evapotranspiration, respectively. This results in equation 1. 

 

𝐸𝑡𝑜𝑡𝑎𝑙 = 𝐸𝑖 + 𝐸𝑡𝑟 (1) 

  

In which the interception Evaporation 𝐸𝑖 (mm/d) is the one leaving the interception storage and 

the remaining transpiration 𝐸𝑡𝑟 (mm/d) is leaving the transpiration Storage. 

Whereby it must be further examined whether the total evaporation 𝐸𝑡𝑜𝑡𝑎𝑙 actually corresponds 

to the FLUXCOM-evaporation 𝜌𝜆𝐸𝐹𝐿𝑈𝑋𝐶𝑂𝑀. 

𝑑𝑆𝑖

𝑑𝑡
= 𝑃 − 𝐸𝑖 − 𝑃𝑒 (2) 

 

The change of the interception storage is determined by the incoming CHIRPS precipitation 𝑃 

(mm/d), the outgoing interception evaporation 𝐸𝑖 (mm/d) and effective precipitation 𝑃𝑒 (mm/d).  

The conditions for 𝐸𝑖 and 𝑃𝑒 are indicated below. 

 

    𝐸𝑖 = 𝐸𝑝𝑜𝑡      if 𝐸𝑝𝑜𝑡𝑑𝑡 < 𝑆𝑖 

   𝐸𝑖 = 𝑆𝑖     if 𝐸𝑝𝑜𝑡𝑑𝑡 ≥ 𝑆𝑖 

 𝑃𝑒 = 0    if 𝑆𝑖 ≤ 𝑆𝑚𝑎𝑥 

 𝑃𝑒 =
(𝑆𝑚𝑎𝑥−𝑆𝑖)

𝑑𝑡
   if 𝑆𝑖 > 𝑆𝑚𝑎𝑥 

 

Evaporation currents cannot be greater than the energy available for it, which is defined as 𝐸𝑝𝑜𝑡. 

Thus, the first condition is that 𝐸𝑖 is equal to 𝐸𝑝𝑜𝑡 as long as 𝑆𝑖 is greater than 𝐸𝑝𝑜𝑡. But if 𝐸𝑝𝑜𝑡 

exceeds 𝑆𝑖, 𝐸𝑖 is again bound to the capacity of 𝑆𝑖. In the second half of the conditions it is 

defined that as long as 𝑆𝑖 has not yet reached the maximum capacity of 𝑆𝑚𝑎𝑥, no 𝑃𝑒 falls. Only 

when 𝑆𝑚𝑎𝑥 is exceeded is the excess 𝑃𝑒 added. With the help of all 4 framework conditions, both 

a temporal offset of 𝑃 and 𝑃𝑒 and the consideration of the maximum evaporation Epot can be 

guaranteed. A maximum storage volume of 𝑆𝑚𝑎𝑥=3mm was set. As mentioned in van Oorschot 

(2021), 𝑆𝑚𝑎𝑥 in tropical rainforests varies between 2mm and 8mm (Herwitz, 1985). Since it is 

not so much the potential storage maximum that is decisive in determining the deficit but the 

number of days on which this occurs repeatedly, the effect of the applied 𝑆𝑚𝑎𝑥 is negligible. 

Since repeated rainy days are on average above the chosen 𝑆𝑚𝑎𝑥, the error due to an incorrect 

choice of 𝑆𝑚𝑎𝑥 is small. During the calculation of the interception storage, incoming and outgoing 
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flows were compared and weighed against the current capacity of the interception storage. This 

allows any errors in the precipitation and potential evaporation dataset to be identified and errors 

in the algorithm to be detected. After the interception storage has been determined, the all-time 

transpiration average is determined by making use of the long-term water cycle. This is where 

the name of the Discharge method comes from, as it is no longer only vertical water flows that 

are taken into account but also horizontal water flows such as the Discharge 𝑄. The perspective 

changes to the total area of the respective catchment areas and the discharge is now given 

relative to the catchment area in mm/d as in equation 3. 

 

𝑃�̅� − �̅� − 𝐸𝑡𝑟𝑎
̅̅ ̅̅ ̅ = 0 (3) 

 

Since long time arrays of 𝑃𝑒 and 𝑄 are determined by applying the Discharge method and read-

ing in USGS data the overall transpiration  𝐸𝑡𝑟
̅̅ ̅̅  is derived from equation 3. Afterwards the whole-

time transpiration coefficient (-), which is defined as the ratio of Transpiration and the total po-

tential Evaporation derived from the GLEAM dataset is determined as stated in equation 4. 

𝑐0,𝑎 =
𝐸𝑡𝑟𝑎
̅̅ ̅̅ ̅

𝐸𝑝𝑜𝑡
̅̅ ̅̅ ̅̅

 (4) 

Here 𝐸𝑡𝑟
̅̅ ̅̅  (mm/y) is the previously determined holistic transpiration average and 𝐸𝑝𝑜𝑡

̅̅ ̅̅ ̅̅  (mm/y) is 

the overall potential evaporation for the period a=01.01.2001-31.12.2016. Subsequently, the 

first preliminary transpiration daily values are determined while assuming that the overall ratio 

of transpiration to potential evaporation can be equally applied on each day. The resulting equa-

tion describing the initially applied time array of transpiration is stated in equation 5. 

𝐸𝑡𝑟𝑎
(𝑡) = 𝑐0,𝑎 ∗ 𝐸𝑝𝑜𝑡(𝑡) (5) 

 

In Wang-Erlandsson (2016), the storage capacity of the root zone is calculated using spatial 

precipitation and evapotranspiration datasets. This method is usually referred to as the water 

balance method, as it takes into account the water balance throughout the year. It is based on 

the basic assumption that "plants do not root deeper than necessary". The effective rooting 

depth is therefore directly dependent on the water surplus or deficit. This water balance was 

determined annually and the extreme values were noted as general maxima. An illustration of 

the algorithms used is given in Figure 4. 
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Figure 4: Illustrative representation of the algorithm calculating the root storage capacity according 

to (Wang-Erlandsson, 2016). As can be clearly seen in the figure, only the periods in which 

outgoing flows outweigh incoming flows are taken into account, resulting in a net deficit in 

the storage medium. 

In the method described in Gao (2014) and van Oorschot (2020), the root storage deficit is 

calculated by determining an interception storage and a transpiration storage. The storage def-

icit is then calculated using the effective precipitation and the provisionally calculated transpira-

tion as stated in equation 6. 

𝑆𝑡𝑟𝑑0(𝑡0, 𝑡1) = max (0, − ∫ (𝑃𝑒(𝑡) − 𝐸𝑡𝑟𝑎
(𝑡)) 𝑑𝑡)

𝑡1

𝑡0

) (6) 

 

Here, t0 corresponds to 1 January of a year and t1 to 31 December of the same year. 

Afterwards the relative change in storage deficit 𝑆𝑡𝑟𝑑0(𝑡) (mm) is determined as stated in equa-

tion 7. 

𝑑𝑆𝑡𝑟𝑖,𝑎
(𝑡)

𝑑𝑡
= 𝑆𝑡𝑟𝑑𝑖(𝑡0, 𝑡0) − 𝑆𝑡𝑟𝑑𝑖(𝑡0, 𝑡1) (7) 

 

This change is then re applied into the annual water balance. Making use of the formerly used 

postulate that the water balance is closed the resulting mean annual Transpiration 𝐸𝑇𝑟̅̅ ̅̅
�̅� 

(mm/year) is calculated. 

𝐸𝑡𝑟
̅̅ ̅̅

𝑖
= 𝑃�̅�𝑎

− �̅�𝑎 −
𝑑𝑆𝑡𝑟𝑖,𝑎

(𝑡)

𝑑𝑡
 (8) 

 

Subsequently, the annual transpiration is then used to calculate daily transpiration arrays as 

indicated in equation 9. 
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𝑐𝑖,𝑎 =
𝐸𝑡𝑟
̅̅ ̅̅

𝑖

𝐸𝑝𝑜𝑡
̅̅ ̅̅ ̅̅

𝑖

 (9) 

  

𝐸𝑡𝑟𝑖
(𝑡) = 𝑐𝑖,𝑎 ∗ 𝐸𝑝𝑜𝑡(𝑡) (10) 

 

With the now annually determined transpiration coefficient 𝑐𝑖,𝑎 (-) is calculated for each of the 

16 years. 

 

𝑆𝑡𝑟𝑑𝑖(𝑡0, 𝑡1) = max (0, − ∫ (𝑃𝑒(𝑡) − 𝐸𝑡𝑟𝑖
(𝑡)) 𝑑𝑡)

𝑡1

𝑡0

) (11) 

 

𝑆𝑡𝑟𝑑𝑖+1(𝑡0, 𝑡1) =
𝑆𝑡𝑟𝑑𝑖(𝑡0,𝑡1)+𝑆𝑡𝑟𝑑𝑖−1(𝑡0,𝑡1)

2
     for  𝑖 > 1 

 

 

(12) 

 

The optimisation process from the first iteration upwards is shown in equation 12. This process 

is iteratively repeated until the absolute change in the transpiration coefficient compared to that 

of the previous iteration did not exceed the absolute threshold of 0,002. 

 

0,75 ∗ 𝑐0,𝑎 ≤ 𝑐𝑖,𝑎 ≤ 1,25 ∗ 𝑐0,𝑎 
(13) 

 

In order not to violate the framework condition of an intact water balance, as stated in equation 

13 the change in the transpiration coefficient is allowed to deviate by a maximum of 25% from 

the original all-time estimate. This way the uncertainties from the water cycle are diminished in 

a deterministic way. Since in some catchments the threshold is not reached an additional con-

straint of a maximum number of 20 iterations is set. 
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3.3. FLUXCOM approach root storage capacity 

In order to carry out the final evaluation of the latent heat of the FLUXCOM approach, it was first 

postulated to be equivalent to the actual evaporation (mm/d). Consequently, the FLUXCOM 

transpiration 𝐸𝑡𝑟𝐹𝐿𝑈𝑋𝐶𝑂𝑀 (mm/d) is directly dependent on the FLUXCOM evaporation and the 

interception evaporation 𝐸𝑖  (mm/d) calculated in 3.2 as given in equation 14. 

𝐸𝑡𝑟𝐹𝐿𝑈𝑋𝐶𝑂𝑀
= 𝜌𝜆𝐸𝐹𝐿𝑈𝑋𝐶𝑂𝑀 − 𝐸𝑖 (14) 

 

With 𝜌𝜆 = 2,45𝐺𝐽/𝑚3(Coenders, 2017). As executed in 3.1, the root storage deficit is calculated 

by making use if the FLUXCOM transpiration 𝐸𝑡𝑟𝐹𝐿𝑈𝑋𝐶𝑂𝑀. 

𝑆𝑡𝑟𝑑𝐹𝐿(𝑡0, 𝑡1) = max (0, − ∫ (𝑃𝑒(𝑡) − 𝐸𝑡𝑟𝐹𝐿𝑈𝑋𝐶𝑂𝑀
(𝑡)) 𝑑𝑡)

𝑡1

𝑡0

) (15) 

 

Whereby the iterative approach for calculating the actual transpiration is omitted. 
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4. Results 

4.1. Individual results per catchment 

In this chapter, the calculation results of the steps explained in Chapter 3 are presented and 

explained.  First, the development of the root storage deficit is calculated with the Discharge 

method and then with the FLUXCOM method. It is important to note in which areas sufficient 

runoff data were not available and in which catchments the required conditions were not met.   

Figure 5 provides an overview of the suitability of the available data set as a basis for the sub-

sequent calculation steps. As can be seen, there are catchments where the boundary conditions 

are met and catchments where the available discharge values are insufficient because some 

values were either not available or estimated instead of measured. Catchments where the 

boundary conditions are not met are those where the water balance is already closed without 

transpiration and therefore the water balance approach cannot be performed. As shown in Table 

1, 7 catchments were selected to reflect the full range of results.  
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Figure 5: Presentation of the catchment areas and suitability of the data set as a basis for the sub-

sequent calculation steps. 

As shown in Figure 5, there is no clear picture of data availability. Shown in purple are catch-

ments for which time series from January 1, 2001 to December 31, 2016 were not available or 

were partially estimated. The catchments where the framework is violated are only found in the 

north and northwest but not in the southeast. 

Table 1: Example selected catchments indicated with a yellow arrow in Figure 5. They are selected 

to represent both expected and unexpected outcomes, including catchments where bound-

ary conditions are violated. 

Catchment Site number Station name 

1 03383000 Tradewater River at Olney, KY 

2 04296000 Lack River at Coventry, VT 

3 02349900 Turkey Creek at Byromville, GA 

4 14185000 South Santiam River below Cascadia, OR 

5 05484000 Raccoon River at Van Meter, IA ST 

6 06892000 STRANGER C NR TONGANOXIE, KS 

7 10255810 Borrego Palm NR Borrego Springs, CA 
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The above catchments and their specific results are discussed in more detail below. In addition 

to the development of the root storage deficit, average input and output parameters such as 

effective precipitation, runoff, potential evaporation and transpiration are given.  These are de-

termined separately for each year and are indicated by the mean value of the respective year. 

4.1.1. catchment results: 

In most areas, the root storage deficit calculations correspond to an expected range of values 

in which annual variations occur and reflect a realistic result. As shown in Figure 6, two time 

series are identified in which the root storage deficit periodically increases in the summer months 

and records a decrease in the winter. Although the magnitude of the deficit is different due to 

𝐸𝑝𝑜𝑡 and latent heat, the values of the two-time series are within realistic values. The temporal 

offset of the root storage maxima is not obvious at first glance but is explained in more detail 

below as time lag. For catchment 03383000 this is comparatively small with an average value 

of 36,5 days for each year. The time lag of the other catchments is listed in Table 2. 

 

Figure 6: Illustration of root storage deficit (mm) on the Tradewater River at Olney, KY(03383000) 

derived from the CHIRPS dataset including annual mean values used. 

When analysing the catchment areas, it is additionally noticeable that the temporal offset of 

drought seems to be negligible but the expression of the root storage deficit differs strongly in 

both methods. In 2002, for example, the difference between the calculated maxima of the root 

storage deficit is about 150 mm. In 2007, this difference is 200 mm.  If the calculated maxima 

were true, their magnitude would result in significantly different consequences of root formation. 

Thus, in 2007, the FLUXCOM method shows an increased root zone expansion requirement 

compared to the Discharge method. The attached input parameters show that the water balance 

is closed as expected and transpiration occurs. As shown in Figure 6, the average transpiration 
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in the zero iteration in 2001 is about 1.2 mm per day. After optimizing the transpiration coeffi-

cients, the average daily transpiration is about 1.8 mm per day. Other parameters, such as the 

average daily values of potential evaporation 𝐸𝑝𝑜𝑡 (mm/d), effective precipitation 𝑃𝑒 (mm/d), and 

effective runoff (mm/d) in the area, are also within an expected and non-contradictory range. 

The ratio of 𝐸𝑝𝑜𝑡 to 𝑃𝑒  suggests that the Tradewater River near Olney, KY, is an area less at 

risk of drought compared to other areas.  The identified annual variations in maximum deficit 

can be attributed to the low effective precipitation 𝑃𝑒 (mm/d) and the low average annual tran-

spiration values of 𝐸𝑡𝑟𝐹𝐿
(mm/d) and 𝐸𝑡𝑟𝑖

 (mm/d). The 2004 and 2012 results shown in Figure 7 

illustrate this as an example. Note that 𝐸𝑡𝑟0
 is the transpiration at the first estimate or at the zero 

iteration. 𝐸𝑡𝑟𝑖
 is the transpiration after optimization of the transpiration coefficients. 

 

Figure 7: Illustration of root storage deficit (mm) on the Lack River in Coventry, VT (04296000) de-

rived from the CHIRPS dataset including annual mean values used. 
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There are also small variations in the temporal occurrence of the root storage deficit in catchment 

04296000. The absolute differences in the extent of drought are also comparatively small, with a maxi-

mum difference of about 150 mm in 2001. However, the relative offset in root storage deficit maxima is 

uniformly a factor of 3. 

 

Figure 8: Plot of root storage deficit (mm) at Turkey Creek in Byromville, GA (02349900) derived 

from the CHIRPS dataset including annual mean values used. 

Figure 8 and Figure 9 There are also small variations in the temporal occurrence of the root 

storage deficit in catchment 04296000. The absolute differences in the extent of drought are 

also comparatively small, with a maximum difference of about 150 mm in 2001. However, the 

relative change in root storage deficit maxima is uniform, meaning that the calculated root stor-

age deficits are coherent except for a minor difference in magnitude. The root storage deficit 
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calculated with the FLUXCOM dataset did not fully regenerate from 2011 to 2012.  The associ-

ated mean values show that this is due to the relatively low effective precipitation in these years 

compared to the overall average. 

 

Figure 9: Illustration of root storage deficit (mm) on the Raccoon River at Van Meter, IA ST 

(05484000) derived from the CHIRPS dataset including annual means used. 
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Similar to Figure 8, Figure 9 and Figure 10 also show irregularities in periods of lower effective 

precipitation from 2012 to 2013. Again, it is noticeable that the effective precipitation in the men-

tioned years is comparatively low. 

 

Figure 10: Plot of root storage deficit (mm) in STRANGER C NR TONGANOXIE, KS (06892000) de-

rived from CHIRPS dataset including mean values used annually. 

Figure 10 shows, as in Figure 8 and Figure 9, that the respective maxima are generally closer 

together but in some outliers this difference increases sharply. In addition, there are consecutive 

years in which the difference in the extent of drought deviates sharply from the general trend. 

The results for catchments 14185000 and 10255810 lead to contradictory results, which are 

further explained in the appendix. 

4.1.2. Distribution of max 

To gain a more detailed insight into the relationships between the calculated maxima of root 

storage capacity, the respective maximum extent of root storage deficit is calculated, as shown 

in Figure 11. Due to the error shown in Figure 35, catchments where the maximum extent ex-

ceeds 1 m are excluded from the analysis as this exceeds the potential root growth capabilities 

and for this reason is not considered realistic (Ying et al., 2017). Figure 11 shows that the wa-

tersheds where the absolute maximum FLUXCOM deficit is found are concentrated in the Mid-

west. 
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Figure 11: Distribution of maximum storage deficit 𝑆𝑡𝑟𝑑𝑖(𝑡0, 𝑡1) for the period 2001-2016 (mm) derived 

by applying the latent heat of FLUXCOM dataset and the runoff method by applying 

CHIRPS precipitation. 

4.1.3. Correlations 

To determine annual variations in root storage deficit, in addition to the holistic maximum values 

of the time series from January 1, 2001 to December 31, 2016, annual maxima are also ana-

lysed separately. To determine the relationship between the two calculated annual trends in root 

storage, the correlations of their annual maxima are determined. For this purpose, the corre-

sponding Pearson and Spearman coefficients are calculated for each catchment. Only the max-

imum annual deflection is correlated and not the time series as such. This is done because the 

maximum deflection has a higher information content for the extent of potential droughts than 

the knowledge of what happens the remaining time of the year. The Spearman and Pearson 

coefficients calculated for each catchment are shown in Figure 12. 
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Figure 12: Calculated Pearson and Spearman coefficients (-) for the annual root storage deficit maxi-

mum, once using the runoff method and once using the FLUXCOM energy fluxes dataset. 

Coefficients between 0.4 and 1 are considered sufficiently strong correlation. 

As can be seen in both figures, the areas with low correlation are found in the Midwest. Since 

these results also depend on precipitation supply, it can be assumed that the correlation of root 

storage deficit maxima depends on precipitation supply. For this purpose, the areas are subdi-

vided according to their average aridity index, as shown in in the Appendix. The aridity index is 

added as an elementary parameter to each river basin. 
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4.2. Combined Results 

In summary, differences in the extent of the root storage maximum are due to variations in ef-

fective annual precipitation. To investigate this further, not only the amplitude of the fluctuations 

but also their timing, also referred to as time lag, was examined. Time lag is defined as the 

difference between  𝑡𝑆𝑡𝑟𝑖.𝑚𝑎𝑥
 (days), the day of maximum root storage deficit of the runoff method, 

and the day of maximum FLUXCOM root storage deficit 𝑡𝑆𝑡𝑟𝑖𝐹𝐿.𝑚𝑎𝑥
  (days), as given in equation 16. 

 

 

𝑡𝑖𝑚𝑒 𝑙𝑎𝑔 = 𝑡𝑆𝑡𝑟𝑖.𝑚𝑎𝑥
− 𝑡𝑆𝑡𝑟𝐹𝐿.𝑚𝑎𝑥

 (16) 

 

 

The total bias is defined as the sum of the annual difference between the maximum of the runoff 

method and the maximum of the FLUXCOM method. The average annual time lag is defined as 

the sum of the absolute difference in days on which a maximum occurs. The total maximum 

time lag is defined as the difference in time of the days on which the absolute maxima of the 

respective root storage deficits occurred over the entire 16-year period. The framework param-

eters of the respective catchments are shown in the following table for the selected catchments. 

Table 2: Summarised CHIRPS results of the selected catchment areas 

Site number Total bias (mm) 
Avg annual time lag 

(days) 

Overall max time 

lag (days) 
Aridity Index (-) 

03383000 -2036,4 36,5 -1727 0,658 

04296000 -1296,2 30,4 0 0,598 

02349900 -1248,1 45,8 1084 0,719 

14185000 -4895,0 273,6 -5369 0,517 

05484000 -1493,1 14,4 369 0,733 

06892000 -1088,5 14,2 0 0,776 

10255810 -22426,9 36,1 -2917 3,764 

 

As can be seen in Table 2, what the individual basin analysis suggests is confirmed: In catch-

ment 14185000 and 10255810 the total bias and the maximum total lag are significantly higher 

than in the other catchments. The high average annual lag of catchment 14185000 can be ex-

plained by the fact that no extreme values are available for the runoff method and thus the first 

January of a year provides the highest value, which drives up the average annual lag. 
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4.2.1. Categorization 

In order to establish a relationship between the dryness in the catchments and the correlation 

of the root storage deficit, the correlations were divided into dryness ranges and presented as a 

boxplot in Figure 13 and Figure 14. The division was made so that for categories 1 and 2, wet 

catchments are separated into two classes, and in the remaining categories, 3 through 7, the 

range of drought indices is fully represented.  The maximum added in category 7 is to account 

for outliers and catchments where the physical maximum was exceeded, as shown in Figure 

35. 

 

Figure 13: Boxplot of the Spearman correlation per class using the CHIRPS dataset. As can be seen 

in the figure, both the range and the median of the correlation values for the dryness indices 

from 0 to 1 are above those of the other aridity indices. 

As shown in Figure 13 and Figure 14, drought indices with correlation ranges from 0,4 to 1 have 

proven to be sufficient. In both boxplots it can be seen that only catchments with drought indices 

in the range of 0,5 to 1 have sufficient median correlation values. This means that the extent of 

the respective root storage capacity maxima depends on the precipitation supply and thus pri-

marily on the CHIRPS precipitation dataset. The temporal difference between the absolute max-

imum of the Discharge method and the FLUXCOM maximum is shown for the CHIRPS dataset 

in Figure 15 relative to the aridity index. 
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Figure 14: Boxplot of Pearson correlation per class using the CHIRPS dataset. As can be seen in the 

figure, both the range and the median of the correlation values for dryness indices from 0 

to 1 are above those of the other aridity indices. 

As shown in Figure 15 and Figure 16, aridity indices with correlation ranges of 0,4 to 1 have 

proven to be sufficient. In both boxplots it can be seen that only catchments with aridity indices 

in the range of 0,5 to 1 have sufficing correlation coefficients. This means that the extensions of 

the respective root storage capacity maxima depend on the precipitation supply and thus pri-

marily on the CHIRPS precipitation dataset. The temporal difference between the absolute Dis-

charge method maximum and FLUXCOM maximum relative to the aridity index is shown for the 

CHIRPS data set in Figure 30. 
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Figure 15: Overall maximum time lag for the Discharge method and FLUXCOM method relative to the 

aridity index 

As shown in Figure 15, the time lag of the fulltime maximum tends to be negative and thus the 

maximum in the FLUXCOM method occurs temporally after the Discharge method. Also, the 

biases shown in Figure 16 illustrate that for aridity indices from 0,5 to 1, the distortion is lowest. 

This means that in these catchments there is the least inconsistency in the methods and that 

both results correspond to each other to a large extent. 
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Figure 16: Sum of all annual distortions of the root storage deficit maxima relative to the aridity index. 

4.3. Verification of the determined results with the help of the 

CRUNCEP data set. 

To illustrate the dependence of the development of the root storage deficit on the effective pre-

cipitation, the calculation steps described in 4.1 were repeated with the CRUNCEP data set and 

thus the CHIRPS results were checked for their validity. This allows identification of possible 

errors in the determined root storage deficits with respect to the added precipitation data.  Indi-

rectly, it also allows justification of the FLUXCOM-RS+METEO product, since the CRUNCEP 

dataset is the dataset relied upon in the machine learning approach in the RS+METEO product. 

For accessibility reasons, only version 7 and not version 8 of the CRUNCEP data was used. 

The individual results for the catchments already investigated in chapter 4.1 are presented below 

and compared to the results obtained with the CHIRPS data set. 

4.3.1. CRUNCEP results per catchment 

This chapter presents the root storage deficits in all catchments and their input and output pa-

rameters calculated using the CRUNCEP dataset. Analogous to the CHIRPS data results, there 

is a clear offset to the deficit determined using the FLUXCOM dataset. In contrast to the CHIRPS 

results, the CRUNCEP precipitation is lower overall, resulting in even smaller amplitudes of the 

root storage deficit in the Discharge method. Comparison of Figure 6 with Figure 17 shows that 

for the catchment 03383000 also the average 𝑃𝑒 is smaller and thus the results of the CRUNCEP 

data set show a lower value than for the CHIRPS data set. Consequently, the CRUNCEP root 

storage deficits are also smaller than the CHIRPS root storage deficits. 
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Figure 17: Plot of root storage deficit (mm) on the Tradewater River at Olney, KY IA ST (03383000) 

derived using the CRUNCEP dataset, including visualization of calculated annual mean 

values (mm/day). 

 

Figure 18: Illustration of root storage deficit (mm) on the Lack River in Coventry, VT(04296000) de-

rived from the CRUNCEP dataset, including visualization of calculated annual mean values 

(mm/day). 
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Figure 18 shows that the bias of the Discharge method and the FLUXCOM method is compar-

atively small. Only in the first year, 2000, a disproportionate bias of 150 mm can be seen in the 

maximum values determined for this year. In Figure 19 and Figure 20 , root storage deficits are 

highest in 2011 and 2012, as was the case with the CHIRPS dataset. In Figure 21, this occurs 

in 2013 and 2014. Thus, it can be said that the CRUNCEP dataset does not produce fundamen-

tally contradictory results. However, it is still confirmed that the results of the CRUNCEP dataset 

are lower than those of the CHIRPS dataset and thus the CRUNCEP dataset suggests lower 

actual precipitation. This means that the magnitudes of the root storage deficit for the Discharge 

method for the CRUNCEP results are still lower than those calculated with the CHIRPS dataset. 

 

Figure 19: Illustration of root storage deficit (mm) Turkey Creek at Byromville, GA (02349900) derived 

using the CRUNCEP dataset, including visualization of annual calculated mean forcing in 

(mm/day). 
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Figure 20: Illustration of root storage deficit (mm/d) on the Racoon River at Van Meter, IA ST 

(05484000) derived from the CRUNCEP dataset, including visualisation of annual calcu-

lated mean forcings in (mm/day). 

 

Figure 21: Illustration of root storage deficit (mm/d) Stranger C NR TONGANOXIE, KS (06892000) 

derived from CRUNCEP dataset. 
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4.3.2. Combined CRUNCEP results 

In this chapter, as already determined for the CHIRPS data, the calculated root storage deficits, 

their maxima and their correlations are presented. Regarding the maximum values of the root 

storage deficit, it can be said that, as already calculated for the CHIRPS data, only the 

FLUXCOM method gives deficits of more than 1 meter.  These results were also excluded in 

this work step because it can be assumed that with normal plant growth, these root storage 

deficits cannot be compensated with increased root growth (Ying et al., 2017). In contrast, the 

maxima calculated with the Discharge method at a maximum root storage deficit of about 250 

mm are in much more realistic value ranges than the maxima of the FLUXCOM root storage 

deficits shown in Figure 22. 

 

Figure 22: Distribution of maximum storage deficit 𝑺𝒕𝒓𝒅𝒊(𝒕) for the Period 2001-2016 (mm) derived by 

applying the latent heat of the FLUXCOM dataset and the Discharge Method by applying 

CRUNCEP precipitation. 

For the root storage deficit maxima shown in Figure 22, a comparable spatial distribution as 

already determined for the CHIRPS data set can be observed. Basically, the catchments with 

increased root storage deficit are found in the Midwest and not in the East. This again suggests 
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a correlation of the calculated annual biases in root storage deficit to the aridity index. Calcula-

tions of Spearman and Pearson correlation coefficients as shown in Figure 23 indicate that neg-

ative correlations were determined in the central United States, as was evident with the CHIRPS 

data set.  As with the CHIRPS data, this suggests that the respective root storage deficit maxima 

are particularly dependent on precipitation supply. To this end, aridity indices were again calcu-

lated as listed in the Appendix. 

 

Figure 23: Calculated Pearson and Spearman coefficients (-) for annual root storage deficit maxima, 

once using the Discharge method (CRUNCEP) and once using the FLUXCOM latent heat 

dataset. Coefficients between 0.4 and 1 are considered sufficiently strong correlation. 

The calculations of the Spearman and Pearson correlation coefficients show that negative cor-

relations occur in the central USA, as was already the case with the CHIRPS data set.  As with 

the CHIRPS data, this suggests that the respective root storage maxima are particularly de-

pendent on precipitation input. For this purpose, the aridity indices were calculated again, as 

shown in Figure 31. 
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As with the results obtained using the CHIRPS dataset, the CRUNCEP data again show a high 

correlation of the annual root storage deficit maxima with the aridity of the catchment, which 

further emphasizes the dependence on the precipitation dataset. As shown in Figure 24 and 

Figure 25, the correlation values of the catchments with aridity index 0,5 to 1 are significantly 

higher than for all other aridity indices. 

 

Figure 24: Boxplot of Pearson correlation per class using the CRUNCEP dataset. As can be seen in 

the figure, both the range and the median of the correlation values for the aridity indices 

from 0 to 1 are above those of the other aridity indices. 
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Figure 25: Boxplot of Spearman correlation per class using the CRUNCEP dataset. As can be seen 

in the figure, both the range and the median of the correlation values for the dryness indices 

from 0 to 1 are above those of the other aridity indices. 

To illustrate the relationship between wet catchments and root storage deficits, the temporal 

shift of the absolute maxima and the absolute annual bias are shown in Figure 26 and Figure 

27. For Figure 26, note that for a value of 0, the congruence in the temporal occurrence of the 

two calculated root storage deficits is particularly high. As already determined with the CHRIPS 

data, also for the CRUNCEP results the time lag is particularly low for catchments with aridity 

index 0-1.  When analysing the absolute total bias in Figure 27, it is noticeable that, as for the 

CHIRPS dataset, only the ranges of aridity index from 0,5 to 1 show a sufficiently low bias in 

root storage capacity for the CRUNCEP dataset. Total bias, average annual time lag, overall 

maximum time lag and aridity index were again summarized for the results collected using the 

CRUNCEP dataset for the selected catchments in Table 3. This confirms that for catchments 
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14185000 and 10255810 the results differ from those of the other catchments. This is particularly 

evident in the value of the total bias. 

 

Figure 26: Boxplot of the time lag (days) of the total maxima relative to aridity class. 

 

Figure 27: Boxplot of the summed annual distortion (mm) relative to the aridity index. 
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Table 3: CRUNCEP results of the selected catchment areas summarised. 

Site number Total bias (mm) 
Avg annual time lag 

(days) 

Overall max time 

lag (days) 
Aridity Index (-) 

03383000 -2659,4 31,4 -1772 0,699 

04296000 -1030,7 25,9 0 0,560 

02349900 -1466,5 38,6 1458 0,745 

14185000 -5448,4 278,5 -5412 0,788 

05484000 -1680,4 32,5 -49 0,743 

06892000 -1528,2 17,7 0 0,795 

10255810 -23933,9 30,25 -2888 4,247 

 

The CRUNCEP data also show that catchments 14185000 and 10255810 have an increased 

total bias and overall max time lag and the results agree well with those of the CHIRPS data. 

4.4. Comparison of the results of both precipitation data sets 

In summary, the CRUNCEP precipitation dataset confirms the results of the CHIRPS dataset. 

Since the CRUNCEP precipitation is generally slightly lower than the CHIRPS data set, it is not 

surprising that the aridity index is higher for the CRUNCEP calculations than for the CHIRPS 

calculations. With a few exceptions, the overall sum of annual biases for both precipitation data 

sets also follow the picture shown in Figure 28. 

As can be seen there, the total bias is negative in a large part of the catchments. Only in a few 

catchments is there a positive net bias, shown here in cyan. However, the results with positive 

total bias are an exception. One of these catchments is located in Florida, in the south of the 

USA, so that the precipitation values taken as a basis may actually be correspondingly low. A 

more detailed review is needed here. The identified areas in the north are border areas to Can-

ada, where a direct assignment of the runoff quantity to the catchment area is not possible.  In 
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these areas, a fundamentally incorrect result can probably be assumed. The results of the av-

eraged absolute bias are attached. 

 

Figure 28: Comparison of total biases (mm) in all catchments for both precipitation datasets. 

Catchments in which the previously determined physically justifiable root storage deficit maxi-

mum of one meter is exceeded are summarized in Figure 29. It is noticeable that the catchments 

in which this is the case correspond to the areas in which, as shown in the appendix, an in-

creased aridity index was determined. If these results are summarized for these catchments, it 

can be concluded that they are in the process of dehydration. Average values of the results of 

both precipitation data sets are listed in the appendix. 
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Figure 29: Mapping of the catchment areas in which the root storage deficit grows towards negative 

infinity. 
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5. Discussion 
The calculation of root storage deficits was successfully carried out in 1125 catchments.  It can 

be observed that in a large part of the considered areas a deficit occurs in the summer of one 

year, which in most cases is replenished in the following winter. In a few cases, the deficits drag 

on for more than a year, and the recovery does not occur until the following year. 

Ever growing deficit 

In a few watersheds, root storage deficits are trending to become "ever growing deficits," so that 

the transpiration storage for that watershed experiences a steady drying out. This means that in 

these areas the root storage deficit is steadily increasing, increasing desiccation can be as-

sumed. An appropriate example is watershed 10255810 which is located in Borrego Palm NR 

Borrego Springs, California, where desiccation of soils appears to be possible in principle based 

on local conditions. 

No transpiration 

The watersheds shown in Figure 34 and Figure 36 where the calculated results appear to indi-

cate no transpiration are those where the Discharge Method framework could not be met. Thus, 

for catchments where the effective precipitation was calculated to be less than the local runoff 

and corresponding to equation 3, no transpiration would be possible. The few areas where this 

was not possible was in arid climates. An example of this is catchment 14185000 on the South 

Santiam River below Cascadia in Oregon. Since in practice even the smallest amounts of tran-

spiration occur in the driest regions, the missing transpiration determined there is not realistic. 

To prove the actual facts, it will be necessary to conduct supplemental, possibly empirical, stud-

ies (Mitra, 2018). 

All other catchments 

In most areas, however, this transpiration could be calculated. For the areas where transpiration 

was calculated, the following can be summarized:  

The FLUXCOM RS+METEO CRUNCEP dataset confirms the droughts calculated with the run-

off method. In none of the catchments do the two root storage deficits lead to completely oppo-

site conclusions regarding the temporal occurrence of drought.  
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In contrast, in catchments where the general conditions for the calculations are not met, a clear 

temporal offset of the root storage deficit maxima is observed. The temporal offset for the re-

spective methods and selected catchments can be seen in more detail in Table 2, Table 3 and 

in Figure 32 and Figure 33.  

On the other hand, the extents of drought calculated by both methods differ in all areas. Thereby, 

the deficits calculated by the FLUXCOM method are higher in almost all catchments than the 

values calculated by the Discharge method (cf. Figure 11 and Figure 22).  This general bias 

assumes variations of up to 500mm in some areas, which does not allow for any serious con-

clusions to be made regarding the actual root storage deficit.  Since in some years this basic 

bias assumes larger proportions than in others it can be suspected that in these years the basic 

bias presented is joined by additional effects that increase the existing bias (De Boer-Eu-

ser,2019).  

As a result, the Discharge method and the FLUXCOM method give more or less divergent re-

sults with respect to the extent of the identified drought. Thus, it can be said that the results 

obtained with the FLUXCOM RS+METEO product suggest greater and later desiccation.  

This apparent increased extent of drought can have serious consequences regarding the viabil-

ity of local habitats. As mentioned in Steudle (2000) and confirmed in Wang-Erlandsson (2020) 

and van Oorschot (2021), it is explained that the relationship between drought and root storage 

deficit has not been sufficiently scientifically investigated to make concrete conclusions regard-

ing site unsuitability for local flora.  This insufficiently scientifically studied circumstance cannot 

be resolved in this work.  

The agreements of the method-specific results determined in the present work increase with the 

increasing availability of water in the areas in question. Conversely, this means that with lower 

water availability, a reduced significance of the determined root storage deficits can be as-

sumed, since the respective results deviate more strongly from each other. However, the sug-

gested deficits may be smaller in practice because external water flows, such as irrigation and 

groundwater flows, were not considered in the calculations (Vera, 2015). 

Overall maximum 

The analysis of the results of the bias of the overall root storage deficit maxima shows that in 

the catchments where the aridity index is greater than 1, negative correlations of extracted max-

ima were more severe than in humid river catchments. This shows that the correlations of root 

storage deficit maxima are higher in humid catchments than in arid ones.  When compared with 

the CRUNCEP precipitation dataset, this dependence on water supply is further reinforced. 

Thus, differences in the coherence of root storage deficit maxima for changing aridity conditions 

are present. As can be seen in Table 4 the average bias is not greater than 212 mm in all areas. 
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Interpretation 

Considering that the FLUXCOM project used MODIS land cover data as the predictor variable, 

it can be seen that the three machine learning methods used result in the latent heat effectively 

suggesting higher transpiration values compared to the iteratively calculated transpiration. This 

is particularly due to the fact that the machine learning was fed with land use data, which allows 

the respective albedo effect of land use to be included in the consideration. Thus, a higher 

evaporation can be assumed for sealed areas than for unsealed ones, which could explain the 

determined deviations.  

According to Steudle (2000), root storage deficits are accompanied by pronounced suberization, 

which negatively affects water transport within the plant. This leads to corking, which perma-

nently reduces the possibilities of water uptake but also evaporation. This affects the water bal-

ance by further reducing the ability of the roots to absorb water (Steudle, 2000). Thus, potential 

desiccation tendencies cannot be clearly quantified as they are consistently increasing in the 

sense of a positive feedback loop. It can be assumed that in areas, with an increased maximum 

bias, the pressure on the plants is increased in such a way that it can be assumed that they are 

in a process of increasing adaptation to a changing site. The effective added value of the Dis-

charge method is thus limited to statements concerning temporary developments within the pe-

riod under consideration. Continuous existing developments that were initiated before the start 

of the period under consideration, or that extend beyond it, have given a result that cannot be 

placed in any relation and does not represent any added value compared to a holistic balancing 

of the parameters.  

The comparative calculation approach using the FLUXCOM latent heat data did not confirm the 

root storage deficit maxima and their temporal occurrence. The insight into the root storage 

deficit calculation is lacking concrete field measurements on which they could be linked. It was 

confirmed that the results of the Discharge method can be used as an indicator of desiccation 

as long as this development starts and is completed within the period under consideration. This 

means that deficits in the water balance of plants can only be assigned if this root storage deficit 

can be compensated within the observation period. In contrast to these, more conceptual re-

sults, insights into the probable risk of impending desiccation can also be derived. Thus, time 

lag can be used to infer time periods subject to water stress (Porporato, 2001).   

Further insight can be gained by calculating the annual bias. For example, the correlation of the 

root storage deficit maxima calculated annually using the FLUXCOM method, as well as the 

Discharge method, gives a clear overlap with the determined aridity index (compare Figure 30 

and Figure 31). In contrast, the holistically calculated root storage deficit maxima (compare Fig-

ure 11 and Figure 22) show a large offset between the two methods, which makes concrete 

conclusions difficult. Therefore, this work does not provide an answer to the question which root 

storage deficit is to be associated with which concrete consequences for plants and ecosystems.  

Thus, the Discharge method offers the opportunity to improve this understanding, as annual 

maxima of root storage deficit are considered relative to each other and thus specific annual 

values can be assigned to concrete framework parameters. Supplementary empirical studies 

are required here if needed. This means that the calculated root storage deficit maxima have to 

be coupled to concrete values of local devastation in order to assess whether one of the meth-

ods reflects reality.  
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Another added value of the present work results from the transfer of in situ measurements, the 

local runoff data, into area-wide raster data. This is of particular interest to climate scientists who 

rely on area-wide information. Thus, the application of in situ measurements can be seen as an 

enrichment of the cross-consistency test mentioned in the FLUXCOM article. The correlation 

values and the associated coherence of root storage deficit maxima in humid catchments sug-

gest that for a more accurate determination of actual root storage deficits, their concrete assign-

ment to plant parameters is lacking. Transition Since no specific plant value can be assigned to 

the root storage capacity threshold. From Steudle (2000), it appears that root zone storage ca-

pacity provides information on spatially varying changes in hydrologic characteristics of an area 

and therefore may be useful to assess changing hydrology under changing conditions. This is 

tied to the applicability of the water balance-based approach. This assumes sufficiently high 

local runoff, which does not occur immediately in arid catchments. Thus, the approach used in 

this work is only recommended in humid catchments. Thus, the calculated root storage deficit 

maxima say less about the actual extent of drought but only indicate whether it is occurring or 

not. Within a catchment, the allows us to nevertheless investigate whether intermediate devel-

opments of root storage deficits occur, assuming that these re-equilibrate (de Boer-Euser, 

2019).   

In addition, the values collected can be linked to plant-specific trends to promote optimized, 

long-term, resilient land use. Future research could assign specific meaning to the magnitude 

of root storage deficits. For example, critical thresholds for plants could be defined so that root 

storage deficits can be suggested to the transition of an ecosystem and that future root storage 

deficits can be contextualized with respect to climate change. Their calculation could be tailored 

to specific climate scenarios and thus helpful with respect to humid conditions of river basins 

(Sung, 2017).   
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6. Conclusion 
In this paper, root storage deficit calculations were successfully performed in 1125 watersheds 

in the U.S. for the years 2001 to 2016. In doing so, the results provide both absolute and relative 

insights into root storage deficit trends in river basins in the United States. However, the calcu-

lated root storage deficit maxima cannot be attributed to specific consequences in each area.  

However, annual differences in root storage deficit provide insight into the relative stress expe-

rienced by affected plants at their site. River basins that experience a steadily increasing deficit 

are described as potentially at risk of drying out. However, no concrete consequences for the 

catchments can be derived from this. Thus, the applicability of the Discharge Method and the 

FLUXCOM dataset depend on a match with the concrete consequences in the catchments. 

Thus, field studies are needed to obtain these concrete measurements. 
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Appendix 
 

 

Figure 30: Average aridity index (-) in the selected U.S. watersheds for the period 2001-2016, based 

on annual aridity indices. Precipitation was derived from the CHIRPS dataset and potential 

evaporation from the GLEAM dataset. 

 

𝐷𝑎𝑣𝑔 =
𝐸𝑝𝑜𝑡
̅̅ ̅̅ ̅̅

�̅�
 (17) 

 

As indicated in equation 17, the aridity index is defined as the ratio between long-term potential 

evaporation and long-term precipitation (Luxembourg, 2017). Potential evaporation corresponds 

to the amount of water that leaves the watershed vertically due to available solar energy. Pre-

cipitation corresponds to the amount of water supplied vertically to the catchment in the form of 

rain. An aridity index greater than 1 therefore corresponds to an area where more water is lost 

vertically than is supplied by precipitation and therefore is defined as an arid area. Catchments 

with an aridity index of less than 1 are defined as humid. 



Piet Storm 4750918   

 - 53 - 

 

Figure 31: Average aridity index (-) in the selected U.S. watersheds for the period 2001-2016, based 

on annual aridity indices. Precipitation was derived from the CRUNCEP dataset and po-

tential evaporation from the GLEAM dataset. 

The dryness indices and their positions shown in Figure 31 are very similar to those calculated 

from the CHIRPS data.  As with the CHIRPS data, the respective dryness indices can be 

matched with the correlations of the respective trends in root spear deficits. These are shown in 

Figure 31 and Figure 32.  As with the CHIRPS data, the correlations increase with increasing 

moisture. Thus, a dependence of the root storage deficit on the precipitation supply can be 

demonstrated here as well. 
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Figure 32: Visualization of time lag of the total maxima. As can be seen in the respective results there 

is a tendency of positive time lag meaning that the maximum derived with the Discharge 

method has occurred before the maximum derived from the FLUXCOM method. 

 



Piet Storm 4750918   

 - 55 - 

 

Figure 33: Average annual absolute time lag for both precipitation datasets. As can be seen in both 

figures the average annual time lag in respective maximum rarely exceeds 120 days. 

Whether the FLUXCOM method result implies earlier maxima than the Discharge method 

can not be derived from this Figure. 

Catchment areas not meeting boundary conditions 

In other areas, however, the results determined on the basis of the calculation shown are clearly 

flawed: as can be seen in Figure 34, the results lead to contradictory outcomes. The root storage 

deficit calculated with the Discharge method is consistently zero, which can be explained by the 

fact that the incoming precipitation minus the local Discharge leaves no more room for additional 

transpiration. This means that the calculated coefficients are negative and thus the water bal-

ance is already closed without transpiration. In contrast to the FLUXCOM transpiration 𝐸𝑡𝑟𝐹𝐿
, the 

iteratively determined transpirations 𝐸𝑡𝑟0
 and 𝐸𝑡𝑟𝑖

 are permanently equal to zero. This is also 

supported by the fact that the discharge (mm/d) is disproportionately high. A possible explana-

tion would be the incorrect allocation of the discharge to the catchment area. Alternatively, the 

deficits suggested only by the FLUXCOM dataset could also be the result of groundwater ex-

traction. 
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Figure 34: Illustration of root storage deficit (mm) on the South Santiam River below Cascadia OR 

(14185000), derived from the CHIRPS dataset including annually used mean values. 

In Figure 35, however, the root storage deficit continues to develop towards negative infinity, 

which is consistent with the fact that FLUXCOM transpiration is permanently greater than effec-

tive precipitation. This means that for these areas the original assumption that the water cycle 

is not yet closed has not been met and these areas are not eligible for the actual analysis. 

 

Figure 35: Illustration of root storage deficit (mm) in BORREGO PALM C NR BORREGO SPRINGS 

CA (10255810) derived from CHIRPS including annual mean values used. 
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As with the CHIRPS data, Figure 36 and Figure 37 also show comparable sets of errors. Thus, 

the strong dependence on the precipitation data can be invalidated, as two different data sets 

provide comparable results. 

 

Figure 36: Illustration of root storage deficit (mm) on the South Santiam River below Cascadia, OR 

(14185000), derived from the CRUNCEP dataset, including visualisation of annually calcu-

lated mean forcings in (mm/day) 
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Figure 37: Illustration of root storage deficit (mm) on the Tradewater River at Borrego Palm NR 

Borrego Springs, CA (10255810) derived from the CRUNCEP dataset, including visualisa-

tion of annual calculated mean forcing in (mm/day). 

Table 4: Average values of the respective measurement parameters in the catchment areas in 

which neither the framework conditions are violated nor an ever-growing deficit occurs. 

EXTRACTED CRITERION 
BIAS TIME LAG 

Max Min Avg Max Min Avg 

CHIRPS 
Overall max. 972,8 -211,74 178,57 5473 -5808 -671,5 

Annual max. -977,7 -247,3 126,9 358 -274 46,7 

CRUNCEP  
Overall max. 925,0 -291,0 211,9 5420 -5799 -669,3 

Annual max. 925,4 -401,4 139,9 337 -362 -38,6 

 

 

 

 


