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Introduction - Hydrological Models

• Information of storage compartments + flow patterns

-> limitation of available data

+

-> simplification of processes

= 

-> limited reliability

• Independent observations

-> Gravity Recovery and Climate Experiment (GRACE) Figure 1: Schematic overview of the WaterGAP model
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Introduction - GRACE

• GRACE observes the total water storage

= sum of all water storage compartments

Figure 2: Satellite Mission GRACE
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Introduction - GRACE

• GRACE observes the total water storage

= sum of all water storage compartments

- many hydrological models do not contain an inland                           
- surface water storage compartment

-> mass changes of surface water bodies distort other                                  
- storage compartments

-> focus of interest might be groundwater related mass                       
- changes

-> separation of the GRACE signal
Figure 3: Total Water Storage
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Introduction - GRACE

1: Subtract available reference data

2: Decompose the signal

5



Introduction - GRACE

1: Subtract available reference data

• Approximate the volume of water bodies

GRACE Signal – (approximated volume · density) = GRACE signal without the mass variation of the water body

• Volume = Surface Area · Water Height
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Introduction - GRACE

·
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Data Bases

Shoreline Polygons from the 
Global WaterPack project

Volume Variation Time Series 
from DAHITI

• Optical satellite images 
Daily water masks
->  vectorized -> polygon

• Access to one polygon per 
surface water body

Water Level Time Series from 
DAHITI

• Database for Hydrological 
Time Series of Inland 
Waters

• Satellite altimetry

• Surface area extent
-> optical satellite images

• Water level values
-> satellite altimetry data

Pre-processing
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Pre-processing

• Averaging to monthly mean value

• Closing of data gaps by a linear interpolation

• Investigation period from 01/2003 to 12/2016

• Reduction by mean value

• Division of the volume variation time series by the surface 

area extent of the static polygons

Figure 4: Python
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Pre-processing

• Discretise the surface polygon to a fine-resolution grid of 

0.0025 ° x 0.0025 °

• Surface Area Extent · Water level 

-> Water level values from DAHITI (static)

-> Water level values computed from volume variation time 

->      series (dynamic) 

• Lower resolution grid of 0.5 ° x 0.5 °

-> water level anomaly of each grid cell

-> forward modelling algorithm

Figure 5: GROOPS

Gravity Recovery Object Oriented

Programming System
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Forward - Modelling

• Resolution of the surface water variations <-> spatial resolution of GRACE

-> Forward modelling procedure

-> Water level anomaly values have to be expanded into spherical harmonic coefficients

ΔCnm

ΔSnm
=

R2

M
·
kn+1

2n+1
0׬

0׬
2
ΔTWS , · Pnm cos

cosm 
sin m 

· sin  · d · d

Spherical harmonic coefficients 
with degree (n) and order (m) 

Radius of the Earth

Mass of the Earth

Load Love Numbers

Change of the water storage with co-latitude () and longitude ()

Legendre functions Equation 1: Spherical Harmonic Coefficients
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Filtering

• DDK3 Filter

• Forward modelled and filtered spherical harmonic potential coefficients express the signal that GRACE

would measure, if the observations were only influenced by the changing mass of the respective water body

• Grid-based solution

-> Re-computation
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Re-computation

ΔTWSF ,  =
M

4R2
෍

n=0

96

෍

m=0

n
2n + 1

1 + kn
· Pnm cos · (ΔCnm

F cos m + ΔSnm
F sin m )

Total Water Storage after filtering
for every grid cell

Mass of the Earth

Radius of the Earth

Legendre functions

Load Love numbers

Equation 2: Total Water Storage for every grid cell after filtering

Density of the Water

Filtered Spherical Harmonic Coefficients
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Results

• 29 water bodies

available polygons
available volume

variation time 
series

29 water bodies

Figure 7: Venn - DiagramFigure 6: Map of all 29 considered surface water bodies
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Results - Lake Poyang

• Process of subtraction = Removal Correction (computed for every single grid cell)

Figure 8: Removal correction (Dynamic) in 01/2003 for the Lake Poyang Figure 9: Removal correction (Static) in 01/2003 for the Lake Poyang
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Results - Lake Poyang

• Peaks -> precipitation is closely linked to the east Asian Monsoon (April -> June)

• GRACE delivers column - integrated data

Figure 10: FM, GRACE and GRACE-FM EWH (Dynamic) for the Lake Poyang Figure 11: FM, GRACE and GRACE-FM EWH (Static) for the Lake Poyang
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Results - Lake Poyang

• Differences are in the range of sub-millimetres

Figure 12: FM and FM difference EWH (Dynamic and Static) for the Lake Poyang Figure 13: GRACE - FM and Difference EWH (Dynamic and Static) for the Lake Poyang 
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Results - Lake Poyang

• GRACE flies in an average altitude of approx. 450 km

• The scale has to be adjusted

Figure 14: Removal correction (Difference) in 01/2003 for the Lake Poyang Figure 15: Removal correction (Difference) in 01/2003 for the Lake Poyang with adjusted scale
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Results - All water bodies

Figure 16: FM difference EWH for all considered water bodies
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Results - All water bodies

Figure 17: FM difference EWH for all considered water bodies

mean value

Figure 18: FM Mean EWH Difference values for all considered water bodies
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Results - driving factors

• Lake Mead does not have any specific features

 largest water body

 largest volume variation / volume variation difference

-> input parameters

-> large difference (input parameters) -> large deviation (results) -> large difference (removal correction)

Static
Polygons from

WaterPack

Water Level 
Time Series 
from DAHITI

Dynamic
Polygons from

WaterPack
Water Level 
Time Series
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• Lake Mead does not have any specific features

 largest water body

 largest volume variation / volume variation difference

-> input parameters

-> large difference (input parameters) -> large deviation (results) -> large difference (removal correction)

-> Neither a direct linear relationship, nor a tendency between the difference of the input parameters and       

- the different results caused by the usage of dynamic and static water body shapes
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Results - driving factors



Conclusion

• Reciprocally acting characteristics

• Consistently marginal influence

Final Result
(difference of the FM Signals)

Input 
Parameters

Surface 
Area Extent

Volume 
Variation / 
difference

Figure 19: Driving Factors
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Conclusion

• Reciprocally acting characteristics

• Consistently marginal influence

• Difference in the range of sub-millimetres could be

detected for every single water body

-> consideration of dynamic water body shapes does

>         make a difference

-> difference is reflected in the corrected GRACE signal                            

>        (hydrological models)

• Supposedly non-significant differences will add up

• Requirements of the end product: client + user
Figure 20: FM Mean EWH Difference values for all considered water bodies
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Discussion and Outlook

• Investigated Water Bodies have a comparably small size

• Spatial resolution of 300 km to 400 km vs 21 / 29 < 500 km2

-> usage of the corrected GRACE data for the purpose of                  

->     hydrological models is questionable

-> resilience of the obtained results is further limited

• Focus on Lakes and Reservoirs  Rivers

-> more sophisticated data assimilation strategies

-> improve quality + credibility of hydrological models

• Hydrological models will gain increasingly importance

Figure 21: Schematic overview of the WaterGAP model
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Results - All water bodies

Figure 22: Relation between the surface area difference and the forward modelled mean EWH difference

• no direct linear relationship

• slight tendency (?)
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Results - All water bodies

Figure 23: FM Mean EWH Difference values for all considered water bodies Figure 24: Relation between the surface area difference and the forward modelled mean EWH difference
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Results - All water bodies

Figure 25: FM Mean EWH Difference values for all considered water bodies Figure 26: Relation between the water level difference and the forward modelled mean EWH difference
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Spherical harmonic potential coefficients

• Gravity field = vector field

• To detect sources of the gravitational force, the Laplace 

Operator can be used

• Laplace Equation = 0 

-> no mass element

-> valid for the exterior

-> Every function which fulfills Laplace equation is called

->       harmonic function. They can be expressed in terms of

->       spherical harmonics e.g. spherical harmonic basis

->       function (describes the potential)
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Figure 27: Spherical harmonic coefficients for a specific month



Legendre Functions

• To detect sources of the gravitational force, the Laplace 

Operator can be used

• Laplace Equation = 0 

-> no mass element 

• Solution for the Laplace Equation can be separated into 

two parts

• -> one part depends on the longitude (changes along a 

circle of latitude; expressed by sin + cos terms)

-> one part depends on co-latitude (changes along a                            

-> meridian; known as Legendre Function)
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Co-Latitude

V ,, r = ෍

n=0

∞
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෍
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Equation 3: Spherical Harmonic Expansion of the Potential & Legrendre Function

p  = Pn
m(cos)



Degree and Order

• The higher the maximum degree n, the more detail

structures can be represented
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Figure 28: Spherical Harmonic Synthesis
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Load Love Numbers

• The Earth reacts viscoelastic to loading masses

-> viscous material (like honey) expands linearly with time  
->       when a stress is applied -> long time scales -> GIA                            
->  -> elastic material (like a rubber band) deforms directly and 
->       quickly returns to it‘s original state once the stress is
->       removed -> short time scales < 100 years

• Elastic deformation theory was developed in 1911 by 
Augustus Edward Hough Love.

• Load Love numbers describe the elastic reaction of the 
Earth’s mantle and crust to the loading mass at the surface.

• Integrating them into the spherical harmonic expansion                     
allows to separate surface load changes from mass loss in 
the mantle -> determine mass changes of the surface load.
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Figure 29: Loading



Equivalent Water Height

• GRACE observes the gravitational potential (spherical 

harmonics)

• A change in the potential can be converted to mass change, 

which is expressed in terms of EWH 

• EWH allows to express changes of the gravity field in 

hydrological units

• -> EWH refers to the thickness of a uniform layer of water             

which is equivalent to the observed mass change

• -> it depends on the mass

• -> deeper pixel column = higher mass = more EWH

38

2 EWH 2 EWH

water level

column-wise 
observation

2.3 EWH

0.3 EWH

more volume = more mass = more EWH

Figure 30: EWH



Equivalent Water Height
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Results - Linear Trend

Figure 31: Linear Trend (Dynamic) for all considered water bodies Figure 32: Linear Trend (Static) for all considered water bodies
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Results - Amplitude

Figure 33: Amplitude (Dynamic) for all considered water bodies Figure 34: Amplitude (Static) for all considered water bodies
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