
Hydrological Modelling in a data rich era 
Some idea about modelling

Rigon R.

Warredoc, Perugia January 30, 2019

T
ak

as
h

i 
M

u
ra

k
am

i



Aristotle said a bunch of stuff that was wrong.  

Galileo and Newton fixed things up. Then  

Einstein broke everything again. Now, we’ve  

basically got it all worked out, except for  

small stuff big stuff, hot stuff, cold stuff, fast  

stuff, heavy stuff, dark staff, 

turbulence, and the concept of time.
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Hydrological models, like any Physics

Hydrology is a Physical Science

R. Rigon

requires data
Physics  is based on observations (actually well designed experiments)

https://youtu.be/OL6-x0modwY

“In general, we look for a new law by the following process. First, we guess it (audience laughter), no, don’t laugh, that’s 
really true. Then we compute the consequences of the guess, to see what, if this is right, if this law we guess is right, to see 
what it would imply and then we compare the computation results to nature, or we say compare to experiment or 
experience, compare it directly with observations to see if it works. 

If it disagrees with experiment, it’s wrong. In that simple statement is the key 
to science. It doesn’t make any difference how beautiful your guess is, it doesn’t matter how smart you are who made the 
guess, or what his name is… If it disagrees with experiment, it’s wrong. That’s all there is to it.”

R. Feyman

https://youtu.be/OL6-x0modwY
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Maybe then, the question is

Where do datasets can be 
integrated best ?

The answer, obviously , depends on models construction, as we ‘ll try 
to clarify.

Feynman was to good not to cite it, but he referred to laws, which is 
exactly not the same as models. For models maybe, the question is:

R. Rigon
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Models of what

Once upon a time there  were simple hydrological models

Emphasis was on predicting discharges

R. Rigon
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The water budget ?

The linear model

measured

measured but used 
for  calibration

R. Rigon
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Everything is known of the linear model. In particular

and 

**

** Is a little more complicate than that. See Botter et al., 2011 and Rigon et al., 2016

*

* This formula is correct but a little misleading because it move the attention from the budget to the 
discharges only

R. Rigon

The classic
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Does it know about geology ?

Does it know about vegetation ?

Sam Cook, What  a wonderful world 
…. 
But I do know that I love you 
And I know that if you love me, too 
What a wonderful world this would be

NO
So any geological and vegetation measure is useless

R. Rigon

The classic
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Unless vegetation and geology are controllers of k

R. Rigon

Moving  out from the classic
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Because measures become important, either state variables or parameters 
must have a hook to measures. 
Not necessarily measures have to be the parameters or the state variables. 
But “functions” of it.

Measure are useless without a model to give them 
significance

i.e.

R. Rigon

Parameter(s)
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Someone says, “Well, data can do it all alone.” 

In fact if 

the storage variation is completely known (as soon as we have 
measures)

If we do it we will observe that

so the model is wrong because water storage does not increase 

indefinitely. Models are useless without 
measures.

R. Rigon

Look at the data first
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The model is not enough. This the classical answer to the problem

We lived with it for decades but it has quite a few problems

We have to introduce a lot of hypothesis about what        is.

is that part of

precipitation for which

R. Rigon

The conundrum of effective precipitation
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What else can we measure ?

We can see the morphology of the catchments*

*It was not that easy 40 years ago. No DEMs. No LIDAR at that time

R. Rigon
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In this way we can also have a spatial distribution of rainfall

R. Rigon
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In principle we can accomodate: spatially distributed rainfall and geomorphic 
characteristics (the latter trough k and contributing areas). The final discharge is the 
convolution of discharges along path. See Rigon et al., 2016a

R. Rigon

The graph representation of hydrological dynamical systems
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Eventually people became able to measure# travel times with tracers

# again not so simple, indeed

And measures messed up everything

McDonnell JJ. 1990. A rationale for old water discharge through macropores in a steep humid 
catchment. Water Resources Research 26: 2821–2832.  

R. Rigon

Travel times



!17

Botter, G., Bertuzzo, E., & Rinaldo, A. (2010). Transport in the hydrologic response: Travel time 
distributions, soil moisture dynamics, and the old water paradox. Water Resources Research, 
46(3). http://doi.org/10.1029/2009WR008371

fix it up distinguishing among uniform sampling and preferential 
sampling of water ages.  
See also:

Rigon, R., Bancheri, M., & Green, T. R. (2016). Age-ranked hydrological budgets and a travel time 
description of catchment hydrology. Hydrology and Earth System Sciences, 20(12), 4929–4947. http://
doi.org/10.5194/hess-20-4929-2016

Botter, G., Bertuzzo, E., & Rinaldo, A. (2011). Catchment residence and travel time distributions: The 
master equation. Geophysical Research Letters, 38(11).

Benettin, P., Soulsby, C., Birkel, C., Tetzlaff, D., Botter, G., & Rinaldo, A. (2017). Using SAS functions and 
high-resolution isotope data to unravel travel time distributions in headwater catchments. Water 
Resources Research, 53(3), 1864–1878. http://doi.org/10.1002/2016WR020117

Rinaldo, A., Benettin, P., Harman, C. J., Hrachowitz, M., McGuire, K. J., van der Velde, Y., et al. (2015). 
Storage selection functions: A coherent framework for quantifying how catchments store and release water 
and solutes. Water Resources Research, 51(6), 4840–4847. http://doi.org/10.1002/2015WR017273

R. Rigon

Fix it up
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They say the has to do with infiltration. So various models of 

infiltration were used. 

Obviously when you introduce a model for infiltration, you introduce 
new variables and new parameters.

Complication grows, you need more measures
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R. Rigon

Working around Jeff
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This model is better

The problem now is undetermined, even if 
we assume

Can we measure

to close the budget

R. Rigon

The queen evapotranspiration
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But what is evaporation function of  ?

vegetation presence

radiation

water availability

turbulence

Evaporation and transpiration are from 30% to 60% of the whole hydrological 

budget, depending on climate

R. Rigon

Causal relationships



!21

The traditional equation for

Dalton’s law (turbulent transport of water vapor)

R. Rigon

Schymanski & Or explained
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Stationary energy budget (no temporal accumulation of energy 

in the control volume)

R. Rigon

Schymanski & Or explained
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Turbulent transport of heat

or water surface

R. Rigon

Schymanski & Or explained
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Because we hav four unknown and three equation, we need a further equation

Penman assumption (a linear Taylor’s expansion of saturated tension 

around the air temperature gives a fourth equation)*

Usually the water budget does not enter in this estimation. One ansatz 

is to include in         also a linear dependence on water stress 

With this in mind:

* Details at http://abouthydrology.blogspot.com/2019/01/material-for-geoframe-winter-school_12.html

R. Rigon

Schymanski & Or explained

http://abouthydrology.blogspot.com/2019/01/material-for-geoframe-winter-school_12.html
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The 4 traditional equation in become 5

Schymanski, S. J., & Or, D. (2017). Leaf-scale experiments reveal an important omission in the Penman–Monteith equation. Hydrology and Earth 
System Sciences, 21(2), 685–706. http://doi.org/10.5194/hess-21-685-2017

Schymanski & Or extended

http://doi.org/10.5194/hess-21-685-2017
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One important note is that they should be solved simultaneously. But, if we 

forget it we can solve the last 4 and then balance the results.

is the so-called psycrometric constant

The 4 system solved

26

* Some details at http://abouthydrology.blogspot.com/2019/01/material-for-geoframe-winter-school_12.html

R. Rigon

http://abouthydrology.blogspot.com/2019/01/material-for-geoframe-winter-school_12.html
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manuscript submitted to Water Resource Research

Figure 10. Coupled energy and water budgets. These are the same budgets as shown in Fig-

ure D.1 with the addition of a new type of arc (dotted segments ending in empty squares). These

arcs connects the same variables present in both budgets. In this case, the J ’s are inputs while

the ET ’s and QG’s are unknown variables, which must be solved simultaneously in both budgets.

Because ET depends on radiation, a controller exiting from the UG place is added to reveal this

further influence of the energy budget on the water budget. Other controllers of the system can

be the LAI and hydraulic conductivity, which can be thought to influence flow QG.
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A coupled simple model, like the one we solved the equation

Bancheri, M., Serafin, F., & Rigon, R. (2019). The representation of hydrological dynamical systems 
using the extended Petri Nets (EPN), 1–58.

R. Rigon

Connections
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This solution requires a few new measurements:

• Radiation 

• Temperature of air 
• horizontal wind velocity 
• Vegetation cover

With these we estimate 

• Leaf/Soil* temperature 

• air vapor pressure 
• Evapo-Transpiration 
• Turbulent transport of  thermal energy

I confess I am hiding quite a few details here

We have to measure more things but we get also more state variables known

R. Rigon

The more you measure, the more you get
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manuscript submitted to Water Resource Research

4 Casting BST, HBV and Ard-Burn models into the EPN represen-176

tation177

As a result of the rules introduced in the previous section, the BST model, shown178

in Figure 1 is represented as in Figure 5.179

Figure 5. Representation of the BST model (Birkel et al., 2011) using EPN. Compared with

the original, this Figure contains less information, however, it is su�cient to write down the mass

conservation equations for the system. There are a couple of additional features, though: one fur-

ther place is drawn with a dashed line, which accumulates the subsurface and surface fluxes; the

small black circle indicates the quantities that are measured and, therefore, are given quantities

or used for model validation. If waters in the sat and low places were measured independently,

the QT place would be unnecessary. The dashed place is “invisible”, since it is just the sum of

Qlow and Qsat and does not accumulate water.

180
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It shows three coupled ODEs, represented by the three places, coloured blue, or-188

ange and violet. The small black balls indicate quantities that are supposed to be mea-189

sured and, therefore, assigned externally. A fourth, nameless place was added to remark190

that measures regard the sum Qtot = Qsat+Qlow and not the two fluxes independently.191

This place is, in a sense, invisible because it does not introduces any further ODE, its192

storage variation is always null, and therefore left nameless. Dashed borders reinforce193

this concept.194

From the graph in Figure 5, the ruling equations are easily written as:

dSsup(t)

dt
= ↵J(t)�Q1(t)�R(t) (2)

for the “sup” storage,

dSsat(t)

dt
= (1� ↵)J(t) +Q1(t)�Qsat(t)� ET (t) (3)

for the “sat” storage
dSlow(t)

dt
= R(t)�Qlow(t) (4)

for the “low” storage. Finally

QT (t) = Qlow(t) +Qsat(t) (5)

–7–

Now, a less than minimal model has more than one reservoirs for HRU

The BST model. 

Birkel, C., Soulsby, C., & Tetzlaff, D. (2011). Modelling catchment-scale water storage dynamics: reconciling dynamic storage with 
tracer-inferred passive storage. Hydrological Processes, 25(25), 3924–3936.

R. Rigon

Modernity reintrepreted
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manuscript submitted to Water Resource Research

Figure 6. Representation of the HBV model in (Seibert & Vis, 2012). As described in the

text, it contains six reservoirs - ODEs - and an external controller of various fluxes, the tem-

perature T . The black bullets indicate that P , T and Qsim are measured quantities: T and P

are used for running the model, while Qsim is usually used for calibration/validation. For the

meaning of the symbols, please refer to Table A.1.
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where the expression of the discharges is given in Table B in Appendix B. In particu-
lar,

R⇤
F
=

Z
t

0
hF (t� tin)RF (tin)dtin (7)

and247

hF (t) =

(
1/2t/T 2

F
0 < t < TF

0 otherwise
(8)

After this representation, one might question whether it is the simplest modelling248

structure accounting for tracer measurements and whether place SSO is necessary to have249

proper water ages at the outlet. We merely observe that the representation in Figure 7250

explicits this question more clearly than Figure 3. Besides, Figure 3 neglects the exis-251

tence of the discharge RU , which is necessary to preserve the mass budget of the unsat-252

urated reservoir SSU . All the Dictionary and Tables for the Ard-Burn model are pre-253

sented in Appendix B.254

5 A formal mathematical treatment of EPN260

EPN connectivity can be understood by filling the adjacency matrix A, (Fiedler,261

1973). In EPN, A is split into two matrices, given the explicit treatment of fluxes, which262

became nodes of the graph structure. First, we provide a few definitions, expanding on263

–10–

The HBV model. 

Seibert, J., & Vis, M. (2012). Teaching hydrological modeling with a user-friendly catchment-runoff-model software package. 
Hydrology and Earth System Sciences, 16(9), 3315.

R. Rigon

Modernity reintrepreted
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In conclusion, in contemporary modelling, all information is certainly 

absorbed to obtain a more complete and clear description of the system. 

Parameters heterogeneity require it all.

No chance to have too much data !
manuscript submitted to Water Resource Research

Figure 11. Representation of the water and energy budgets coupled with the vegetation

dynamic model from Appendix E. The coupling happens entirely through h-wiring

468

469

–19–

if we want to have a clear view of the system

R. Rigon

Hydrology as an Earth System Science
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All these models I presented assume some granularity of the processes. 

In a perfect world this granularity should be obtained by actions that 

mimics Statistical Mechanics in which laws and fluxes 

emerge from cancellation of degrees of freedom. 

In practice we have to rely on appropriately designed Statistics and 

Calibration, which always depends on Data. Calibration of 

complicated models is more complicate*.

*Voinov, A., & Shugart, H. H. (2013). “Integronsters,” integral and integrated modeling. Environmental Modelling and Software, 39, 149–158.  
http://doi.org/10.1016/j.envsoft.2012.05.014

Statistical Mechanics,  Statistics and Calibration

R. Rigon
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manuscript submitted to Water Resource Research

Figure 11. Representation of the water and energy budgets coupled with the vegetation

dynamic model from Appendix E. The coupling happens entirely through h-wiring

468

469
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Calibrating and assessing in portions

R. Rigon

Calibration and analysis in portion is possible using the graph-strucured 

organization of models*
*Serafin, F., (David, O & Rigon, R.) Enabling modeling frameworks with surrogate modelling capabilities and complex networks, Ph.D. 

Dissertation, 2019
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Building such models & the issue of reusability

http://abouthydrology.blogspot.com/2019/01/pictures-from-winter-school-on-geoframe.html

R. Rigon

http://abouthydrology.blogspot.com/2019/01/pictures-from-winter-school-on-geoframe.html
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Uncertainties propagates through the system* ?

R. Rigon

That’s why we use conservation laws.

* Oreskes, N., 2003. The role of quantitative models in science. In: Canham, Charles D., Cole, Jonathan J., Lauenroth, William K. (Eds.), 
Models in Ecosystem Science.  Princeton University Press, Princeton, pp. 13e31.  

manuscript submitted to Water Resource Research

Figure 10. Coupled energy and water budgets. These are the same budgets as shown in Fig-

ure D.1 with the addition of a new type of arc (dotted segments ending in empty squares). These

arcs connects the same variables present in both budgets. In this case, the J ’s are inputs while

the ET ’s and QG’s are unknown variables, which must be solved simultaneously in both budgets.

Because ET depends on radiation, a controller exiting from the UG place is added to reveal this

further influence of the energy budget on the water budget. Other controllers of the system can

be the LAI and hydraulic conductivity, which can be thought to influence flow QG.
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mass energy

They offer a big constraint on variability

https://pdfs.semanticscholar.org/c99b/00d49a58a68aed55a600918dfea4e4747fb0.pdf
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Remote sensing does it all ?

R. Rigon

Martens, B., Miralles, D. G., Lievens, H., van der Schalie, R., de Jeu, R. A. M., Férnandez-Prieto, D., et al. (2016). GLEAM v3: satellite-based land 
evaporation and root-zone soil moisture. Geoscientific Model Development Discussions, 1–36. http://doi.org/10.5194/gmd-2016-162

Figure 2. Schematic of the water-balance module implemented in GLEAM v3 for the fraction of tall vegetation. w(l) (m3 m�3) is the

volumetric soil moisture content of layer l, F (l)
s (mm/day) is the slow draining volume of water, F (l)

f (mm/day) is the fast draining volume

of water, E(l) (mm/day) is the evaporative flux, P (mm/day) is the net precipitation, wwp (m3 m�3) is the wilting point and wp (m3 m�3) is

the porosity.

Table 2. Overview of the forcing data used to produce the three GLEAM data sets of terrestrial evaporation and root-zone soil moisture.

Data set Coverage Period Radiation Precipitation Air Temperature VOD Soil Moisture

v3.0a Global 1980–2014 ERA-Interim MSWEP ERA-Interim CCI/SMOS-LPRM ESA CCI SM

v3.0b 50�N–50�S 2003–2015 AIRS TMPA AIRS CCI/SMOS-LPRM ESA CCI SM

v3.0c 50�N–50�S 2011–2015 AIRS TMPA AIRS SMOS-LPRM SMOS L3

29

Geosci. Model Dev. Discuss., doi:10.5194/gmd-2016-162, 2016
Manuscript under review for journal Geosci. Model Dev.
Published: 5 August 2016
c� Author(s) 2016. CC-BY 3.0 License.

The case of GLEAM v3 (model for tall vegetation)

- lateral fluxes  + satellite data of soil moisture (assimilation)

0-10 cm

10-100 cm

100-250 cm
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Conclusions

R. Rigon

•Models and data get along. 

•  Better data implies more refined models 

•More refined models requires more data, specific data though. 

•With data, spatial heterogeneity can be accounted for explicitly. 

•Remote sensing alone is nothing. 

•Budgets are what really count, because conservation laws imply constraints 

on dynamics.

Well, this is not the end, is just the beginning.

•Studies of fluxes of information and entropy 

•Distinguishing complication from complexity 

•Besides having stuff sorted out the right way,  for the right 

reasons,which is the usual bussiness 
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“While Silberstein (2006) insists that more data are needed and 
that models without data are not science, Anderson (2008) claims 
that there is already a deluge of data that can change the way 
science is done. Google and other similar efforts produce evidence 
that by analyzing huge arrays of data only, we can actually build 
new theories based only on correlation, ignoring causation. The 
new analytical tools that are going to be developed for petabyte 
computing in the “clouds” will require entirely different 
approaches to integration than the types of model integration that 
we were considering so far.”* 

*Voinov, A., & Shugart, H. H. (2013). “Integronsters,” integral and integrated modeling. Environmental Modelling and Software, 39, 149–158.  
http://doi.org/10.1016/j.envsoft.2012.05.014

Beliefs & Debates

R. Rigon

Silberstein, R.P., 2006. Hydrological models are so good, do we still need data?Environmental Modeling & Software 21, 1340e1352. 

Anderson, C., 2008. The End of Theory: the Data Deluge Makes the ScientificMethod Obsolete. The Wired Magazine, August. http://
www.wired.com/ science/discoveries/magazine/16-07/pb_theory.
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Find this presentation at

http://abouthydrology.blogspot.com
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Other material at

Questions ?

R. Rigon

 

http://www.slideshare.net/posterVienna
http://abouthydrology.blogspot.it/2016/05/geoframe-system-for-doing-hydrology-by.html

