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Please find below the comments of M. Sivapalan and our replies (preceded by “»”).

This synthesis paper serves an important purpose. It not only helps to celebrate the
legacy of Eric Wood (who has made valuable contributions to the topics of scaling and
similarity), but also provides a long term (40 years) perspective about where we have
come from, what we have learned and where we might go in the future in terms of
theory development.

I liked much of what saw in the paper, I am sure there are critical comments that can be
made on some details of the history of progress that the authors have provided. I hope
these are picked up by other reviewers. In view of the historical nature of the article and
a purported new vision offered by the authors, to be effective (and be different) I chose
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to focus only on the big picture, and decided to keep my comments at a philosophical
level. My comments are not necessarily a criticism of the paper, but provide a broader
perspective that, if the authors agree and choose to adopt, might bring about a more
satisfactory closure to the paper. I am sorry that I use several of my own papers to
buttress these arguments, and believe the same opinions are held by many others too.

» Thank you for your constructive and substantive commentary.

The main argument behind the paper is that even while we have made a lot of progress
in the last 40 years on issues of scale and similarity, progress towards a universal the-
ory of hydrology, has slowed down, and the current paradigm is unlikely to lead to
further advances. The argument then is that we need a new paradigm (which the au-
thors call the Fourth Paradigm). The fourth paradigm is supposed to be somewhat
related to learning from data (and lots of it). The key statement in the paper in this con-
text is this one: "Fundamentally, these approaches conform to the third paradigm, in
the sense that they take as given a set of conservation equations that govern behavior
at the fundamental (patch, tile, grid, hillslope, or REW) scale. Testing both the scaling
and closure assumptions as hypotheses using data would move hydrology towards the
fourth paradigm." This is confirmation to me that the authors continue to approach the
problem within the constraints of the Newtonian framework or worldview, now supple-
mented by approaches fashionably borrowed from the information sciences currently
in vogue. This may advance computational hydrology (I am sure it will), but I am afraid
that it will not advance theory development, which was ostensibly the primary focus of
the paper.

» We view the use of information sciences to test existing hypotheses a necessary but
not independent step in the scientific method, as illustrated in our new Figure 1 (also
below), which was inspired by Figure 1 in Clark et al, 2016. The focus on using new
information is not so much on how to generate new theory itself, but rather on how
to test it properly. We see this as a significant contribution, but it is not complete in
itself. Proper development of testable hypotheses coupled with 4th paradigm-enabled
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“gathering of data to test predictions” provides opportunities to refine, alter, expand or
reject hypotheses, which in turn, can lead to more general theories.

From a medical doctor analogy, I am in agreement with the authors about the nature of
the disease (the theory challenge), their diagnosis, and even the direction from where
a cure might come from (data/information based learning). To my mind, much of what
appears after the presentation of this viewpoint is a lot of hand waving, and does not
convince me that it will lead to theory development of the kind they are hoping for. This
gap in their logic or unfinished business is surprising, given that the nature of the cure
has been evident for some time.

»As noted above, we are saying "we can formulate a framework for testing hypotheses".
This is not the same as generating the hypotheses, but it plays an important role in the
process.

Of course, in the era of the “big data”, one can understand the thinking that big data will
be the panacea to solve all of our ills. I am sure there will be lots and lots of action (in-
cluding lots of hits and misses), to keep lots of people busy (a veritable cottage industry
dealing with lots and lots of noisy statistics and uncertainty analysis). Real progress
will be limited unless the focus on data-based learning is guided by some kind of over-
arching vision or theoretical framework. This is currently lacking in the paper – what I
see is a blind faith that lots and lots of data will somehow bring about breakthroughs
that we otherwise have not managed to obtain so far. It could, but only under certain
conditions. In my mind, it is not data that produces theoretical breakthroughs, but the
kinds of questions that you ask of the data (Sivapalan, 2009). The authors themselves
cite Beven and Kirkby (1979) – TOPMODEL theory did not come from data mining, but
from somebody sitting down, observing things and letting the imagination go wild. The
same think can be said of Budyko (1974). The solution here is not more information
theory, but more process hydrology, and plain hard science.

»As noted in the expanded Introduction, “The Fourth Paradigm is a concept that fo-
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cuses on how science can be advanced by enabling full exploitation of data via new
computational methods.” It seems that theories such as TOPMODEL can be more rig-
orously tested when we utilize large catchment databases (such as MOPEX) coupled
with observations of topography, saturated area, streamflow, etc. Our focus is on test-
ing hypotheses in the age of big data, but as shown in Figure 1, this could also lead to
refinements in the hypotheses as well as data requirements.

The disappointment for me is that a theoretical framework (one I can mention con-
fidently, others may also exist) to guide this kind of data analysis (i.e., the Fourth
Paradigm) already exists. It started becoming articulated a decade ago (Sivapalan,
2005; McDonnell et al., 2007) and has gathered momentum since then, and has found
expression as the Darwinian Approach in several papers (Thompson et al., 2011; Har-
man and Troch, 2014). A prelude to the kind of big-data based Newtonian-Darwinian
synthesis that is relevant to this paper has already appeared in the PUB Synthesis
Book (Blöschl et al., 2013). In fact, the PUB book carried out a synthesis of catch-
ment scale predictions organized across scales, places and processes. The notion of
scale and similarity was the foundation for the extrapolation across places found in the
PUB Book. Chapter 2 of the PUB Book carefully presented the theoretical basis for
the synthesis, which was the notion that catchments are co-evolved complex systems.
This means that one does not look at catchment as a physical object that provides the
boundary conditions for the balance equations for water movement (as one does in
a Newtonian approach, which is traditional), but as co-evolved “living” systems, with
a long history of co-evolution. Patterns of landscape properties and processes are
just a snapshot of a something that has been co-evolving, and one looks at the simi-
larity, differences and scaling that one observes at a moment in time or at a point or
area in space arise from multiple trajectories of the same co-evolutionary (land forming
and life sustaining) processes, underpinned by the same organizing (if not well known
yet) organizing principles. Chapter 12 of the PUB Book presented the outcomes of
the synthesis, and discussed how work along these lines can lead to accumulation of
knowledge, which is a prelude to new theories. There is much more that can be done
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along these lines, with new data that is coming on line, as the authors say.

»As noted above, the principal focus of this work is how the 4th paradigm can assist in
testing hypotheses. We believe that the 4th paradigm is consistent with a Darwinian ap-
proach. Consider Darwin’s “Structure of Coral Reefs” as quoted in Harman and Troch,
2014: “. . . In effect, what an immense addition to our knowledge of the laws of nature
should we possess if a tithe of the facts dispersed in the Journals of observant trav-
ellers, in the Transactions of academies and learned societies, were collected together
and judiciously arranged! From their very juxtaposition, plan, co-relation, and har-
mony, before unsuspected, would become instantly visible, or the causes of anomaly
be rendered apparent; erroneous opinions would at once be detected; and new truths
– satisfactory as such alone, or supplying corollaries of practical utility – be added to
the mass of human knowledge. A better testimony to the justice of this remark can
hardly be afforded than in the work before us.”

»This is precisely the issue that the 4th paradigm seeks to address–using advanced
computational technologies to gather together data of different types, collected by dif-
ferent means, and knit them together in an information framework that enables the
testing of different hypotheses.

My point is that the Fourth Paradigm will not be a new paradigm unless backed up a
broader Earth science perspective, such as this co-evolutionary view. By the way, this
is the same worldview that is behind the highly successful Critical Zone Observatories
in the United States and also in Europe. So what I am saying is not a biased per-
spective to impose my own views, but is a widely held perspective in the Earth science
communities. Of course in the era of big data and hyper-resolution modeling, one is
tempted to believe more in the power of satellites and subsurface geophysics and the
power of computers (and of techniques like data assimilation) to generate results that
are satisfactory enough for predictions.

»Agreed. If we agree that “information” is the unifying concept one of the key findings
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of the Nearing et al, example cited in the paper is that the current macroscale models
used to predict soil moisture and evapotranspiration are losing information relative to
that contained in the data. Through information theoretic metrics and machine learning
designed to provide proper (i.e. asymptotically convergent) estimates of information, it
is shown that for soil moisture the majority of information is being lost in the parameters
rather than the physics themselves. Further, for evapotranspiration, it is shown that
the input boundary conditions (“forcings”) are the primary source of lost information.
Hence, for these predictands a more fruitful path is to spend effort on properly char-
acterizing soils and/or near-surface meteorology rather than on model physics. This is
not a model calibration exercise–rather it is a demonstration of information content in
the model and in the observations, along with attribution of errors.

But if one seriously believes that improvements in theory will be needed for predictions,
or can in the long term lead to better predictions (predictions for the right reasons), as
I am sure the authors do believe, then there is no alternative but to seriously consider
the new co-evolutionary worldview to generate new kinds of questions with which to
interrogate the patterns that one finds in the data, test hypotheses about the underlying
causes, and use a multitude of tests of hypotheses to move towards general theories.
In the absence of such a vision, the combination of traditional Newtonian paradigm
and the big data, in my opinion, is a massive exercise in model calibration, parameter
regionalization and data assimilation, that will keep a lot of people busy, but will not
advance fundamental theory.

»As shown in new Figure 1, we believe that the 4th paradigm represents an enhance-
ment to the scientific method for hydrology, not a replacement. We agree that co-
evolution is a worthwhile avenue to investigate for hydrology, given its demonstrated
relevance to other fields.

Big data can indeed help us generate new patterns (at a range of time and space
scales) that trigger curiosity and imagination, and will lead to many more examples
of simple theories such as the TOPMODEL theory. Indeed the availability of data
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from thousands of catchments around the world, such as MOPEX and other datasets,
is already generating new non-Newtonian understanding through the mechanism of
comparative hydrology, as the paper by Berghuijs et al. (2014) illustrates (for example).
In conclusion I enjoyed reading the paper, and indeed agree with the authors on what
they are proposing, but believe that they should go to the next (and final) step and
frame the problem from a co-evolutionary perspective. The co-evolutionary view is
also very critical to frame the new prediction problems in a changing world in the new
Anthropocene era (Sivapalan and Blöschl, 2015). They should present avenues, in
the style of the natural history approach adopted by Charles Darwin (as described in
Harman and Troch, 2016 and Thompson et al., 2012) to generate hypotheses from the
data and methods (experiments, numerical simulations etc.) to test these hypotheses
to develop new theories.

» Agreed, Figure 1 now illustrates this.

Of course, this not anything new or unique to hydrology: it is indeed the scientific
method, and for this reason I draw inspiration from Jacob Bronowski, and point to
a quote from his TV series and book (Bronowski, 1956, p. 23) of the same name
“The Ascent of Man”: “All science is the search for unity in hidden likenesses. . .The
progress of science is the discovery at each step of a new order which gives unity to
what had long seemed unlike. . . For order does not display itself of itself; if it can be
said to be there at all, it is not there for the mere looking. . . order must be discovered
and, in a deep sense, it must be created. What we see, as we see it, is mere disorder.”
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