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We thank the two referees, Dr Stuart Grieve and Dr Wolfgang Schwanghart, for their
constructive comments on our work.

I will address firstly the comments from the first referee, Dr Grieve.

Comment: It is unclear as to why this algorithm was not tested on higher resolution
data, if there is a valid reason for this it should be communicated to the reader,
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otherwise, I suggest using some higher resolution data for the evaluation which is
more typical of the work being done with high resolution topographic datasets in our
community.

Response: We are happy to include some results and a brief discussion of the use of
this algorithm on higher-resolution (2.5 ft) data in the final submission. We will provide
an example using a subset of the Sangamon River site at this higher resolution. It
does, of course, make sense to do so in light of the data that are available today
and our specific discussion of the importance of distinguishing real depressions using
high-resolution data. There were two reasons that we did not include this in our initial
submission:

1) We are very aware of the limitations of our method in terms of computational effi-
ciency. Processing times for high-resolution data will be long and while we think that
the motivations for this work are particularly important where high quality, high reso-
lution data are available, we also recognise that a more efficient method for dealing
with the problem is needed in such cases. However, FlowFill does provide an intuitive
way to visualise and map flow routing and ponding across real landscapes. The impor-
tance of highlighting the issue of real-world depressions outweighed the computational
difficulties in our own method of dealing with it.

2) I decided it was more important to highlight the applicability of this method in
morphologically different terrains – i.e. high versus low average slope, many versus
few natural depressions – than to focus on a smaller, higher resolution study area.
However, there is no reason not to include the high resolution data in our final
submission.

Comment: There is no detail provided on the resampling method employed for either
of the datasets. Depending on the technique used this could introduce noise into
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the topographic data, which may cause bias in the results by either creating new
depressions or removing existing ones. I am assuming that the original data was also
in gridded form, and so this effectively means that the data you are using has been
resampled twice. I would like to see a clear justification of this double resampling and
also some confirmation that it is not biasing the results.

Response: We resampled each DEM by taking the mean value of the high-resolution
cells within each low-resolution, larger cell. The reason for doing so was to produce
sample study DEMs that were appropriate for our purpose of providing examples of the
type of results that FlowFill can produce, in an amount of time that we found acceptable
using the hardware at our disposal.

Resampling of data may cause bias in the results, and this is something that has been
studied by other authors (e.g. Dixon and Earls, 2009). This is an issue at any time
when resampling is performed, for any DEM processing method, flow accumulation, or
hydrologic analysis performed. Coarsening the DEM generally results in a decrease in
the total number of depressions present, since many of the smallest depressions are
eliminated (MacMillan et al, 2011). Since our intention here is to provide a proof of
concept, rather than to specifically guide work at the locations we have studied, any
bias that may have been introduced was not detrimental to our results.

While I have not yet tested this, it seems likely that using FlowFill for the same study
area at different spatial resolutions will produce slightly different results. As mentioned
above, we will include an example using a portion of the Sangamon River site at a
higher resolution in the final submission; we will also include a comparison between
results obtained at the two resolutions used. The selection of an appropriate resolution
and whether or not resampling is acceptable will depend upon the user’s needs and
discretion.

C3

Comment: It is not clear to me how easy it will be to use the output of this code in ex-
isting topographic analysis packages. If we do not use a maximum runoff depth, some
depressions will be preserved in the data, which will cause many popular flow routing
algorithms to fail (eg Braun and Willett, 2013). If I am correct in this assumption, some
more detail in the manuscript drawing out this distinction would be helpful. I think the
power of this technique comes not as a replacement to existing hydrologic correction,
but as a tool to identify connectivity under different runoff regimes. For example, would
it be possible to couple this code with a rainfall generator such as STORM (Singer
et al., 2018) to develop better understanding of landscape connectivity and surface
runoff under variable rainfall conditions?

Response: It is true that some flow-routing algorithms will fail once they detect de-
pressions still in the data. However, this behavior is algorithmic instead of realistic,
and a main point of our work is to demonstrate the importance of considering natural
depressions in the landscape along with times in which these will (or will not) overflow.

The referee’s comment about the difference between being a replacement for existing
hydrologic corrections or a tool to identify connectivity in fact identifies both sides of the
same question. Existing flow-routing algorithms include an assumption of integrated
drainage that may or may not be true. Our goal here is to take a step towards bridging
that gap.

To directly answer the question about pre-processing: a user would have to select a
flow-routing method that allows depressions to be present. For example, when creating
figures for this paper, I (Callaghan) used the FlowAccumulation method from RichDEM,
which worked as expected. A GRASS GIS user could use r.watershed, which allows
inclusion of a layer showing which depressions on the landscape are real. For our
revised manuscript, we will create a GRASS extension for FlowFill, which would make
it more accessible to users.
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With reference to coupling with a rainfall generator, the simplest way to use these
together would be to use generated rainfall as the ‘runoff’ input into FlowFill. It is in
principle possible to use FlowFill with variable runoff inputs, and this functionality will
become available in the next release of FlowFill. A user will be able to use an input
constructed from any model or real-world data they prefer, or they can elect to use the
single-value runoff we have used in our examples.

Comment: There is no discussion of the suitability of a D8 flow routing scheme
as a representation of real runoff behavior. Doing a full analysis of how differing
schemes (D-infinity, MFD may impact the results would be well beyond the scope
of this contribution, but some discussion around these issues would be a valuable
addition. I think this is particularly important as the basis of this algorithm is that it is
physically-based and so it is important to justify the abstraction of using D8 rather than
a more "correct" routing scheme.

Response: The conceptual basis of our method – moving water downslope from cell
to cell in such a way that the maximum amount of water moved makes the two cells
equal in total elevation – requires a D8 or D4 environment. Using something like
D-infinity, which may move water to more than one cell at a single step, would require
some reconceptualization of the technique. Any approach using D-infinity or MFD
would have to be significantly different than the one used in FlowFill.

Comment: Page 6, Line 3 - What about integer DEM datasets? In that case ties could
be very common, is there a better way to address this?

Response: While we believe that it would in general be best to avoid integer datasets
in cases where more precise data is available, some users may want to use integer
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datasets. Even then, ties should still be less common than one may expect, since the
algorithm includes the height of the topography plus water thickness when selecting
a direction. If a constant amount of water is applied across the landscape, ties would
be more common at first, but they should be significantly reduced after the first few
iterations. Given the possibility that ties may present a problem in some cases, the
next release of FlowFill will include an option to treat ties by selecting a random
direction rather than a preferential direction. Since the use of randomness will make
the results non-deterministic, the user will choose which method they prefer at runtime.

Comment: Page 14, Line 3 - I am asking a lot here, but is there any way to differentiate
between true and spurious depressions?

Response: Unfortunately, that is asking a lot, which is a big reason why this prob-
lem still exists. It appears that the best way to do so is by ground inspection (Lindsay
& Creed, 2006) which is often impossible. Other methods, such as modelling ap-
proaches, require assumptions about what makes a depression spurious (for example,
small size). If we do assume that spurious depressions are small in size (few grouped
cells having erroneous data, or depressions being smaller than the error margin of the
data), then FlowFill should fill these with even small amounts of runoff.

In some cases, spurious depressions may be large, for example when a ravine is
dammed by a single spuriously high cell that creates an artificial depression behind
it. FlowFill will not deal well with such cases, but nor will other flood-fill methods. In
such a case, a breaching or carving algorithm would do best, but again would ignore
true depressions. I recommend a combination of FlowFill and a knowledge-based ap-
proach to correcting bad data. For example, when preparing my own data for these
examples, I noticed that a man-made bridge in the Sangamon site caused water to
dam behind it. Since in reality water would flow under the bridge, I manually lowered
these cells by cropping them out and extrapolating data across the small gap.
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Smaller specific line and figure comments have been dealt with as suggested, and we
thank Dr. Grieve for his diligence.

Comments from the second referee, Dr Schwanghart:

Comment: The drawback of this [Flowfill] approach, however, is that the filling of a
particular sink is highly dependent on what happens upstream. An insignificant sink
along a river may not be filled, because there are sinks upstream that hold water back.
Sink removal is thus highly dependent on the topology of the network of topographic
sinks. Of course, this may be an issue if sinks are rather a data artefact than true
sinks. But DEM preprocessing techniques actually deal with and correct for these
artefacts. If FlowFill is not designed for this, and line 1 on page 18 actually suggests
this, than FlowFill is not really a DEM preprocessing technique. Rather, it is a highly
simplified simulation tool that models water flow across landscapes without loss
through infiltration or evaporation.

Response: I agree in part with this comment: FlowFill is a simplified simulation tool
that models water flow across landscapes. It has several potential uses, one of which
is filling depressions in a landscape under a certain amount of runoff, and is the focus
of this paper. I also agree that using this method, sink removal is highly dependent on
network topology and that issues may arise in cases where sinks are data artefacts.
This is an issue inherent to the method: by assuming that all depressions in the DEM
are true landscape features, we ignore cases where depressions really are data errors.
Even if spurious depressions are filled by FlowFill, they have ‘used up’ some of the wa-
ter available on the landscape and this water will not be available further downstream.

This is a limitation of FlowFill, but does not negate its usefulness for this application.

First of all, spurious depressions are likely to be filled with even low runoff values
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since they are often a result of small uncertainties (Lindsay & Creed, 2006). Secondly,
differentiating real depressions from erroneous ones is challenging. Lindsay and Creed
(2006) discuss a few ways of doing so. The most reliable method is ground inspection,
but this is often impractical. Other methods, e.g. modelling, require assumptions to be
made about what constitutes a real depression. These methods may also be flagging
a certain depression as real when it is not, or vice versa. However, it is important to
note here that there is nothing stopping a user from first using a different method to
remove depressions that they believe to be spurious, and then using FlowFill to see
how hydrologic connectivity may change under different amounts of starting runoff. A
user may also choose to use the output of FlowFill in more complex ways than we have
here: for example, if they prefer carving to remove depressions, they may run FlowFill
to determine which of the depressions should be removed from their study area, and
then use a carving algorithm that allows them to preserve they depressions that they
wish to keep (those that FlowFill did not fill).

Other depression-filling algorithms, including the flood-fill, carving, and combined
methods we have discussed, consider all depressions to be spurious. FlowFill
represents the other end-member: a method that considers all depressions to be real.
A perfect method would be able to reliably differentiate between the two; perfect data
would only contain real depressions. Since we have neither, we inherently assume
that FlowFill successfully fills spurious depressions while recognising that this may not
always be true and that a user should be vigilant for any obvious errors.

Comment: I wonder whether the objective of determining the amount of water in each
topographic sink given a runoff volume can be obtained more easily.

Response: It certainly can – at least, more easily with respect to a user’s computa-
tional time. This is something that we are still working on and hope to share with the
community in parts 2 and 3 of our series. The method we are working on should be
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much more computationally efficient, but is significantly more complex to create and
explain. Despite the fact that we are working toward a better way of dealing with this
particular problem, we still thought it important to publish this discussion of FlowFill for
a number of reasons:

1) It is important to highlight this issue in DEM preprocessing and move forward dis-
cussion about it. We hope that others will also think more about this issue and potential
solutions.

2) While FlowFill is not computationally efficient, it is an intuitive method that was our
first step in dealing with this particular problem.

3) There are cases (in other applications) where FlowFill may be more useful than
methods of the type you have suggested. For example, since FlowFill actually routes
water across the land surface, it can be used to see how flow directions and water
distribution on a landscape change through time. This was not the main focus of our
discussion here and is closer to what you have mentioned as FlowFill being a simplified
simulation tool that models water flow. FlowFill can be used as a cellular automaton
with a variety of possibilities. A user can view outputs after a given amount of iter-
ations, or at multiple intervals after a set number of iterations each time. This could
provide a simplified simulation of how flood water moves across the landscape through
time. A user could also view outputs from adjacent iterations to see how dominant flow
directions change through time. These or other cell-based applications would not be
possible with approaches that develop flow topology based on depressions, such as
the approach proposed by the reviewer.

We will mention these alternative applications in the final version of the paper.

Comment: I think that the paper would benefit from placing more emphasis of FlowFill
being a modelling tool to study hydrological connectivity of complex landscapes, rather
than a preprocessing technique.
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Response: Thank you for your comment: our intention was to focus on one specific
application of FlowFill. This ties back to our answer to the question above, where we
have mentioned some other possible applications of this tool. We will mention these in
the final version of the paper, although we do think that the preprocessing application
of FlowFill is a significant one.

Smaller specific line and figure comments have been dealt with as suggested, and we
thank Dr. Schwanghart for his careful attention.
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