Dear Nadav Peleg,

Thank you for the opportunity to submit a revised manuscript for our work “Deep learning
rainfall-runoff predictions of extreme events”. Below are detailed replies (blue text) to all of the
referees' comments (grey text). Also included in the replies are quotations of changes to the
manuscript (red text). We do include some figures in these replies for the purpose of responding
to the reviewers’ comments, and these figures are also included in the open discussion on
Copernicus, but we do not intend to add these figures to the manuscript, as they are not suitable
for publication.

Please let us know if you have any questions.

Jonathan M. Frame



Replies to RC1: Anonymous Referee #1, 05 Sep 2021

Anonymous Referee #1 provided very thoughtful comments on our paper. They ask for
additional commentary on a few specific topics. After careful consideration of the reviewers
comments, we believe that our original manuscript covers these topics satisfactorily.

We are glad you find the paper interesting, thank you.

What we want from hydrology models depends on the application but certain applications (such
as flood forecasting and water management) require the most accurate models possible.

As we mention at the end of Appendix A, for a hydrological interpretation of the LSTM, see
Kratzert et al. (2018).

This idea that ML models are not interpretable is out-of-date. ML theory has most or all of the
same basic building blocks that physical theory has (Lin et al., 2017). This “understanding” does
not always look like how a traditional hydrologist or traditional physicist views the problem, but it
is no less descriptive, robust, or interpretable. When someone claims that ML models are
uninterpretable, this, frankly, tells us mostly that the person expressing the sentiment has
chosen not to do this, instead of saying anything about the models (or ML theory) themselves.
The mechanisms represented by data-driven models are interpretable in any meaningful sense,
so long as the user is willing to do so (Nearing et al., 2020, Shwartz-Ziv and Tishby, 2017).

The hypothetical scenario you present here is not applicable to this paper. In all serious
benchmarks conducted in (surface) hydrology (streamflow, surface fluxes, snow, etc.), all
traditional models are significantly worse than ML models in all cases. This hypothetical
equivalence simply does not exist within the discipline in any meaningful way.



Perhaps more importantly, in this paper in particular (as described in Section 2.3 Models), our
paper presents four models 1) a “conceptual” model in SAC-SMA, 2) a “process-based” model
in NWM-Rv2, 3) a “pure” ML model in the LSTM, and 4) a “physics-informed” ML model in the
MC-LSTM. Our results show that these models do not have equally good approximations of the
same data set, and our conclusion states that “the data-driven models (both the pure ML model
and the physics-informed ML model) were better than benchmark models at predicting peak
flows in almost all conditions, including extreme events and including when extreme events
were not included in the training data set.” We further conclude that “the physics-constrained
LSTM did not perform as well as the pure LSTM at simulating peak flows and out-of-sample
events.” It is my opinion that these results show that the pure LSTM respects the background
knowledge (the data collected of observable hydrologic conditions, in this case streamflow)
better than the other three models.

We reject the characterization that ML models "blindly" fit data. There is a large amount of
background knowledge included in these models, just not in the way that this reviewer is used to
thinking about systems. The difference between these models and traditional hydrology models
(that embed traditional ways of understanding catchments) is that these models actually perform
well. We have to ask, given how (universally) bad traditional hydrology models are, do they
really encode background knowledge, or maybe just background fantasies and speculation? We
invite the reviewer to take some time to learn how physical understanding and prior knowledge
is encoded into deep learning models, which is relatively standard practice in (modern) ML,
across disciplines.

The conceptual bias of the LSTM for this application is that the LSTM, as any traditional hydrology
model, is a state-space model. The model processes the inputs sequentially and updates internal
states (similar to hyd models). The difference is that the state representations and update functions
are learned from data and are not hard coded. This is explained in Appendix A: LSTM & Appendix B:
Mass Conserving LSTM.

100% mass balance accuracy is not possible in watershed models due to unobservable mass
inputs and losses (such as inter-watershed subsurface flow and anthropogenic water
resources). Also, hydrology models usually have unobserved terms, such as evaporation or
deep percolation which break the observable mass balance.



And according to Keijzer and Babovic, reducing the search space does not help finding better
solutions faster. We address this in our paper on lines 236-242 of the original manuscript. “if
constraints help optimization. Helping optimization is meant here in a very general sense, which
might include processes such as smoothing the loss surface, casting the optimization into a
convex problem, restricting the search space, etc. Neural networks (and recurrent neural
networks) can emulate large classes of functions (Hornik et al., 1989; Schafer and
Zimmermann, 2007), and by adding constraints to this type of model we can only restrict (not
expand) the space of possible functions that the network can emulate. This form of
regularization is valuable only if it helps locate a better (in some general sense) local minimum
on the optimization response surface (Mitchell, 1980). And it is only in this sense that
constraints imposed by physical theory can add information relative to what is available purely
from data.”

Also preferential bias has the same problem. It's only pareto-optimal on the space of allowed
functions. This is true for any model trained with declarative bias too. A model that allows for
conceptual flexibility does so via some (well-defined mathematical structure - any training
procedure is constrained by that structure. It does not matter if we feel like we might learn
something "physical" (or otherwise) after training. Searching for a larger class of functions is
always better, except when it isn't.

No, we do not prefer declarative treatment of background knowledge. According to Keijzer and
Babovic, reducing the search space “does not help finding better solutions faster. In fact, for the
class of scientific discovery problems the opposite seems to be the case.” We come to the same
conclusion in our paper (lines 234-242): “It is important to understand that there is only one type
of situation in which adding any type of constraint (physically-based or otherwise) to a
data-driven model can add value: if constraints help optimization. Helping optimization is meant
here in a very general sense, which might include processes such as smoothing the loss
surface, casting the optimization into a convex problem, restricting the search space, etc. Neural
networks (and recurrent neural networks) can emulate large classes of functions (Hornik et al.,
1989; Schafer and Zimmermann, 2007), and by adding constraints to this type of model we can
only restrict (not expand) the space of possible functions that the network can emulate. This
form of regularization is valuable only if it helps locate a better (in some general sense) local
minimum on the optimization response surface (Mitchell, 1980). And it is only in this sense that
constraints imposed by physical theory can add information relative to what is available purely
from data.” We do not believe that further discussion is required.



This is well covered in our paper. We train/calibrate our models using the Nash-Suttcliffe
Efficiency (NSE), which when decomposed includes a term for bias (Ratio of the means of
observed and simulated flow) and a term for variance (Ratio of standard deviations of observed
and simulated flow). There is certainly a bias-variance tradeoff in our trained/calibrated models,
but the NSE as a loss function is a good way to include these two terms. In Table 2 we present
the results of both the Apha-NSE (The variance term), and the Beta-NSE (The bias term).

According to Elements of Statistical Learning “to trade bias off with variance in such a way as to
minimize the test error.” The bias-variance tradeoff is an analysis to see how a model
generalizes to be used on data that is not part of the training set. We show in our results that the
LSTM model generalizes from a training set without extremely large runoff events to low
probability, high flow events, that are not included in the training set.

High bias can cause an algorithm to miss the relevant relations between features and target
outputs. High variance may result from an algorithm modeling the random noise in the training
data

"In our public and private sector work with operational ML models, we have found that these models are
very conducive to operational work by traditional hydrologists. We do different things to make the models
"accessible" to different audiences, but that is out-of-scope for this paper.



In general, the reviewer seems to be making philosophical arguments about machine learning, and we
fail to see almost any relevance in these arguments to what we are doing in this paper. We appreciate the
reviewer's comment about bias-variance tradeoff (as this is at least directly relevant to the paper),
however the reviewer seems to have missed that this is treated explicitly already.
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Replies to RC2: Anonymous Referee #2, 23 Sep 2021

Anonymous Referee #2 pointed out an anomaly in our results (with the FLV metric) that requires
some additional explanation. Below we include a few figures that may be useful to the review of
the changes made to the new manuscript, but we do not believe that they are suitable to include
in the manuscript itself.

There is a large discrepancy of the MC-LSTM for the FLV metric. It turns out that outliers play a
major role in the FLV results. And that they are regionally clustered, mostly, around the
south-west. Basically, because the FLV depends on a log value of the simulation and observed
flows, they have to be either removed, or artificially set above zero. This causes a very large
instability in the calculation. Basically, this metric is not viable when streamflow approaches
zero. Below is a little further analysis. | believe we can convey the following in the discussion,
without adding additional figures.
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Flow duration curve (left) and flow duration curve of the minimum 30% of flows for Basin
09513780, which is in the cluster of Arizona basins shown on the map above. The actual curves
of the LSTM and the MC-LSTM are not that far off, but the difference in FLV metric between the
two is wildly different (~1e10) : Istm -9.506222e+11, mc-Istm -1.907157e+11, sac
-1.517753e+11.
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We will add the following discussion of the FLV metric describing the fragile, and potentially

misleading results:.

“The results indicate that the MC-LSTM performs much worse according to the FLV metric, but
we caution that the FLV metric is fragile, particularly when flows approach zero (due to dry or



frozen conditions). The large discrepancy comes from several outlier basins that are regionally
clustered, mostly, around the south-west. The FLV equation includes a log value of the
simulation and observed flows. This causes a very large instability in the calculation. Flow
duration curves (and flow duration curve of the minimum 30% of flows) of the LSTM and the
MC-LSTM are qualitatively similar, but they diverge on the low flow in terms of log values.*

As mentioned above, the FLV has some problems when flows approach zero, so we will add the
description above. Thank you for pointing this anomaly out.

Will clarify about focusing on “predictive reliability”.

Abstract: [Line 2] “There is a concern among hydrologists that the predictive accuracy of
data-driven models based on deep learning may not be reliable in extrapolation or for predicting
extreme events.”

Introduction: [Line 14] “Echoing this sentiment about the perceived predictive reliability of
data-driven models” & [Line 17] “The idea that the predictive accuracy of hydrological models
based on physical understanding might be more reliable than machine learning (ML) based
models in out-of-sample conditions was drawn from early experiments on shallow neural
networks” & [Line 29] “The primary objective of this study is to test the hypothesis that
data-driven models lose predictive accuracy in extreme events more than models based on
process-understanding.”

Methods: [Line 72] “testing whether the predictive accuracy of the LSTM is reliable in extreme
events” &

Conclusion & Discussion: [Line 221] “The hypothesis tested in this work was that predictions
made by data-driven streamflow models are likely to become unreliable in extreme or
out-of-sample events.” & [Line 224] “prior work \citep[e.qg.,][I[{kratzert2019bench,
gauch2021rainfall} demonstrated that predictions made by data-based rainfall-runoff models
were more reliable than other types of physically-based models”



Replies to RC3: Anonymous Referee #3, 26 Nov 2021

Anonymous Referee #3 provided very positive, but constructive feedback on our manuscript.
Below we address the reviewer’s questions, which includes some additional figures and results
that we do not think are necessary to be included in the manuscript.

RC3: [l am left wondering how these patterns vary spatially over the 498 basins used for

training.”]

An obvious geospatial pattern would be very satisfying for these results. Unfortunately, it does not
appear that a strong geospatial pattern exists, so we decided to leave any such results out of the
manuscript. Other publications include the spatial maps of the SAC-SMA, NWM and LSTM results.
Below is the spatial pattern of the DIFFERENCE between LSTM and MC-LSTM. Some small
clusters exist where the difference of LSTM and MC-LSTM is positive or negative, but nothing
particularly exciting. It does appear that there is larger magnitude difference between LSTM and
MC-LSTM in the middle longitudes of CONUS. However, this is due to the fact that all models tend
to perform poorly in this region. If the differences were consistently positive (LSTM performs better
than MC-LSTM) or consistently negative (MC-LSTM performs better than LSTM), then that would
be an interesting results. But unfortunately it appears that it is mostly random where the LSTM and
MC-LSTM perform differently. NLDAS forcings tend to create larger discrepancies between the
two ML models than Daymet forcings, but that is because Daymet forcings are more informative
(Kratzert et al, 2020), so both the LSTM and MC-LSTM make better predictions with Daymet.
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RC3: [“Is there anything that can be said about the model conditions in which the
LSTM/MC-LSTM/SAC-SMA difference is large?”]

There are no obvious general conditions that lead to large discrepancies. Perhaps it might be

possible to make inferences about the conditions at individual basins.

RC3: [“Is it the same as found by Nearing et al (2020) where the post-processed SAC-SMA model

was most improved in snowy catchments?”]
We also do not see that in this data here.

RC3: [“Is there any way that we can see a hydrograph showing the difference for an extreme
high-flow in the two experiments: 1) showing how well the models perform when the training
period is split the same way as the original papers cited 2) showing how the performance differs
when the training period is split by the max annual return period. This may also not be necessary if
the authors feel that a single example will focus too much attention on a sample of 1. | understand
that choosing an archetypal example can be difficult and potentially lead to cherry-picking of

results. “]

Just as you caution, | am very reluctant to cherry pick some hydrographs. Perhaps we can host

the complete series of hydrographs on Hydroshare.
RC3: [“L112-129: This paragraph describes the main experimental setup for the paper. “|

RC3: ["Why do the authors use a threshold of a 5-year return period (20% chance of annual

exceedance) split for train-test? “]

This was an arbitrary choice made before the experiment was run. Perhaps we could have done
lower to get more “extreme” high flow events, as there are plenty of lower flow years for training,

but | would be worried about potential “p-hacking” type of activity.

RC3: [“Was it because it allowed a sufficient number of samples in the train/test split? Would it be

possible to make this choice explicit? “]

We did consider the number of training/testing splits, but just in the sense that once we picked 5-yr
as the threshold, we checked to make sure we had enough data for both training and testing.
Again, we picked this threshold BEFORE looking at the segregated data or conducting any

experiments, in order to avoid experimental bias.



RC3: [“Figure C2: Looking at the peak-timing metric below, it seems as though the MC LSTM
(orange) outperforms the LSTM on high return period flows. | recognise that the performance
seems at odds with the other results, but is one interpretation of this finding that

Mass-Conservation helps with peak-timing for the really high return period flows? “]

That is a possibility, but given the relatively low sample size of the 100+ year events (84) as

compared to the events above 5-yr and below 100-yr (1536), that result is not particularly robust.

We've added the sample size for the results in Appendix C: “The total number of samples in each
bin are as follows: n=5969 for 1-5, n=1260 for 5025, n=185 for 25-50, n=91 for 50-100 and n=84
for 100+.”

RC3: [“Figure C2: | find the following graph interesting, and perhaps worthy of discussion (at least
in the appendix C). The results for the MC-LSTM / LSTM seem to be most different for the FLV
metric (looking at the bias of the low-flows). What is it about the physical constraints that could
cause such large differences for the low flows? Is it in these low-flow conditions that errors in the

underlying data (and therefore the mass-balance) have the largest impact? “|

Our response to Reviewer 2 provides figures that show the FLV metric is wildly unstable when

flows are very low, or zero. We will add the following discussion on this metric:

“The results indicate that the MC-LSTM performs much worse according to the FLV metric, but we
caution that the FLV metric is fragile, particularly when flows approach zero (due to dry or frozen
conditions). The large discrepancy comes from several outlier basins that are regionally clustered,
mostly, around the south-west. The FLV equation includes a log value of the simulation and
observed flows. This causes a very large instability in the calculation. Flow duration curves (and
flow duration curve of the minimum 30% of flows) of the LSTM and the MC-LSTM are qualitatively

similar, but they diverge on the low flow in terms of log values.*
RC3: ["Minor Comments: “]

RC3: [‘L44-45: “the basins that were used for model benchmarking by Newman et al. (2017), who
removed basins with (i) large discrepancies between different methods of calculating catchment
area, and (ii) areas larger than 2,000 km2.” What is the justification for removing these larger

catchment areas? “]

Critically, the reason that the current study removes these basins is to be consistent with previous

benchmarking experiments, specifically the now rather large set of community experiments that



inherit from Newman 2017. Andy Newman'’s justification for doing this initially back in 2017 was
that the basin area is used to convert between streamflow [L3/T] and surface runoff depth [L].
Since the two basin area calculations disagree by a large magnitude, we cannot be sure which is

closer to the truth.

RC3: [‘L47: “because we benchmarked against the National Water Model retrospective” —
“because we benchmarked against the National Water Model retrospectively” ? I'm not sure what

is trying to be said here? “]

The National Water Model Retrospective is a specific dataset. The word “retrospective” in the
name of this dataset refers to the fact that these data are model hindcasts. We make this more
clear by changing the phrasing to include the new documentation “NOAA National Water Model

CONUS Retrospective Dataset”. A link to these data is included in the data availability statement.

RC3: [‘L298-299: “In our case, the mass input is precipitation and the auxiliary inputs are
everything else (e.g. temperature, radiation, catchment attributes)” Is there any way that energy
can be conserved using this model too? In terms of the energy available for evaporation of water?

This is definitely out of scope. | am just interested in whether this is possible given the approach. ]

The basic structure of the MC-LSTM is conservative — any quantity or quantities can be conserved
(e.g., mass, energy, momentum, counts, etc.). In the current study, we aren’t using surface flux
data, so it would not be possible to use the CAMELS data to (reasonably) constrain energy. But

we have done this with FluxNet data in other studies.

RC3: ['L320-322 “we accounted for unobserved sinks in the modeled systems by allowing the
model to use one cell state as a trash cell. The output of this cell is ignored when we derive the
final model prediction as the sum of the outgoing mass” This is incredibly interesting! Is there any
information about the times/locations when this “trash cell” contains a lot of water? Not for this
paper but if you had any sense of whether these learned outflows correspond with subsurface

transfers of water then that would be super interesting! “]
That is planned for another experiment, possibly even in review already.

RC3: [‘L323-325: “The NWM calibration does not correspond to the training/calibration period of
SAC-SMA, LSTM or the MC-LSTM.” Can we possibly have a more immediate answer to what time

period was the NWM calibration?”]



Yes. Good idea. Added “The NWM calibration does not correspond to the training/calibration
period of SAC-SMA, LSTM or the MC-LSTM.” to Appendix C.

RC3: [“It's written elsewhere () but since this is an appendix it would help the reader to know what

the NWM calibration was here too. “was calibrated by NOAA personnel on about 1400 basins with
NLDAS forcing data on water years 2009--2013""]

RC3: [‘L333: “SAC-SMA model according every” — “SAC-SMA model according to every”]

Thank you, it has been revised. “SAC-SMA model according to every”



