Answer to Anonymous Referee (R1) in the Interactive comment on “A new moisture tagging
capability in the Weather Research and Forecasting Model: formulation, validation and
application to the 2014 Great Lake-effect snowstorm” by Damidn Insua-Costa and Gonzalo
Miguez-Macho.

| have read and assessed the manuscript, which describes the implementation of online
moisture tracking in the WRF atmospheric model and an application of this model to winter
snowfall over the US Great Lakes area. The subject of the manuscript is very relevant as
indicated by the many alternative methods to track atmospheric moisture. Moreover, the
manuscript is well written.

Thank you very much for your review. We believe that the modifications you suggest will
improve the manuscript. Please, find below the responses to your comments.

The scientific quality of the work is good. However, my main issue with is that a validation has
been performed in terms of the internal moisture budget of the method. | am happy that the
errors in this budget are close to zero, but would really be interested how this new model
performs compared to alternative methods, although | realize this would be a substantial
effort.

We are also interested in comparing the results provided by the WVTs tool with those
provided by other methods. However, we consider that this matter should be dealt with in a
separate article. A comparison with alternative methods cannot be considered a validation of
the model because there is no ground truth as reference; there are no moisture tracers’
measurements, and even if there were, such as estimates of the content of certain isotopes in
precipitation, there would always be an inherent uncertainty due to errors in the WRF model
results. The tracers can only be validated internally, that is, within the world of the
meteorological model. In any case, if the internal validation, which is not the same as budget
validation (see below) yields good results and we know that the WRF model works correctly,
we can affirm with a high degree of certainty that the method is realistic. In summary, this
paper aims to be exclusively a presentation and validation of this method; we would not want
to distract the reader's attention by introducing results provided by alternative methods.

Finally, we would like to mention that we are currently working on this issue and it is likely that
in a short time we will have a publication where a comparison with other methods is discussed
in detail.

Specific comments:

- In the Introduction, the author give an overview of different moisture tracking models
(Eulerian, Lagrangian, on-line and off-line) and the assumptions that are associated with some
of the current implementations of these models. In P2L25 it is stated that "Lagrangian models
include, ..." as if this is true for the entire class of Lagrangian models, whereas | think it is only
true of the implementations mentioned. That is, it is perfectly possible to create an off-line
Lagrangian model that does not have these drawbacks. Therefore, | would encourage the
authors to rewrite this section and to state clearly whether the assumptions are a limitation of
the method or of the implementation.



We agree with the reviewer that some statements we made may be misleading. For this
reason, we are going to rewrite this section and clarify some details related to these
drawbacks. However, although some of the hypotheses formulated above could be relaxed,
we do not know any Lagrangian model that completely avoids these inaccuracies.

- P2, L33-P3,L2: Here the authors state that the sub-grid variability in vertical motion is a
drawback of Lagrangian models. Is this not true for all off-line simulation, so also for Eulerian
models?

Yes it is. We will clarify this in the text.

- P2L27, "simplifications that each author assumes". Again not clear whether these are method
specific or implementation specific. Maybe this is a good place for a table of moisture tracking
methods?

Following the advice of the reviewer, the sentence "simplifications that each author assumes"
is going to be replaced by "simplifications that authors assume in their own implementations”.
In addition, a table with the different moisture tracking methods will be added here.

- P7L8-9: "but not all are equally treated". Can you state in which way the forms are simplified?
And how does this relate to the validation later on?

Here, we wanted to summarize with a single equation the different variations in moisture
species due to the convection phenomena. This is difficult to find in the literature and we
follow the formalism in Bechtold et al. (2001) to give a general expression. However, the Kain
and Fritsch parameterization we use, does not apply this equation to all species equally. Most
notably, entrainment processes are assumed to occur only for water vapor, that is, only
environmental water vapor and not any of the other hydrometeors is mixed within the forming
updraft and downdraft in the parameterized convective cloud. Furthermore, not all six
moisture species in the WSM6 microphysics scheme are considered individually, since there
are no equations for graupel. We have not made any simplification, what we meant is that the
Kain and Fritsch convection parameterization uses simplified forms of the general equation to
treat some of the moisture species. It is merely a question of mathematical formalism and
therefore, this has nothing to do with the validation results.

Bechtold, P., Bazile, E., Guichard, F., Mascart, P., and Richard, E.: A mass-flux convection
scheme for regional and global models, Quarterly Journal of the Royal Meteorological Society,
127, 869-886, https://doi.org/10.1256/smsqj.57308, 2001.

- P8L12: This is really an internal validation of the system, in the sense that the budgets should
match. Therefore, maybe "Moisture tracers budget validation" is a title?

We agree with the reviewer in that it is really an internal validation of the system. However,
we do not find the term "Moisture tracers budget validation" completely right because the
validation does not only take into account the water budget. For example, it could happen that
the water budget was perfectly closed but the validation poor if the moisture redistribution
was not correct. A simple way to test this would be for example to switch off turbulence,
convection and microphysics for tracers, and just leave redistribution by advection. Tracer



amounts would be conserved and the tracer’s moisture budget would certainly be closed,
however yielding very inaccurate results in terms of redistribution. There would be no
precipitation from tracers. In some locations, there would be more tracer than full moisture. It
is not straightforward to obtain that moisture from different sources be conserved and
redistributed correctly so that, when we add the contribution of all sources to the
precipitation, it coincides with total precipitation. That the moisture budget is conserved is
part of the problem, but the key is that redistribution is correct, or in other words that the
method tracks moisture accurately. For this reason, we think that the strategy that we follow
for validation really assesses the traceability aspect of the method and not just moisture
conservation, so we prefer to keep the title of the section as it is.

- | had really hoped for a comparison between the offline moisture tracking schemes and the
model in this paper. How does the new technique relate to the moisture recycling estimates
from offline schemes? Without this comparison, the reader does not really know whether to
switch to an online tracking scheme, or use the offline scheme, which is much easier to run.
See for example van der Ent et al(2013) for such a comparison.

Reference: Van der Ent, R. J., Tuinenburg, O. A,, Knoche, H. R., Savenije, H. H. G., & Kunstmann,
H. (2013). Should we use a simple or complex model for moisture recycling and atmospheric
moisture tracking?. Hydrology and Earth System Sciences Discussions, 10 (5), 2013.

We totally agree with the reviewer on the need to compare with offline models. However, as
we discussed above, we believe that this should be done in a separate article. As already
mentioned, we are working on it but we still do not have conclusive results. We hope we can
answer these questions soon.

- P15L1-6: So, where do these errors come from? Numerical stability issues? Precision
(rounding) issues?

Most likely, the deviations are probably caused by numerical errors derived from the very large
moisture tracer gradients that occur in some regions of the domain, as for example, in the
separation region between the “BOUNDARY” source (Fig. 3b) and the interior of the domain.
These sharp transitions can induce small inaccuracies in the advection scheme and also
stronger numerical diffusion than for full moisture. In addition, there are also rounding errors.

We will now add a sentence commenting these possible sources of error in the revised text.

- Related to that the budget errors: how do these errors compare to the moisture budget of
the model? Is that zero, or is moisture missing there as well?

The figure below shows the water budget terms for the full simulation period, accumulated
daily in mm, where E is evaporation, P precipitation, Flux is the net flux though the lateral
boundaries, and dW/dt the variation in moisture store. RES corresponds to the residual, the
error in the water budget. All terms are area averaged for the whole domain, excluding the
relaxation zone along the lateral boundaries, where moisture is not conserved. Errors in the
budget are very small, less than 0.1 mm/day on average. They are however larger than the
mean errors for the tracer method, shown in Fig 6. Errors in the water budget are related to
the formulation of the model in general, and therefore affect tracer calculations as well as full
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moisture. While it is not guaranteed that these errors present a linear behaviour, it is likely
that they cancel out somehow when comparing the full moisture budget with those of tagged
moisture from different origins, thereby yielding the very small values obtained in our
calculations of the tracer method error.

We will add a comment on the relative size of the errors presented for the tracer method and
those of the general water budget of the model.
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- The shading in Figure 10b looks very strange, with very large temperature gradients. What
data is used for this, how is it interpolated and on what resolution?

This figure represents the SST (sea surface temperature) input variable, which is updated every
6 hours and linearly interpolated for the timesteps in between. Data is from ERA-Interim
reanalysis (just as for the rest of the input variables), and it’s on a global Gaussian grid of
approximately 70km resolution. It is interpolated to the model grid with a linear method. The
gradients may seem larger than they really are because the temperature scale is quite short
(from 0°C to 89C) and due to the colour choice. We will now change the shading in the figure,
so that transitions are not so abrupt.
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- P19L32-33: "the pattern ... correlation": unclear, please rephrase.

The sentence “In regions further from the lakes, the pattern between total precipitation and
precipitation from the lakes loses correlation” is going to be replaced by “In regions further
from the lakes, the pattern of total precipitation and that of precipitation originating from lake
evaporation, lose correlation”.

- P21L8-10: "This means ... source": unclear, please rephrase.

The sentence “This means that there is a small amount of precipitable water and precipitation
of equal-to-the-latter absolute values that the method cannot link to any source” is going to be
replaced by “This means that there is a small amount of precipitable water and precipitation
that the method cannot link to any source”.

- P21L31: "important contribution of evaporative fluxes": How can you be certain that it is the
evaporation? Is this effect isolated from any temperature effects? If so, how is it determined?

As we demonstrate in the study, a significant fraction of precipitation originates from
evaporation in the lakes. The tracer method allows for the isolation of the evaporative
contribution, which we can accurately quantify in a realistic model simulation without
interfering at all with the thermodynamics of the event. The whole paper is about how we
determine the fraction of precipitation from a given source at any location using WRF. We
believe that it is therefore correct and well supported to state in the conclusions that “These
results highlight the important contribution of evaporative moisture fluxes from the lake
surfaces in the genesis of precipitation during Great Lake-effect snowstorms”.



- P21L35: "further diagnostics": Can you state what kind of diagnostics? Any ideas?

For example, if a sufficient number of cases were analyzed, we could study whether the
contribution of lakes (evaporation) to this type of snowfall has increased, decreased or
maintained in recent years due to changes in the lakes’ temperatures or a general warming of
air temperatures. We could also study the relation between the size of the evaporative
contribution of the lakes and the air-water temperature contrast. With this sentence we are
referring to the many possible different aspects that can be investigated to characterize the
contribution of evaporation from the lakes to precipitation in Great lake effect snowstorms
that go beyond merely quantifying the precipitation fraction with this origin.

-P1L6: "monthly" —> "a one month"
The sentence will be corrected.

- P7L8: could —> cloud

The typo will be corrected.

- P19L1: "first ... region": Unclear what is meant with this sentence, maybe rephrase it so it is
clearer.

The sentence will be rephrased as: “a short wave trough was pushing past the region”.
- P19L8-9: "flow of moisture from the surface" —> evaporation?

The sentence will be changed to: “augment evaporation fluxes from the surface of the lakes”.
- P21124: "18th" —> "18th of November"

The sentence will be corrected as suggested.



