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Reviewer 2 Comments

This manuscript presents an interesting and timely evaluation of how multi-source observational datasets can be
used to constrain the pywatershed in snow-dominated headwater catchments. The integration of diverse data
products (such as ASO SWE and OpenET) to address the pervasive issue of model equifinality is a significant
undertaking that holds substantial value for the hydrological community. The study's focus on identifying which
observations provide truly informative vs. potentially misinformative constraints is particularly important for
advancing operational modeling practices. However, while the research is promising, there are several points that
warrant further discussion and clarification before the paper can be considered for publication. I recommend Major
Revision.

Thank you for the review and for your suggestions. We’re pleased to hear that you found the study
important for advancing operational modeling practices. We’ve responded to your detailed comments
below, and think the manuscript is substantially improved. We look forward to any additional feedback as
needed.

Major Comments:

Q1: The sensitivity analysis identifies forcing correction parameters, such as tmax_cbh_adj and tmax_allsnow, as
highly sensitive across all target observations. Please explain whether this heavy reliance on "tuning parameters" to
correct meteorological input errors might be masking structural deficiencies in the model’s snowmelt or runoff
generation mechanisms.

AC2.1 Thank you for this comment. It is not unexpected that these forcing correction parameters rank highly
in the identifiability analysis, given their impact on many hydrological processes. We think there are a few
important factors to consider here, and we include language in section 4.2 to clarify the plausibility of
structurally compensating errors, and it reads as follows:

“It is plausible that the high sensitivity/reliance on forcing adjustments could mask structural
deficiencies in the model’s snowmelt and runoff generation mechanisms. In that case, we would
expect the parameter values to exhibit concentration at the bounds, pronounced shifts when SWE
constraints are introduced, or dramatic shifts across similar catchments. Instead, we see that the
inter-quartile ranges are similar between catchments and calibration criteria, and that the range of
acceptable values is wide. This signals substantial equifinality, rather than compensation for
structural bias. The similarities between the discharge-only and discharge + SWE criteria suggest
that most of the information about the parameter value is embedded in the discharge signal. We
acknowledge that structural uncertainty cannot be assessed without testing additional model
formulations; however, the current evidence does not suggest that these forcing correction
parameters mask deficiencies in the snowmelt or runoff mechanisms.”

In section 4.2 of the manuscript, we first note that these highly identifiable parameters also exhibit high
Morris variances, indicating strong interaction and non-linearity (Figure S16). Then, we have added language
that further interprets our results in the context of structural errors versus equifinality. Altogether, these
results are consistent with interaction-driven equifinality. However, we acknowledge that structural error
remains a possibility. In this case, we emphasize that the value of the work lies primarily in assessing the



behavior of a model that is widely used for national assessments and may be representative of other models
that are structurally similar (i.e. process-based, lumped models).

Finally, we argue that the inclusion of these forcing correction parameters provides a unique opportunity:
substantial literature argues that forcing uncertainty is one of the most important sources of hydrologic
model uncertainty (e.g. Tang et al., 2023). While not a holistic assessment of the impact of forcing vs
parameter uncertainty, our findings regarding the importance of tmax_all snow also support the importance
of forcing uncertainty.

Q2: The Morris analysis indicates that almost no runoff-related parameters were identified as sensitive in this study.
Please explain if the pywatershed model overemphasizes meteorological forcing corrections while potentially
neglecting the regulatory role of catchment topography and geological attributes on runoff flow paths.

AC2.2 Thank you for this comment. We think it’s closely aligned with the first comment above. We note
that we did find a few parameters related to runoff generation that were sensitive; these include
soil_moist max and gwflow coef.

It is certainly true that runoff generation is simplified in pywatershed: while many components of the
model are physics-based, the conceptual soil storage buckets necessarily yield a more conceptual, less
physics-based approach to runoff generation pathways. In the revised manuscript, specifically section 4.2,
we now include additional reasoning as to why runoff parameters are not identified as sensitive. The
modified text reads

“For the third reason, we find parameters outside of the runoff module, such as soil_moist max and
gwilow_coef, are more identifiable with respect to discharge than parameters within the runoff
module itself. Other studies have arrived at similar conclusions, noting that the runoff process
requires the largest number of parameters to explain 90% of its sensitivity, while other processes
only rely on a few (Markstrom et al., 2016). Parameters within other process groups, such as soil
and PET, explain runoff sensitivity in a greater proportion of CONUS than runoff parameters like
smidx_coef and smidx _exp (Markstrom et al., 2016). Since soil moist max and gwflow_coef
represent processes relevant to catchment geology, like infiltration and groundwater flow velocity
(Table S1), this finding is logically coherent and supported by previous work.”

03: The results show that the adjacent East and Taylor River catchments respond quite differently to the same
observational datasets. The author suggests that the performance discrepancy between the adjacent East and Taylor
River catchments may result from differences in hydroclimatic variables such as runoff ratio or aridity. However,
these variables are not explicitly quantified or compared for the two study basins in the manuscript. To support this
claim, the author should provide a table or figure comparing the key physiographic and hydroclimatic attributes (e.g.,
mean slope, forest cover, runoff ratio, and aridity index) of these two basins to explain why the model's physical
consistency varies so significantly between them?

AC2.3 We recognize that Table S2 could have been referenced to better support this discussion. The data in
Table S2 presents several differences between the two, such as the Taylor catchment having nearly half of
the drainage area of the East catchment, a higher mean elevation, and lower annual average precipitation.
Forest cover is different by about 6%. While all catchments in this study encompass headwaters, the Blue
and Taylor catchments have similar attributes in terms of drainage area and elevation, and they exhibited
the poorest performance with respect to discharge. The largest catchment, the Dolores, exhibited the best
performance — this leads us to suspect that catchment size and proportion of high elevation headwater area
influence the model’s performance. However, a study with a much larger number of catchments would be
necessary to assess this. We agree that additional hydroclimatic and physiographic attributes should be
computed to further support this finding. In the revised manuscript, we add mean slope, annual average



discharge, runoff ratio, aridity index to Table S2 to provide further insight into the differences of the
neighboring East and Taylor catchments. This is used to add to the discussion in section 4.4, which reads:

“We find that runoff ratio and aridity are similar across the catchments in this study; however, we
note a 7% difference in runoff ratio between the East and Taylor catchment, which may influence
the differences we observe in streamflow performance when including soil moisture data (Table
S2).”

04: Does the structure of the pywatershed model may struggle to remain compatible with the simultaneous
integration of high-spatial-resolution (ASO) and high-frequency (SMAP) remote sensing data? Table 2 reports
several instances where the number of behavioral parameter sets is zero when certain observations are included.
My primary concern lies in the potential for model structural failure under these advanced constraints.

AC2.4: As far as spatial compatibility, we will clarify that we computed area averages with respect to the
hydrologic response units for ASO and SMAP. We made note of this aggregation for SMAP (line 173) and
OpenET (line 181) but appear to have omitted this detail for ASO and MODIS-SCA. This detail is added to
the revised manuscript on line 165. Area averaged gridded observations are spatially analogous to what is
represented in the model.

For the case of ASO, our criteria expects the model to represent snow water equivalent on the days ASO is
acquired. We believe this strict criterion is justified by the water resource implications of peak snow water
equivalent, and that the ASO acquisitions used in this study occur near the day of peak snow water
equivalent. For the case of SMAP (which is natively at a 3-hour cadence), we compute daily averages to
match the temporal resolution of the model. However, there is conceptual misalignment between observed
soil moisture and what is represented in the model, which is discussed in detail in section 4.1. We posit that
the lack of behavioral parameter sets for soil moisture observations is attributable to this misalignment.
Because pywatershed has a daily timestep, we do not think that temporal misalignment is likely to be a
major source of structural uncertainty.

05: While Actual Evapotranspiration (AET) is the only variable to consistently improve simulation performance, it
is evaluated using monthly averages. Could this improvement be an artifact of the temporal averaging smoothing
out daily error variances?

AC2.5 Thank you for bringing attention to this important caveat. It is possible that this improvement could
result from the temporal smoothing of AET, and we made note of this in section 4.3. In the revised
manuscript, we build upon the discussion of temporal resolution in modeling choices, and how that may
impact our calibration results. The modified text reads:

“However, previous work has noted that models calibrated to monthly streamflow yield unrealistic
daily values while models calibrated to daily data (Adla et al., 2019) and others have highlighted
the relationships between model complexity, process timescale, and the spatial and temporal
resolution of calibration data (Kavetski et al., 2011). We hypothesize that parameter estimation for
daily streamflow is constrained beneficially by monthly AET because it provides more holistic
information about the catchment water balance, but the examination of this hypothesis warrants
further work and is not currently possible with OpenET.”

Minor Comments:



Q1: The layout of Figure 1 appears somewhat cluttered and would benefit from a clearer visual hierarchy to help
readers quickly identify the study's geographic context.

AC2.1m Thank you for this comment. As suggested by the other reviewer 1, we combine the East and
Taylor catchment visuals into one subplot to reduce clutter and allow more space for the key map.

Q2: In Figure 4, the Spearman correlation R values and p-values overlap with data points in several subplots,
hindering legibility. Please adjust the placement of these statistical annotations to improve clarity.

AC2.2m Thank you for this comment. In the revised manuscript, we manually adjust the positioning of
these labels to allow for better legibility of the data points.
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