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General comment:
This paper describes methods to form multi-dimensional clusters of hillslopes from a set of
raster data sets describing watershed properties for an instrumented Rocky Mountain
watershed in order to organize and reduce the dimensionality of environmental data. The
East River watershed is an alpine glaciated basin, and is an important US Department of
Energy (DOE) funded observatory to study hydrologic, biogeochemical, and critical zone
processes. The site is characterized by innovative and extensive observations and is used
as a test-bed to develop and test a set of earth systems watershed models. As such the
paper will be of interest to readers. However, there are a set of clarifications, conceptual,
and analytical issues that can be addressed to strengthen the paper.
Answer: We appreciate Dr. Band’s insightful and constructive comments. The
suggested papers (Band, 1989; Band et al., 1991; Band et al., 1993) were very
insightful to consider the scale of hillslopes. We have included additional results and
revised the manuscript accordingly. The detailed explanations were below.
Specific comments (scientific questions/issues):
The study hypothesizes that a set of above and below ground properties co-vary in space,
that these covarying properties can be spatially clustered, and have distinct associations
with land surface processes and function. These hypotheses are widely accepted and
observed, and are the basis of the catena concept. The study is also premised on the
assumption that hillslopes provide an organizing template to co-occurring and co-evolved
land surface properties, and are therefore a fundamental unit to characterize and simulate
the behavior of land surface processes, including the interactions of water, carbon,
nutrients, and energy. The premise is in agreement with a number of publications over the
last few decades, citing the (relatively) closed drainage boundary conditions provided by
divides forming fundamental water and solute sources, and lower variation in topographic
aspect, and hence, the radiation environment. The hypotheses may need to be restated to
demonstrate what new information or concepts are being developed and tested.
Answer: We agree that the co-evolution theory has been established across the
literature. Our unique contributions are that: (1) this paper has established a
clustering approach to capture co-varied bedrock-to-canopy properties by a set of

zones, which is equivalent to reducing a multidimensional parameter space to onedimensional representation and makes characterization more tractable, and (2) this
is the first paper that have a quantitative metric of bedrock properties at the
watershed scale based on airborne electromagnetic survey (AEM), showing the covariability of bedrock resistivity, elevation and other properties. We have emphasized
these points in the conclusion section.
The paper investigates whether unsupervised clusters at the hillslope scale generated by
three different approaches produce a coherent, organizing template for the multiple spatial
variables, and can capture observable variance in two land surface and watershed and
behaviors: drought sensitivity and nitrogen export. A single hillslope partition is generated
as a template to form clusters, using mean values of the spatial data coverages, without
considering within unit variance. More detail should be given to justify the scale of the
hillslope partition, as larger or smaller hillslopes may yield different distributions of mean
parameter values, and resulting clusters based on altered between and within unit variance.
Additional information can be included in a table in the paper or supplement: number of
hillslopes, characteristics (e.g. area, relief, etc). It would be useful to inspect the balance of
between- and within-unit variance, to demonstrate how much of the total landscape
variance is captured by the hillslope partition. The effects of variable hillslope sizes and
numbers on the representation of watershed heterogeneity and impacts on coupled water
and carbon cycling has previously been investigated in similar Rocky Mountain watersheds
(e.g. Band et al., 1991, 1993; and others).
Answer: Thank you for this great suggestion and these papers. We agree that
different sets of hillslopes can be defined depending on the scale or the threshold
flow accumulation (or drainage) area to define stream segments. In the original
manuscript, we have set the threshold to match the observed streams. In the revised
manuscript, following Band (1989) and Band et al (1991), we have generated
different sets of hillslopes based on the flow accumulation threshold to define
streams.
For the hillslope metrics that are defined by the average (e.g., average elevation,
average slope), we evaluated the within-hillslope variability and across-hillslope
variability of each property, compared to the overall variability. We consider that the
variance of pixel-by-pixel properties represents the overall variability over this
domain, while the variance of hillslope-averaged metrics represents the variability
across the hillslopes. We computed the ratio between the across-hillslope variance
and overall variance, representing how well the hillslope-averaged metrics can
capture watershed-scale variability.
Figure X1 (below; Figure 2 in the manuscript) shows this ratio as a function of the
threshold drainage area. The ratio is high for the elevation, radiation, snow, and
bedrock resistivity up to 0.75, which means that the hillslope-averaged metrics

capture the watershed-scale variability of these variables and that the within-hillslope
variability is small compared to the across-hillslope variability. TWI and NDVI, on the
other hand, have a low ratio, which means that the within-hillslope variability is
significant. The ratio increases as the drainage area decreases, since the smaller
the hillslopes are, the better they capture the small-scale variability. However, the
variance ratio of the elevation and radiation reaches a plateau with the drainage area
around 106m^2. Based on this result, we selected 810,000 m2 as the threshold
drainage area in the subsequent analysis.
In addition, as a contrast, we included the variance of each property at the upscaled
pixel (i.e., taking the averaged value in larger pixel sizes compared to the original 9meter pixel) compared to the overall variance (Figure X1b). The ratio between the
across-upscaled-pixel variance and the overall variance increases as the pixel size
decreases. Different from the hillslope average, the ratio for radiation keeps
increasing without reaching the plateau. This means that a representative size or
scale of pixels does not exist when we use pixel-based upscaling.
We also considered the implication of this plateau. Hillslopes have been used as an
organizational unit for watershed hydrology (Fan et al., 2019) as well as critical zone
science (Brantley et al., 2019). In particular, Pelletier et al. (2019) showed a
significant impact of hillslope aspects and slopes on evapotranspiration, weathering,
nutrient cycling, and others. The plateau of the ratio between the across-hillslope
and overall variance suggests that there is a representative hillslope scale for
radiation (which is a function of slope and aspect), at which the hillslope average can
capture the majority of the pixel-by-pixel variability at the watershed scale and the
within-hillslope variability is small. At the same time, the ratio for NDVI (associated
with plant dynamics) and TWI (associated with soil moisture) continues to increase
as the hillslopes become smaller. This is due to the fact that they are significantly
affected by microtopography and within-hillslope positions (i.e., toe slopes). These
results suggest that we may define a hierarchical representation of spatial
heterogeneity such that the watershed-scale variability of elevation and radiation is
captured by hillslopes, while the other properties are defined within each hillslope.
We included these texts and Figure 2 in the manuscript (the third paragraph in
Section 3.1 in the methodology section; Section 4.1 in the result section; the third
paragraph in the discussion section)

Figure X1 (Figure 2 in the manuscript). Variance ratio (a) between the across-hillslope
variance (i.e., the variance of hillslope-averaged metrics across all the hillslopes) and the
overall variance (i.e., the variance of the pixel-by-pixel properties) as a function of the
threshold drainage area, and (b) between the across-upscaled-pixel variance and the
overall variance as a function of the pixel area.
Given the high topographic relief, strong topoclimate gradients in radiation and water
balance, and intercorrelation of a number of the spatial datasets used, it is likely that any
partitioning of the landscape (hillslopes or grid cells) would produce a reasonable clustering
and may have distinct association with specific landscape functions. The three hypotheses
stated in the introduction could be strengthened if the concept of an optimal scale of
hillslope partitioning was posed, or included the scale dependence of results. This may
require multiple hillslope partitions (different extents of the stream network), and
consideration of subhillslope scale variance – essentially generating multiple realizations of
the methods used in the paper across scales.
Answer: Thank you very much for the suggestion. As described above, we have
created multiple scales of hillslopes, and evaluated the variance within/across
hillslopes.
Soils are often the weak link in distributed watershed data, as discussed by the author.
While bedrock geology is used instead of soils in this study, available soil data (SSURGO
downloaded from the USDA web soil survey site) shows substantially more spatial detail
than the bedrock maps. While SSURGO soils data important to water storage and flow are
often highly generalized based on the mapping methods and cartographic presentation,
there have been a number of methods published over the last decades to develop
estimates of soil properties at resolutions comparable to available terrain information (e.g.
Zhu et al, 1997), and more recently Chaney et al (2016, 2019) published a 30m soil
property dataset for CONUS. The authors should better outline why soils, a central critical

zone component, were not used as part of the clustering. Similarly, while aspect was
discussed in the paper as a central influence on critical zone behavior, it was not included.
While potential radiation may explain much of the information aspect may convey, aspect is
a simpler and more widely available measure (but needs to be treated as a circular variable
or transformed into a linear surrogate, such as the widely used “southness”).
Answer: We have agreed with this comment, and included soil texture (%clay,
and %sand) from Chaney et al (2016). Figure X2 (below; Figure 2 in the manuscript)
shows that soil texture is correlated with the elevation, slope, and other metrics at
the hillslope scale. We have updated the clustering results as well. Although the
zones are slightly different from earlier results, the general observations (e.g., types
of hillslopes, validation) are the same, since %sand and %clay are correlated with
elevation and other metrics

Figure X2. Correlation and scatter plots (Pearson’s correlation coefficients) among selected
hillslope features (Table S1). The * sign represents p-values < 0.01.

In terms of the aspect, we capture the effect of the aspect by the net potential annual
radiation, which is computed as a function of slope, aspect, and solar angle at each

pixel. It is a more representative metric for the magnitude of solar radiation annually
(without considering the cloud effects) than the aspect. We have included this
clarification in the first paragraph of Section 3.1 as “The annual net potential solar
radiation – a function of the aspect, slope and solar angle – is considered as a better
metric to represent the intensity of solar radiation than the aspect itself which is
circular (0 and 360 degrees are the same; Wainwright et al., 2020).”
The goals of the clustering are an important driver of the methods. Much of the hydrologic
and biogeochemical behavior of watersheds is based on sub-hillslope processes. As an
example, the role of riparian areas in modulating both runoff and nutrient export has been
heavily cited (e.g. McGlynn and McDonnell, 2003a,b). The last line of the paper suggests
the zonation methods presented can guide experimental plot placement to better quantify
and understand water/element export contributions. Plots are subhillslope scales, and
position within the internal flow structure of the hillslope is a critical control. This is a major
tenet of the critical zone approach.
Answer: We agree with this comment. Our group indeed has extensive experience
mapping pixel-by-pixel heterogeneity within a hillslope based on high resolution
images (e.g., Falco et al., 2018; Devadoss et al., 2020; Hermes et al., 2020). We
have added this sentence in the last paragraph of the conclusion section “After a
particular hillslope is identified, we can use pixel-by-pixel clustering to map the
heterogeneity within each hillslope associated with microtopography and hillslope
positions based on high-resolution images and LiDAR (e.g., Park and Van De
Giesen, 2004; Falco et al., 2018; Devadoss et al., 2020; Hermes et al., 2020). This
hierarchical representation provides a tractable framework for watershed
characterization.”
Technical corrections, clarifications:
1. 7, paragraph 185: it is not clear how the clusters were aligned or compared between
the clustering methods. I presume the unsupervised clusters are developed
independently between methods. Are you renumbering according to similarity?
Answer: Yes, we evaluated the frequency maps (Figure S4), which show how
frequent each hillslope is categorized into a particular zone among three methods.
We also included the explanation to compare the zones from the three methods, “To
compare the results from these three methods, we first identified six common zones
across the three methods that have the overlapping coverage, starting from the
GMM-based map as a basis.”

2. Spell out acronyms the first time used (e.g. NDVI, NDWI, etc) even if these are well
known by some communities.
Answer: Yes, we have added the full names in the second paragraph of Section 3.1.

3. Figure 1: Clarify the position of the subcatchments. It is given as ordered from right
to left (better to state east to west), but Slate River and Coal Creek cannot be
distinguished as they appear to be equally “left” or west. A simple label would
obviate this.
Answer: Yes, we have assigned the indices to the watersheds, and included them in
Figure 1a, as (A) East River, (B) Washington Gulch, (C) Slate River and (D) Coal
Creek.

4. Figure 4: It is not clear if these plots are aggregated over all clustering methods or
are for one.
Answer: Yes, it is aggregated. We have included the explanation in the third
paragraph in Section 4.2., “In addition, the statistics are computed by aggregating
the zonation from the three methods (Figure S4) such that the zonation of each
method has the weight of 1/3.”

5. 11, paragraph 255: Incomplete sentence “The Rock and Gothic subcatchments,
which are predominantly within conifer dominated Zone 3 (Figure b).” Figure 5b?
Answer: Thank you for pointing this out. We revised this sentence as “The Rock and
Gothic sub-catchments, which are predominantly within conifer-dominated Zone 3, 4
and 7 (Figure 7b), have a lower nitrogen expected from this simple scaling
relationship”

6. Figure 6d,e: y-axis is given as MG/m3. Is this a concentration or a mass export?
Typo in units? Perhaps MG/km2? Figure 6e is unconvincing as there are two widely
separated clusters of points that are interpreted as a trend.
Answer: This is the normalized value of dividing the N mass export (MG/year) by the
annual discharge (M^3/year). We believe that the unit is accurate. We added “mass
export” (instead of just export) to clarify this point.
We changed Figure 6d and e to the boxplots in Figure 7d and e, so that the
statistical test is performed as two groups (such as high or low coverages of each
zone) instead of a trend.
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