Reply to Reviewer #2

We thank the reviewer for the thoughtful commemtd auggestions. We made a conscientious
effort to address all issues raised. The itenitdayr Reply follows in blue.

Evaluation

A coupled hydrology-slope stability model is desdoed in this work. The novelty of the
work is represented by the application of the modelo simulate both the flood response at
the catchment scale and the hillslope stability preesses, thus enabling a multi-response
validation. The work is interesting and well suitedto the readership of HESS. Moreover, it
is based on a good data set. However it needs a &l reorganization and attention to a
number of issues to be acceptable for a major scigfic journal.

General comments

1. | found the title misleading: it deals with “delris flow initiation” and it turns in the
paper that the only physical process considered g&hallow landsliding. The authors should
made clear that initiation mechanisms can be broaglgrouped into flows originating from
landslide initiation, or from the entrainment of sediment by flowing water in a channel or
in coalescing rills and gullies (e.g., Iverson et.al997). It may be the case that all the debris
flows in the study region are originated as landgiies; however, it is arguable that not all
failing hillslopes will mobilize to form debris flows. | think the title should reflect more
accurately the content of the paper, by focusing onshallow landsliding’. The model
doesn't include any debris flows propagation module Note also that the confounding
overlapping between shallow landsliding and debriglows is not limited to the title and is
widespread in the work.

The Reviewer’s point is well taken. The specifierts studied in the manuscript referred to as
“debris flow” in the NCGS survey report of the eterare initiated by shallow landslides.
Because most of the debris flows in the region tatlg originate from slope failure (e.qg.
Wieczorek et al.,, 2009; Wooten et al., 2008), tlbris flow events triggered by shallow
landslides are indeed the most common. For instaaleut two-thirds of the debris flow
initiation sites were in concave slopes in the gagievidenced by scouring of the detachment
surface resulted from shallow landslides (Wieczoeelal., 2009). The debris flow developed
from the entrainment of sediment by flowing wateaichannel or in coalescing rills and gullies
in itself is not sufficient to define an ‘initiatnd location.

The title of the manuscript is clear that our focusn the “debris flow initiation”, which should
take place through a shallow landslide at theatidn point followed by rapid mobilization
within  10s m to form a debris flow proper. See forexample:
http://www.geology.enr.state.nc.us/Landslide_In&oitslides _main.htm. Instead of changing
the title, and for consistency with the relevamerkture for the region, we introduced a new
paragraph in the Introduction that clearly estdigssthe context for the simulations and includes
the reference to Iverson et al. (1997) (L26 Pg.3367




“Note there are three modes contributing to detbos mobilization, namely Coulomb failure,

liquefaction, and transient/mixed modes of the fiverson et al., 1997). The Coulomb failure
mode initiates shallow landslide activity which cd@velop into debris flows. This is the key
initiation mechanism in the region of study. Debfisw propagation (post-failure) is not
addressed in this study. ”

2. The hydrological model is very poorly presentedas well as its application. One aspect
that requires specific attention from the co-authos is the description of the specification of
the initial conditions. As it is described here, tB model is not suited for continuous
simulation of the hydrological cycle, and requiressoil water content to be specified at
various level in the soil profile and at multiple bcations. On the other hand, initial soil
moisture conditions play a critical role for flashflood modelling (Marchi et al., 2010) with
model results that can range from useless to almogterfect by simply playing with the
initial wetness parameters. Arguably, a similar sesitivity is affecting the simulation of the
hillslope instability. All this points to the needfor a good section on the initialization of the
coupled model.

The model simulates the full hydrologic cycle aras Ibeen used in various implementations for
continuous simulations over a wide range of timglec from flash-floods to multi-year
simulations. Relevant references are includedémbanuscript and there is wide documentation
of the model and its applications in the peer-nerei@ literature including: Devonec and Barros
(2002), Yildiz and Barros (2005; 2007; 2009), GarQuijano and Barros(2005), Gebremichael
and Barros (2006), Bhushan and Barros (2007), kangBarros (2012a and 2012b), Kang et al.
(2013 ) and Tao and Barros (2013).

Initial soil moisture conditions play a criticalleoindeed. The reason why there is no section on
initialization alone in this manuscript is becaubkere is a prior paper that describes in detail
flashflood simulations similar to those presentedehin the same region, using the same model
and ancillary data sources (Tao and Barros, 20h3addition, Yildiz and Barros (2007) also
describe the initialization procedure. They usesbm-up period of two-weeks for a 5-month
simulation, whereas Devonec and Barros (2002) aadgkand Barros (2012a; 2012b) used a
spin-up period of one year for their multi-year slations. The spin-up simulations themselves
are initialized at various levels in the soil plefand at multiple locations by specifying soll
wetness. In the present paper, model initial combt for the spin-up simulations are
summarized in Table 1. Model spin-up allows thedelgphysics to do their work toward
consistent initial conditions and is a long es&ti®d practice (e.g. Cosgrove et al., 2003),
especially for long-term simulations in the contektvhich model complexity and nonlinearities
would make either the formal calibration or jusaltand-error of initial conditions virtually
impossible. Typically, after the model is initi@d with average seasonal soil moisture
conditions, the model is spun-up by running it &reast the same duration of the simulation
using atmospheric forcing before the forecast propallow the model state variables to reach
internal consistency as stated in the manuscripg. Jood agreement between the estimated and
observed streamflow at the beginning of the sinmatshown in Fig. 8) provides justification to
the methodology. The following paragraph was dddesection 4.1 (L22, Pg.8384):



“In order to allow the model state variables tocteanternal consistency, model spin-up
simulations for the same duration of the simulatieere conducted before the event simulation
proper. The end of the spin-up period is the bagmwof the event simulation. The basin soil
moisture conditions for the spin-up simulations evigritialized by specifying soil wetness based
on seasonal climatology modeled to be consistetit thie streamflow at the beginning of the
simulation period (shown as in Table 1).”

3. In a similar vein, the hillslope stability modelrequires a much more careful description.
Please take into account the comments by Reviewer 1

Please see our detailed Reply to major Comment kpacific Comment 13 from Reviewer #1.

4. Accurate topographic representation is of key importance in shallow landsliding
prediction. Nevertheless, a 250m grid size is used the model exercise described here.
Even more surprising, this choice in neither discused or commented. Instead, the choice of
using a rough DEM resolution and its implications equires careful discussion, with
reference to the relevant literature. The commenteported in the conclusions “In addition,
we hypothesize that there should be a scaling eftezssociated with the spatial resolution of
the model itself, that in turn suggests that thershould be utility in investigating the scaling
behavior of slope instability criteria in the future. Specifically, the ability to represent
heterogeneity and subgrid scale variability in subsface flow dynamics should have a
strong impact on the magnitude of interflow at smdlscales” is surprising, since the scaling
effect is neither identified or commented before irthe paper.

The Reviewer's comment is well taken. In the secteabove, the intention was to refer to the
scale effects of model resolution.

As stated in our Reply to Reviewer #1, the modatigpresolution is a compromise between the
coarse resolution at which atmospheric forcing detd ancillary data (e.g. soil properties) are
available and the spatial resolution required tptwa the physics. Although the spatial scale
over which the initiation takes place ranges betw&@ -150 m, in the region of study, slope
failure quickly evolves spatially to debris flowt fhe model resolution, in the region of study,
the events are debris flows. We have added dismusgigarding the model resolution (L25

P8372): “The temporal and spatial resolution of el@imulations is 5 minutes and 250 meters
respectively, which meets numerical stability regoments, and reflects a compromise among
the coarse spatial resolution of the atmosphericirig datasets (1-32 km), the spatial scale of
terrestrial ancillary data such as soils properéied vegetation cover (~1 km), and the spatial
resolution adequate to capture the governing hgdrolprocesses(e.g. Tao and Barros, 2013).”

We also added the short discussion below to thedpe2.1(L18, Pg.8373):

“Note that, in principle, the higher the spatiadakition the more rigorous the coupling between
the hydrological and slope stability models, anel tmore accurate representation of governing
processes and spatial gradients. Therefore, a sfalct is expected with simulated hydrologic
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variables displaying smoother spatial distributiahsoarser model resolutions (see for example,
Yildiz and Barros, 2009).”

In addition, the sentence above cited by the Restievas revised for clarity as follows:

“In addition, we hypothesize that there should becale effect associated with the spatial
resolution of the model itself, and thus there &hdee practical utility in investigating the
dependence of simulated soil moisture and intertonditions at the time of landslide initiation
on model resolution. Furthermore, the ability t@resent heterogeneity and subgrid scale
variability in subsurface flow dynamics should haaestrong impact on the magnitude of
interflow at small scales”

Details

P8366, L7-9: “This suggests that the dynamics of baurface hydrologic processes play an
important role as a trigger mechanism, specificallythrough soil moisture redistribution by
interflow. The first objective of this study is toinvestigate this hypothesis.” Tons of papers
have already explored this hypothesis. This shouldrnbe an objective for this work.

R: This point was addressed in our Reply to Revieile We believe the confusion with this
statement comes from lack of clarity in our writingjhe role of soil moisture dynamics in slope
failure is well established. Geomechanical modgbscally account for suction forces in slope
stability analysis (Lu and Godt, 2008; Lu et aD1Q). Our explicit focus is on interflow, and in
particular the transient mass fluxes across thmpasich allows us to take a watershed view or
hillslope scale view, that is a “regional” approaather than a “local” approach to slope stability
analysis. Interestingly, the simulations show thdependently of the watershed or storm type,
the initiation takes place not after the stabitititerion defined on the local equilibrium of fosce
is exceeded, but when interflow reaches its peath®event. The writing was revised to clarify
this matter.

“This suggests that the dynamics of subsurfacedigdic processes play an important role as a
trigger mechanism, specifically through soil moistuwedistribution by interflow. We further
hypothesize that the transient mass fluxes associaith the temporal-spatial dynamics of
interflow govern the timing of shallow landslideitiation, and subsequent debris flow
mobilization. The first objective of this studytsinvestigate this relationship.”

P8369, L11-13. “Safaei et al. (2011) argued that wgpling dynamically distributed

hydrologic models with slope stability models is reessary to quantitatively model or
predict the occurrence of debris flow both in spacand time.” The reference cited here:
Safei et al. (2011), is not listed in the ReferengeThe co-authors should note anyway that



the need for the coupling was stressed much earli€gMontgomery and Dietrich, 1994 and
references therein).

R: We have added the reference suggested abovals&/esvised the related sentence to include
additional references to previous work. Thank yaupointing this out.

“The need for coupling dynamically distributed hglhgic models with slope stability models
required to quantitatively model or predict the mefilow occurrence both in space and time has
been articulated earlier (Baum et al., 2010; Ivers2000; Montgomery and Dietrich, 1994,
Safaei et al., 2011; Simoni et al., 2008).”

P8370, L22-25. “One common trait of these studies the separation between the simulation
of hydrologic response to rainfall forcing (typicaly neglected) and debris flow initiation
indices or prognostics. Mirus et al. (2007) invegiated the role of subsurface flow based on
a three dimensional numerical solution of Richards’equation using the control volume
finite-element method combined with an infinite-slpe equation (Dutton et al., 2005). They
demonstrated that pore-water pressures, and thus gbe stability are underestimated
without taking into account convergent subsurfacelbw.” This is the place where the co-
authors could establish what is new with this workthe validation of the coupled response
is carried out both for the flood response and fothe hillslope instability. However, this is
written here in a way which is barely understandabé. Moreover, the sentence starting with
‘Mirus et al. . ..” should be anticipated to the setence starting with ‘One common. . .’, to
make sense.

R: The Reviewer's comment is well taken. We hgpeated the related sentences as follows:

“One common trait of these studies is that the kitad hydrologic response to rainfall forcing
(e.g. the flood hydrograph) is not evaluated, dr&dfocus is on the landslide initiation indices or
prognostics independently of the underlying hydgaiostates. However, Mirus et al. (2007)
investigated the role of subsurface flow usingraerdimensional numerical solution of Richards’
equation based on the control volume finite-elemaethod combined with an infinite-slope
equation (Dutton et al., 2005), and demonstrated flore-water pressures, and thus slope
stability, are underestimated without taking inttc@unt convergent subsurface flow. In this
study, we will further investigate the critical eobf subsurface flow (especially interflow) in
triggering the debris flow occurrence. Both theoloresponse and the debris flow initiation
produced by a coupled hydrological-stability modale validated against streamgauge
observations and the survey report on the delovg @vents provided by NCGS geologists (Dr.
Richard Wooten, personal communication), respelgtive

P8371, L19-23. “physical hydrology”. Drop ‘physical “Nowcasting”: the model is not used
here for any nowcasting purpose: this should be sshituted with ‘prediction’.
Changed as suggested.



P8382, L23-25: “However, the Z-method tends to undestimate soil depth at very high
elevations, while the S-method overestimates soiepth in the valleys (Fig. 6).” The terms
“overestimation” and “underestimation” are commonly used to compare and evaluate
observations versus model results. Do you have obgations of soil depth to evaluate how
the model behaves with respect to reality?

R: We do not have systematic observations of septld except from our own field work
maintaining a hydrometeorological network in thgio@. The ranges of soil depth are based on
personal inspection, and a survey of the literamd previous detailed field studies in the
Appalachians (Price et al., 2010; Price et al.,130But the Reviewer raised a good point. To
avoid confusion, we have revised the sentencellasvi

“However, the Z-method tends to result in too thail depth at very high elevations, while the
soil depth in the valleys calculated by the S-méttemds to be too thick (Figure 6), based on the
authors’ observations in the field.”

P8384, L1-4: “..air temperature, air pressure, windvelocity, downward shortwave and
longwave radiation and specific humidity”. This data are not required in the hydrological
model description described in Section 2.1. Pleaspecify.

R: The hydrological model description in Sectiorl has a focus on rainfall-runoff and
subsurface processes. However, the hydrologic hsmiees the energy balance equations and
also predicts soil temperature profiles as wellsaessible latent and ground heat fluxes, and
outgoing longwave radiation. These elements oinibeel are described in Devonec and Barros
(2002) for example. For completeness, the follgnsentences were added to Section 2.1 (L16
P8373):

“Sensible and latent heat fluxes are estimateddbasethe Monin-Obukhov similarity theory
which provides dimensionless variables expressivgy huoyancy effects resulting from the
vertical density gradients in the stable atmosplveth modifications for unstable boundary
layer conditions, and are calculated using thetigputemperature, air pressure, wind velocity
and specific humidity. Radiative forcing is caldeld based on the input downward
shortwave/longwave radiation from the atmospheoicihg data set, and landscape attributes
such as albedo and emissivity. Further details lo& tepresentation of land-atmosphere
interactions in the model are described in DevaretBarros (2002).”

References

Iverson, R.M., Reid, M.E., and LaHusen, R.G., 199&bris-flow mobilization from landslides.
Annual Reviews of Earth and Planetary Sciences825138.

Marchi, L., Borga, M., Preciso, E., Gaume, E., 20C0aracterisation of selected extreme flash
floods in Europe and implications for flood risk magement. J. Hydrol., 394(1-2), 118-133, doi:
10.1016/j.jhydrol.2010.07.017.



Montgomery DR, Dietrich WE. 1994. A physically bdsmodel for the topographic control on
shallow landsliding. Water Resources Research BB341171.

Baum, R.L., Godt, J.W., Savage, W.Z., 2010. Esiimgathe timing and location of shallow
rainfall-induced landslides using a model for tiang unsaturated infiltration. Journal of
Geophysical Research-Earth Surface, 115.

Bhushan, S., Barros, A.P., 2007. A numerical sttalynvestigate the relationship between
moisture convergence patterns and orography inadvexico. J. Hydrometeorol., 8(6):
1264-1284.

Cosgrove, B.A. et al., 2003. Land surface modeah-sipi behavior in the North American Land
Data Assimilation System (NLDAS). Journal of Geogiogl Research-Atmospheres,
108(D22).

Devonec, E., Barros, A.P., 2002. Exploring the ¢farability of a land-surface hydrology model.
J. Hydrol., 265(1-4): 258-282.

Garcia-Quijano, J.F., Barros, A.P., 2005. Incorfintgacanopy physiology into a hydrological
model: photosynthesis, dynamic respiration, andmatal sensitivity. Ecological
Modelling, 185(1): 29-49.

Gebremichael, M., Barros, A.P., 2006. EvaluatioM@DIS gross primary productivity (GPP)
in tropical monsoon regions. Remote Sens. Envidkf0(2): 150-166.

Iverson, R.M., 2000. Landslide triggering by ramfiltration. Water Resources Research, 36(7):
1897-1910.

Iverson, R.M., Reid, M.E., LaHusen, R.G., 1997. idxHow mobilization from landslides.
Annual Review of Earth and Planetary Sciences, 25.

Kang, D., Barros, A., Déry, S., 2013 Evaluating 9h&s Microwave Radiometry for the
Dynamical Transition From Dry to Wet Snowpacks. EEEransactions on Geoscience
and Remote Sensing.

Kang, D.H., Barros, A.P., 2012a. Observing Systemufition of Snow Microwave Emissions
Over Data Sparse Regions-Part I: Single Layer hy$tee Transactions on Geoscience
and Remote Sensing, 50(5): 1785-1805.

Kang, D.H., Barros, A.P., 2012b. Observing SystemuBation of Snow Microwave Emissions
Over Data Sparse Regions-Part Il: Multilayer Physleee Transactions on Geoscience
and Remote Sensing, 50(5): 1806-1820.

Lu, N., Godt, J., 2008. Infinite slope stabilityder steady unsaturated seepage conditions. Water
Resources Research, 44(11).

Lu, N., Godt, J.W., Wu, D.T., 2010. A closed-formuation for effective stress in unsaturated
soil. Water Resources Research, 46.

Montgomery, D.R., Dietrich, W.E., 1994. A PhysigaBased Model for the Topographic
Control on Shallow Landsliding. Water Resourceseesh, 30(4): 1153-1171.

Price, K., Jackson, C.R., Parker, A.J., 2010. \iamaof surficial soil hydraulic properties across
land uses in the southern Blue Ridge MountainstiNGarolina, USA. J. Hydrol., 383(3-
4): 256-268.

Price, K. et al., 2011. Effects of watershed lasé and geomorphology on stream low flows
during severe drought conditions in the southemmeBRidge Mountains, Georgia and
North Carolina, United States. Water Resources &eke47.



Safaei, M., Omar, H., Huat, B.K., Yousof, Z.B.M.hi@si, V., 2011. Deterministic Rainfall
Induced Landslide Approaches, Advantage and Limomat Electronic Journal of
Geotechnical Engineering, 16: 1619-1650.

Simoni, S., Zanotti, F., Bertoldi, G., Rigon, ROGB. Modelling the probability of occurrence of
shallow landslides and channelized debris flowagiISEOtop-FS. Hydrol Process, 22(4):
532-545.

Tao, J., Barros, A.P., 2013. Prospects for Flaslod-IForecasting in Mountainous Regions—An
Investigation of Tropical Storm Fay in the South@ppalachians. J. Hydrol.

Wieczorek, G.F., Eaton, L., Morgan, B.A., Wooten, Rorrissey, M., 2009. An examination of
selected historical rainfall-induced debris-floweats within the central and southern
Appalachian Mountains of the eastern United StdteS. Geological Survey Open-File
Report 2009-1155, 25 p., available only onlinetgd:Hpubs.usgs.gov/of/2009/1155.

Wooten, R.M. et al., 2008. Geologic, geomorphia] ameteorological aspects of debris flows
triggered by Hurricanes Frances and Ivan duringté®eper 2004 in the Southern
Appalachian Mountains of Macon County, North Carali (southeastern USA).
Landslides, 5(1): 31-44.

Yildiz, O., Barros, A.P., 2005. Climate Variabilitgnd Hydrologic Extremes-Modeling the
Water and Energy Budgets in the Monongahela RiasiB Climate and Hydrology in
Mountain Areas. Wiley.

Yildiz, O., Barros, A.P., 2007. Elucidating vegetatcontrols on the hydroclimatology of a mid-
latitude basin. J. Hydrol., 333(2-4): 431-448.

Yildiz, O., Barros, A.P., 2009. Evaluating spatiariability and scale effects on hydrologic
processes in a midsize river basin. Scientific Regeand Essays, 4(4): 217-225.

Thank you.



