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Key Points: 14 

�x A system has been developed to provide near real-time estimates of potential landslide15 
activity in the tropics and middle latitudes16 

�x Openly available remote sensing and landslide inventory data is a key foundation for17 
developing, adapting and validating this system18 

�x This open-source system is designed to improve understanding of the spatial and19 
temporal distribution of landslide hazards20 
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498 
Figure 9. Average monthly moderate (yellow) and high (red) nowcasts for a) Peru and b) 499 
Taiwan for 2001-2016, with the total number of landslides reported in the areas from 2007 to 500 
2016.  501 

502 
5 Discussion 503 

5.1 Modeling challenges and future work 504 

LHASA can be used to characterize potential landslide activity in a consistent way across 505 
the globe in near real-time. Validation results shown in Tables 2 and 3 highlight performance of 506 
the model at the global scale and within Nepal using a separate inventory provided by Petley et 507 
al. [2007], respectively. Results suggest that variability in the spatial and temporal accuracy of 508 
the GLC may have a significant impact on the apparent performance of LHASA. Considering a 509 
broader spatiotemporal window surrounding each reported event can increase the overall 510 
probability of detection by over 10%. This could be explained in 3 ways: 1) the longer the 511 
window is the more likely unrelated rainfall events will be detected; 2) many landslide reports 512 
may be inaccurate (due to time zone issues or other sources of error) or the date of landslide 513 
initiation may fall within the longer window but not on the reported date; or 3) sometimes there 514 
may be a gap in time after a rainfall event and landslide initiation [Helmstetter and Garambois, 515 
2010; Huang et al., 2012]. While both FPR rates are relatively low, this number would be more 516 
�U�R�E�X�V�W���L�I���W�K�H�U�H���Z�H�U�H���D���J�O�R�E�D�O���G�D�W�D�E�D�V�H���R�I���‡�Q�R�Q-�O�D�Q�G�V�O�L�G�H�·���S�R�L�Q�W�V�����*�L�Y�H�Q���W�K�H���D�E�V�H�Q�F�H���R�I���V�X�F�K���D��517 
database at even local or regional scales, the acceptability of the FPR value depends upon the 518 
specific application of the landslide nowcast, which is discussed through several end user 519 
examples below. Other performance metrics may be more suitable to evaluate this model; 520 
however, the authors felt that a more standard confusion matrix approach would allow for clear 521 
and concise performance metrics as well as comparison with other studies. 522 

523 
While promising as a system, there are many inherent limitations of the LHASA model 524 

as a result of the geographic scope and variables considered. Of foremost importance is the need 525 
for improved, spatially consistent landslide inventories to better parameterize and validate 526 
LHASA at regional and global scales. Efforts are underway to develop a new citizen science 527 
�S�O�D�W�I�R�U�P���‡�/�D�Q�G�V�O�L�G�H���5�H�S�R�U�W�H�U�·���W�K�D�W���Z�L�O�O���H�Q�D�E�O�H���X�V�H�U�V���W�R���V�K�D�U�H���O�D�Q�G�V�O�L�G�H���H�Y�H�Q�W���R�U���L�Q�Y�H�Q�W�R�U�\��528 
information, search existing data, and export the full catalog. This system will enable data 529 
sharing across the globe in an effort to increase the availability, completeness, and accuracy of 530 
landslide information for studies such as this. A future version of the LHASA and Landslide 531 
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nable citizen scientists to help validate the landslide nowcasts for 532 
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Reporter systems may also e
rapid feedback and validation of the near real-time products. 

A second challenge of the existing LHASA model is the reliance on a long data record to 
�H�V�W�D�E�O�L�V�K���/�+�$�6�$�¶�V���W�U�L�J�J�H�U�L�Q�J���W�K�U�H�V�K�R�O�G�����7�0�3�$���G�D�W�D���S�U�R�Y�L�G�H�V���D���F�R�Q�V�L�V�W�H�Q�W���U�H�F�R�U�G���I�U�R�P����������-
2016; however, with the launch of GPM in 2014 and the decommissioning of the TRMM 
satellite in April, 2015, a quantile mapping procedure was needed to map thresholds from TMPA 
to IMERG. As discussed above, the IMERG dataset will ultimately be reprocessed back through 
the TRMM area (tentatively from 2000 to present), which will provide one continuous record 
from which to calculate new ARI thresholds. The LHASA ARI thresholds will be updated once 
the new IMERG data is released.  

A third limitation of the system is its inability to resolve landslides occurring at higher 
latitudes where snow, frozen precipitation, or freeze-thaw processes may significantly impact 
�O�D�Q�G�V�O�L�G�H���R�F�F�X�U�U�H�Q�F�H�����7�K�H���7�0�3�$���S�U�R�G�X�F�W���L�V���R�Q�O�\���D�Y�D�L�O�D�E�O�H���X�S���W�R�������Û�1-S and is designed to 
resolve moderate to heavy rainfall. As such, there are shortcomings of the current precipitation 
dataset due to its limitation in resolving li ght rain and frozen precipitation at higher latitudes. 
While IMERG has higher sensitivity to these precipitation processes, the record is currently too 
short for use. As a result of the thresholds selected and precipitation product used, the model is 
better at resolving landslides that occur on steeper slopes with rapid (less than 7-day) rainfall 
triggers compared to other landslide types like shallow quick clays that can occur on more 
gradual surfaces or rock falls which may be triggered by a complex set of variables.  

A fourth challenge is the determination of the ARI, which uses the exponent -2 that was 
calibrated from available data. However, the speed at which soil moisture declines will not be 
consistent across the globe or for different soil horizons. The first step to improving this would 
be to use a satellite or satellite assimilated model data product for antecedent soil moisture, such 
as Level 4 products estimated from SMAP  [Reichle et al., 2016]. However, one challenge is that 
satellite-based soil moisture products tend to underperform in areas with dense vegetation or 
complex topography [Dorigo et al., 2010]. Soil moisture algorithms incorporating modeled and 
satellite data are continuing to improve and future work may update this model to incorporate 
soil moisture. Another potential improvement could be to replace the ARI with a more physically 
based model that accounts for the hydromechanical dynamics of individual hillslopes, but 
limitations in accuracy of globally available datasets would make this very difficult. 

Finally, the rainfall-triggering thresholds and susceptibility index values established for 
use in LHASA were designed based on previous work and available data to an extent, but may 
not be relevant for all types of applications. The tolerance for defining a null, moderate, or high 
nowcasts will diff er by user and application. For example, many military or emergency response 
groups are looking for the �‡60% solution�· (TPR>0.6), or for a set of ensembles that will allow 
them to rapidly diagnose the issue and generate their own action plans. This system is not 
intended for local planning or to inform detailed infrastructure projects due to its geographic 
scope and spatial resolution. LHASA is also not meant to be used as a warning or forecasting 
system. This is due to the model latency (4-5 hours from satellite acquisition of rainfall data) as 
well as the fact that different emergency responders, forecasters or even media will have 
different ways of representing landslide potential information to their end users.  577 
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data could be applied. Therefore, the PDC found that �‡the annually averaged moderate- and 
high-hazard nowcas�W�V�«�F�R�X�O�G���E�H���X�W�L�O�L�]�H�G���W�R���V�W�D�U�W���Q�D�W�L�R�Q�D�O-level landslide mapping in places 
where no better information is available and/or to provide guide on where investments should be 
prioritized to obtain a better understanding of the landslide hazard�·���>�&�D�U�O�R�V���9�L�O�O�D�F�L�V��and Chris 
Chiesa, PDC, personal communication, 26 September 2017]. LHASA may be further utilized if 
precipitation estimates were ingested from a forecast model to identify potential landslide 
occurrences in advance, enabling this system to be used as a tool for landslide warnings. PDC is 
also interested in how this model can address questions of landslide impacts by estimating 
potential landslide exposure within areas of strategic infrastructure, producing timely alerts that 
can aid in the implementation of mitigation options that could reduce losses.  

Based on the above examples as well as other end user feedback, one of the highest 
priorities for future model development is to apply forecasted precipitation estimates to decrease 
the latency of potential landslide nowcasts. By incorporating global quantitative precipitation 
estimates such as those provided by the Global Forecast System (GFS; 
https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/global-forcast-system-gfs) or 
Goddard Earth Observing System Model, Version 5 (GEOS-5; 
https://gmao.gsfc.nasa.gov/systems/geos5/), LHASA could provide a 24 or 48 hour outlook of 
future potential activity, making the outputs more applicable for rapid response. The LHASA 
model currently only considers rainfall triggers, but incorporating additional triggers including 
earthquakes, is a natural next step of this system. There is also the potential to partner with 
groups such as the USGS PAGER group to better account for antecedent moisture or landslide 
potential immediately following a major earthquake in order to better diagnose all of the 
potential conditions that may lead to landsliding. The current LHASA model only primarily 
considers the physical environment in terms of susceptibility, but evaluating the exposure of 
populations and infrastructure and ultimately extending this model to estimate risk are clear 
opportunities of this system.  

5 Conclusions 

The primary purpose of the landslide nowcast is to provide a broad perspective of 
rainfall-triggered landslide potential in near real-time. LHASA did not predict the majority of 
landslides in the GLC, which could be due to both errors in the GLC and the inability of a simple 
global model to describe a wide variety of hillslope processes. Despite its limitations, LHASA 
provides situational awareness and has several advantages over static maps or intensity-duration 
thresholds calibrated using a limited rainfall gauge network. First, LHASA is a straightforward 
decision tree framework that can be easily applied by a broad range of users with outputs that are 
simple and easily interpreted. The model runs quickly and exploits the availability of near real-
time precipitation data to provide dynamic estimates of potential landslide activity. The 
components of LHASA, including the susceptibility map and its inputs, are publicly available. 
This allows people to replicate the methodology over their area of interest, or ultimately use the 
LHASA framework to input improved susceptibility and/or triggering information that is more 
relevant over their particular geographic area. By providing a consistent methodology across the 
globe, LHASA allows for the comparison between regions and supports further research into 
areas where landslide activity may be having a significant impact but is not well quantified. 
LHASA can also be used to look at how potential landslide activity varies seasonally, annually 666 
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