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Remotely Sensing Landslides: The Integration of Landsat 8 and GPM Information to Devise an Automated Landslide Identification Product
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[bookmark: _GoBack]Abstract— Nepal is a hotspot for rainfall induced landslide activity due to its mountainous topography, monsoon rains, and poor building practices. Over the past 25 years, rainfall induced landslides have affected over 443,094 people in the region and have caused over $15 million dollars worth of damage. There have been regional effort to identify landslide “hot spot” areas, but these efforts are hindered by the availability lack of complete and non-biased landslide event datasets. Current landslide event detection requires high-resolution imagery with software aided classification, or manual digitization by analysts. These methods are plagued by low spatial and temporal accuracy. Addressing the issues in conventional measurements, this study combined optical data from Landsat 8 Operational Land Imager (OLI), a Digital Elevation Model (DEM) generated from Advanced Spaceborn Thermal Emissions and Reflection Radiometer (ASTER), and precipitation data from the Global Precipitation Measurement Mission (GPM) to create two complementary landslide and rainfall identification products. The Sudden Landslide Identification Product (SLIP) uses Landsat 8 and an ASTER DEM to identify landslides in near real-time and provides damage assessments by mapping landslides triggered by precipitation. The Detecting Real-time Increased Precipitation (DRIP) product monitors precipitation levels extracted from the GPM- IMERG 30 minute min product to create alerts in near real-time when current rainfall levels exceed regional threshold values. After a landslide detection is made by SLIP, historical rainfall data from DRIP is analyzed to estimate a date for the detected landslide. 	Comment by Vishal Arya: Perhaps reword to ‘infrastructural design’ or something along those lines.	Comment by Vishal Arya: Consider using a different word here 	Comment by Vishal Arya: Does it tell you an approximate time of day?  If so, include time/ date here. 

[bookmark: PointTmp]Index Terms— ASTER, DEM, DRIP, GPM, Landsat 8, Landslides, Nepal, Remote Sensing, SLIP, TRMM	Comment by Vishal Arya: Generally, it is useful to have keywords that don’t appear in your title. 

INTRODUCTION
A landslide is a type of mass wasting event that occurs when down-slope forces exceed the strength of the slope materials (Cruden, 1991). Changes in slope stability can occur due to natural forcings including intense rainfall, rapid snowmelt, and seismicity (Caine, 1980; Wieczoreck, 1996), as well as anthropogenic factors like deforestation and land use change (Swanson and Dyrness, 1975). Therefore, due to its complex mountainous topography, active seismicity, monsoon rain, and underdeveloped infrastructure, Nepal is highly susceptible to landslides due to its complex mountainous topography, active seismicity, monsoon rain, and underdeveloped infrastructure. 

Annually, the region experiences hundreds of fatalities and millions of dollars in losses due to landslide events (Dahal and Hasegawa, 2008).  On April 25, 2015, the magnitude 7.8 Gorkha earthquake struck Nepal, causing more than 9,000 fatalities, 21,000 injuries, and $1-2 billion in damages.  Because of this monumental earthquake, rainfall-triggered landslides are likely to emerge as a significant induced hazard in the region. Historic data shows that more than 80% of landslides in the region occur between June and August due to increased levels of precipitation associated with the summer monsoon season (Dahal and Hasegawa, 2008). As such, more attention must be given to mitigating loss of life and economic damages during the monsoon period.

Previous research efforts have utilized landslide event data and heuristic ( Deoja et al., 1991), statistical (Dahal et al. , 2008a), and deterministic models (Sharma and Shakya, 2008) to create landslide susceptibility maps for the Himalayan region. These susceptibility maps depict “hot spot” areas that are at significant risk of experiencing a rainfall induced landslide event. These studies aim to prevent loss of life and economic damages caused by rainfall-induced landslides, but are limited in accuracy due to the availability and inherent biases present in most landslide event datasets.	Comment by Fenn, Teresa E. (LARC-E3)[SSAI DEVELOP]: Is this meant to be 2008a or just 2008?

 It is currently estimated that landslide event datasets are available for less than 1% of the sloped areas globally (Guzzetti et al., 2012). If these datasets are available for a region of interest, two major sources of uncertainty exist. First, there is usually an under-reporting bias associated with rainfall induced landslide events because landslides are grouped with primary triggering hazards such as floods. Secondly, landslide events that occur in unpopulated areas are usually not reported in the dataset because it is not evident that these events occurred (Kirschbaum et al., 2010).	Comment by Vishal Arya: What about for this region in particular?

With current underestimation of landslide impacts and the increasing trend in frequency and intensity of landslide events due to anthropogenic factors (Petley et al., 2007), it is critical to develop a landslide event inventory that has the ability to accurately quantify landslide event formation and has the capability to serves as a decision support tool. Satellites and remote sensing technologies promise to remove inherent biases, by reducing the time and resources required for event compilation (Guzzetti et al., 2012). Conventional methods for detecting landslide events using satellite technology rely on visual interpretation of high-resolution imagery, with software aided classification, or manual digitization by analysts. Although these methods are more efficient that in -situ data collection, these methodologies are resource intensive, time consuming, and are plagued by spatial and temporal constraints. 	Comment by Vishal Arya: This is a strong word. Perhaps consider changing to ‘help’ or ‘assist’ or something along those lines. 	Comment by Vishal Arya: Confusing as to which methodologies you are referencing here. You begin the sentence with ‘these methodologies’ but that seems to be referring to remote sensing techniques whereas this time it seems to be referencing in situ. If that is the case, please clarify. 	Comment by Vishal Arya: Word choice. 

This study looks to address the issues present in conventional collection methods, by leveraging Landsat 8 Operational Land Imager (OLI) red band properties to develop an automated Sudden Landslide Identification Product (SLIP) to identify landslides. The study also seeks to use Global Precipitation Measurement Mission (GPM) and Tropical Rainfall Measuring Mission (TRMM) data to develop a real-time rainfall measurement tool known as Detecting Real-time Increased Precipitation (DRIP). Together SLIP and DRIP form a real-time landslide hazard assessment model for the Nepal region. The SLIP and DRIP products were then validated on by evaluating their landslide identification capabilities on a regional and global scale. SLIP was validated by comparing the model results to known landslide events information throughout Nepal, Brazil, and the United States. 

Methodology
SLIP: Sudden Landslide Identification Product 
DRIP: Detecting Real-time Increase Precipitation



To insert images in Word, position the cursor at the insertion point and either use Insert | Picture | From File or copy the image to the Windows clipboard and then Edit | Paste Special | Picture (with “float over text” unchecked). 
IEEE will do the final formatting of your paper. If your paper is intended for a conference, please observe the conference page limits. 
Abbreviations and Acronyms
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Use a zero before decimal points: “0.25,” not “.25.” Use “cm3,” not “cc.” Indicate sample dimensions as “0.1 cm  0.2 cm,” not “0.1  0.2 cm2.” The abbreviation for “seconds” is “s,” not “sec.” Use “Wb/m2” or “webers per square meter,” not “webers/m2.” When expressing a range of values, write “7 to 9” or “7-9,” not “7~9.”
A parenthetical statement at the end of a sentence is punctuated outside of the closing parenthesis (like this). (A parenthetical sentence is punctuated within the parentheses.) In American English, periods and commas are within quotation marks, like “this period.” Other punctuation is “outside”! Avoid contractions; for example, write “do not” instead of “don’t.” The serial comma is preferred: “A, B, and C” instead of “A, B and C.”
If you wish, you may write in the first person singular or plural and use the active voice (“I observed that ...” or “We observed that ...” instead of “It was observed that ...”). Remember to check spelling. If your native language is not English, please get a native English-speaking colleague to carefully proofread your paper.
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MATH
If you are using Word, use either the Microsoft Equation Editor or the MathType add-on (http://www.mathtype.com) for equations in your paper (Insert | Object | Create New | Microsoft Equation or MathType Equation). “Float over text” should not be selected. 
Equations
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Be sure that the symbols in your equation have been defined before the equation appears or immediately following. Italicize symbols (T might refer to temperature, but T is the unit tesla). Refer to “(1),” not “Eq. (1)” or “equation (1),” except at the beginning of a sentence: “Equation (1) is ... .”
Units
Use either SI (MKS) or CGS as primary units. (SI units are strongly encouraged.) English units may be used as secondary units (in parentheses). This applies to papers in data storage. For example, write “15 Gb/cm2 (100 Gb/in2).” An exception is when English units are used as identifiers in trade, such as “3½-in disk drive.” Avoid combining SI and CGS units, such as current in amperes and magnetic field in oersteds. This often leads to confusion because equations do not balance dimensionally. If you must use mixed units, clearly state the units for each quantity in an equation.
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Some Common Mistakes
The word “data” is plural, not singular. The subscript for the permeability of vacuum µ0 is zero, not a lowercase letter “o.” The term for residual magnetization is “remanence”; the adjective is “remanent”; do not write “remnance” or “remnant.” Use the word “micrometer” instead of “micron.” A graph within a graph is an “inset,” not an “insert.” The word “alternatively” is preferred to the word “alternately” (unless you really mean something that alternates). Use the word “whereas” instead of “while” (unless you are referring to simultaneous events). Do not use the word “essentially” to mean “approximately” or “effectively.” Do not use the word “issue” as a euphemism for “problem.” When compositions are not specified, separate chemical symbols by en-dashes; for example, “NiMn” indicates the intermetallic compound Ni0.5Mn0.5 whereas “Ni–Mn” indicates an alloy of some composition NixMn1-x.
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Prefixes such as “non,” “sub,” “micro,” “multi,” and “ultra” are not independent words; they should be joined to the words they modify, usually without a hyphen. There is no period after the “et” in the Latin abbreviation “et al.” (it is also italicized). The abbreviation “i.e.,” means “that is,” and the abbreviation “e.g.,” means “for example” (these abbreviations are not italicized).
A general IEEE styleguide is available at http://www.ieee.org/web/publications/authors/transjnl/index.html

 (
Fig. 1.  Magnetization as a function of applied field. Note that “Fig.” is abbreviated. There is a period after the figure number, followed by two spaces. It is good practice to explain the significance of the figure in the caption.
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Vertical lines are optional in tables. Statements that serve as captions for the entire table do not need footnote letters. 
a
Gaussian units are the same as cg emu for magnetostatics; Mx = maxwell, G = gauss, Oe = oersted; Wb = weber, V = volt, s = second, T = tesla, m = meter, A = ampere, J = joule, kg = kilogram, H = henry.
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Format and save your graphics using a suitable graphics processing program that will allow you to create the images as PostScript (PS), Encapsulated PostScript (.EPS), Tagged Image File Format (.TIFF), Portable Document Format (.PDF), or Portable Network Graphics (.PNG) sizes them, and adjusts the resolution settings. If you created your source files in one of the following programs you will be able to submit the graphics without converting to a PS, EPS, TIFF, PDF, or PNG file: Microsoft Word, Microsoft PowerPoint, or Microsoft Excel. Though it is not required, it is recommended that these files be saved in PDF format rather than DOC, XLS, or PPT. Doing so will protect your figures from common font and arrow stroke issues that occur when working on the files across multiple platforms. When submitting your final paper, your graphics should all be submitted individually in one of these formats along with the manuscript.
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The proper resolution of your figures will depend on the type of figure it is as defined in the “Types of Figures” section. Author photographs, color, and grayscale figures should be at least 300dpi. Lineart, including tables should be a minimum of 600dpi.
Vector Art
While IEEE does accept, and even recommends that authors submit artwork in vector format, it is our policy is to rasterize all figures for publication. This is done in order to preserve the figures’ integrity across multiple computer platforms. 

Color Space
The term color space refers to the entire sum of colors that can be represented within the said medium. For our purposes, the three main color spaces are Grayscale, RGB (red/green/blue) and CMYK (cyan/magenta/yellow/black). RGB is generally used with on-screen graphics, whereas CMYK is used for printing purposes.
All color figures should be generated in RGB or CMYK color space. Grayscale images should be submitted in Grayscale color space. Line art may be provided in grayscale OR bitmap colorspace. Note that “bitmap colorspace” and “bitmap file format” are not the same thing. When bitmap color space is selected, .TIF/.TIFF is the recommended file format.
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When preparing your graphics IEEE suggests that you use of one of the following Open Type fonts: Times New Roman, Helvetica, Arial, Cambria, and Symbol. If you are supplying EPS, PS, or PDF files all fonts must be embedded. Some fonts may only be native to your operating system; without the fonts embedded, parts of the graphic may be distorted or missing.
A safe option when finalizing your figures is to strip out the fonts before you save the files, creating “outline” type. This converts fonts to artwork what will appear uniformly on any screen.

Using Labels Within Figures
Figure Axis labels 
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File Naming
	Figures (line artwork or photographs) should be named starting with the first 5 letters of the author’s last name. The next characters in the filename should be the number that represents the sequential location of this image in your article. For example, in author “Anderson’s” paper, the first three figures would be named ander1.tif, ander2.tif, and ander3.ps.
	Tables should contain only the body of the table (not the caption) and should be named similarly to figures, except that ‘.t’ is inserted in-between the author’s name and the table number. For example, author Anderson’s first three tables would be named ander.t1.tif, ander.t2.ps, ander.t3.eps.
	Author photographs should be named using the first five characters of the pictured author’s last name. For example, four author photographs for a paper may be named: oppen.ps, moshc.tif, chen.eps, and duran.pdf.  
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Referencing a Figure or Table Within Your Paper
When referencing your figures and tables within your paper, use the abbreviation “Fig.” even at the beginning of a sentence. Do not abbreviate “Table.” Tables should be numbered with Roman Numerals.
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