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a b s t r a c t

The Variable Infiltration Capacity (VIC) hydrologic and river routing model simulates the water and
energy fluxes that occur near the land surface and provides useful information regarding the quantity
and timing of available water within a watershed system. However, despite its popularity, wider adoption
is hampered by the considerable effort required to prepare model inputs and calibrate the model pa-
rameters. This study presents a user-friendly software package, named VIC-Automated Setup Toolkit
(VIC-ASSIST), accessible through an intuitive MATLAB graphical user interface. VIC-ASSIST enables users
to navigate the model building process through prompts and automation, with the intention to promote
the use of the model for practical, educational, and research purposes. The automated processes include
watershed delineation, climate and geographical input set-up, model parameter calibration, sensitivity
analysis, and graphical output generation. We demonstrate the package's utilities in various case studies.

© 2017 Elsevier Ltd. All rights reserved.
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Cost: Free
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1. Introduction

Hydrologic models are tools designed to simulate the hydrologic
cycle by means of simplified representations of a real hydrologic
system and have played a critical role in developing our under-
standing of hydrologic processes. They are used for prediction of
the system's behavior under various conditions (e.g., changes in
climate and land use), thereby helping us build better water
management plans. Accordingly, since the pioneering development
of the Stanford Watershed Model (Crawford and Linsley, 1966), the
number of hydrologic models and their applications in watershed
hydrology have proliferated rapidly (Singh, 2012). While hydrologic
modeling has been fueled by ever-expanding computing power and
growing availability of various hydrologic data, the actual use of
models has also been fostered by tools that promote their adoption
across a wide range of watershed scales and environmental con-
ditions (e.g., Shen et al., 2005; Gassman et al., 2007; Hughes and
Liu, 2008; Green and van Griensven, 2008; Seibert and Vis, 2012;
Ajami et al., 2016).

VIC (Variable Infiltration Capacity) is a spatially distributed,
physically based hydrologic model that simulates the water and
energy fluxes that govern the terrestrial hydrologic cycle (Liang
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et al., 1994). Lohmann et al. (1998) introduced a flow routing model
that traces the river channel flow triggered by the runoff from the
individual grid cells of the VIC model. This facilitated the distrib-
uted application of VIC for rainfall-runoff processes at large do-
mains. Together with the flow routing model of Lohmann et al.
(1998) (hereafter referred to as Lohmann routing), VIC has been
widely used to provide insight on the quantity and timing of
available water within a watershed system (see for example 192
peer-reviewed articles reporting recent applications of the VIC
model (Melsen et al., 2016a)). However, despite its popularity, its
wider adoption is hampered by a series of tasks that are required to
prepare a number of model input files (e.g., VIC and Lohmann
routing model configuration and grid-specific information on
topography, soil properties, topography, land cover types, and
runoff pathway) and calibrate model parameters. The development
and processing of these files and algorithms for calibration require a
level of training not common among all prospective users, partic-
ularly students in undergraduate and some graduate programs,
creating a barrier to model adoption in educational and profes-
sional settings. Furthermore, for certain users the complexity of
running VIC can stymie its use in research applications, for instance
the exploration of hydrologic sensitivity to different characteristics
of the landscape. Thus, we envisage a tool capable of facilitating VIC
model development that will benefit both existing users and also
expand its user community. We hope to model this tool after the
success of the Soil and Water Assessment Tool (SWAT) watershed
model, whose historical development has been paralleled by the
creation of various user interface tools that have propelled SWAT to
be one of the most widely used hydrologic model worldwide
(Gassman et al., 2007, 2014).

This study presents a user-friendly hydrologic modeling tool
that helps build the VIC and routing model; we name the tool VIC-
Automated Setup Toolkit (VIC-ASSIST). VIC-ASSIST has been
developed within the MATLAB (matrix laboratory) framework
accessible through an intuitive graphical user interface and
designed to enable users to navigate the model building processes
confidently through prompts and automation. The automated
processes encompass all of the steps needed to build the VIC and
routing model: watershed delineation, climate and geographical
input set-up, model parameter calibration, and graphical output
generation and evaluation. In addition, VIC-ASSIST provides many
features that facilitate the exploration of novel calibration ap-
proaches and model uncertainty associated with parameter fitting
and forcing datasets. In this way, VIC-ASSIST supports the use of VIC
by a large audience for educational, practical, and research pur-
poses. Specifically, VIC-ASSIST provides the following major
benefits.

Support for educators and practicing hydrologists:

� a watershed delineation tool capable of handling multi-
watershed delineation for user-provided locations and Digital
Elevation Model (DEM) data.

� visualization of the watershed boundaries resulting from the
watershed delineation process.

� functionalities to automate the generation of watershed-specific
climate forcing data and model primary inputs (i.e., input files
for global configuration, soil parameter, vegetation parameter,
routing parameter, elevation band) for various spatial resolution
options.

� display panels for the progress of simulation and resultant
hydrograph in comparison to the observed hydrograph.

� a calibration tool with display panels to track the calibration
process.
� the capability to utilize multiple computation cores that are
commonly available in personal computers to quicken the cali-
bration process and enable parallelized model runs.

Support for the research community:

� an interface to support batch runs of VIC and the routing model,
coupled with multiple climate and land-use forcing files, to
support sensitivity analyses to different driving dataset.

� a flexible calibration tool that can be used to explore different
calibration techniques and supports an analysis of model
sensitivity to parameters.

� a global sensitivity analysis tool that provides insight about how
the interaction between parameters influence the model's pre-
dictive skill.

The remainder of this paper is structured as follows. The soft-
ware required for the full functionality of VIC-ASSIST is described in
Section 2. Section 3 presents the climate input data supported by
VIC-ASSIST. Section 4 provides details on the structure of VIC-
ASSIST. Results of case studies are then reported in Section 5,
where VIC-ASSIST is demonstrated with four test basins: the
American River, Oklahoma River, Zambezi River, and Feather River
basins. Insights gained by way of the VIC-ASSIST case studies,
including its particular strengths and limitations and a roadmap for
future developments, are discussed in Section 6, followed by clos-
ing remarks.

2. Required software

2.1. VIC and Lohmann routing model

The VIC (Liang et al., 1994) and Lohmann routing (Lohmann
et al., 1998) comprise the core of hydrologic simulation in VIC-
ASSIST. The source codes of the two models have been made
public by the developers (https://github.com/UW-Hydro). VIC-
ASSIST accommodates the source codes of three versions of VIC-
4.2 as is (i.e., VIC-4.2.b, 4.2.c, and 4.2.d), and provides users with
an interface to system call for VIC simulation executed on a Linux
operating system. In this study, the original FORTRAN code for the
Lohmann routing model has been rewritten in C while keeping the
functionality of the original code. The same has been done by the
VIC developers but with Python; the Python version of Lohmann
routing model is called RVIC (Hamman et al., 2017a). Both the
FORTRAN routing model and RVIC require multiple input files
containing specific information on the grid runoff, such as flow
characteristics in the river channel (i.e., direction, velocity, and
diffusion), grid size and fraction, station location, and grid unit
hydrograph (Fig. 1a). The main purpose of the recoding is to
simplify the execution process of the Lohmann routing model by
reducing the number of input files. The new C Lohmann routing
code now works with a single input file (instead of multiple input
files used by the FORTRAN Lohmann routing, which can be up to 7),
which is comprised of eight fields for each grid cell (Fig. 1b). Spe-
cifically, the columns for Fractional Area, Velocity, and Diffusion
simply replace respectively the Fraction, Flow Velocity, and Flow
Diffusion files used as inputs for the FORTRAN Lohmann routing.
The column Fractional Area with the basin size information re-
places the Xmask File of the FORTRAN Lohmann routing. The unit
hydrograph (UH) file required by the FORTRAN Lohmann routing
has been parameterized with a Gamma distribution function (Wi
et al., 2015) whose two parameters (N and K) take the 5th and
6th columns in the new routing parameter file. The new routing
parameter file has a field column that assigns a flow distance for
each individual grid cell. This field information replaces the Flow
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Fig. 1. Routing model input comparison: a) FORTRAN Lohmann vs. b) C Lohmann.
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Direction and Station Location files of the FORTRAN Lohmann
routing; i.e., the grid cell having the shortest flow distance will be
considered as the streamflow outlet, and the role of Flow Direction
file in the FORTRAN Lohmann routing is to calculate the flow dis-
tance up to points of interest on the stream (e.g., the basin outlet).
The C Lohmann routing code has been converted to a MATLAB
executable file (known as MEX file) so that VIC-ASSIST can run the
model directly from the MATLAB command line. VIC-ASSIST auto-
mates the generation of this new routing parameter file, the details
of which are described in Section 4.

2.2. Other software

In this study, MATLAB is the core software framing VIC-ASSIST
with the aid of the MATLAB graphical user interface development
environment (GUIDE). MATLAB version R2015b was the platform
on which the original version of VIC-ASSIST was built. The func-
tionality of VIC-ASSIST is supported by several MATLAB toolboxes:
the Statistics and Machine Learning Toolbox and the Mapping
Toolbox are required, while the Parallel Computing Toolbox is
optional. Although optional, the Parallel Computing Toolbox is
highly recommended to enable the parallel computingmode that is
particularly useful for calibrating and running the models. VIC-
ASSIST becomes fully functional under the support of other soft-
ware: ArcGIS for Desktop and Cygwin. VIC-ASSIST is an interface
between these software; i.e., executions of different software pro-
grams are conducted by a system call through the MATLAB GUI of
VIC-ASSIST.

ArcGIS for Desktop provides geographical analysis functions
that are powerful for delineating the watershed boundary. VIC-
ASSIST functionality of delineating the watershed system is
implemented in a programmatic way using Python, which has been
accepted as the scripting language of choice for ArcGIS. VIC-ASSIST
creates Python scripts based on two user provided inputs (digital
elevation model (DEM) and watershed outlet location) and exe-
cutes the Python program by system-calling ArcGIS for Desktop.
The VIC-ASSIST watershed delineation function was tested with
two versions of ArcGIS Desktop (10.0 and 10.3), details of which are
provided in Section 4.2.

Cygwin provides Microsoft Windows with a Linux-like envi-
ronment. Therefore, it is possible to launch the Linux applications
running VIC and Lohmann routing within the Windows operating
context; i.e., VIC-ASSIST system-calls Cygwin to run the models and
the MATLAB command window reflects the Cygwin command
window.

3. Data archived

Fig. 2a shows the repository structure of the VIC-ASSIST pack-
age. All functionalities of VIC-ASSIST are coded in the MATLAB m-
file (i.e., umass_vic_assist.m) and the user graphical interface is
provided by the MATLAB fig-file (i.e., umass_vic_assist.fig). VIC-
ASSIST operates in connection with some specific data. Climate
data frommultiple sources are stored under the folder ‘meteo’. The
folder ‘library’ contains geo-referenced data folders: vicparfile,
vege, and soil, which store the primary sources of soil character-
istics and land-cover types helping build soil and vegetation input
files for VIC.

3.1. Meteorological data

VIC-ASSIST has employed publicly available, daily meteorolog-
ical data sets of various spatial resolutions from four different
sources: 1) the data for the conterminous United States at 1/8� and
1/16� spatial resolutions produced by Maurer et al. (2002) and
Livneh et al. (2015) (hereinafter referred to as CONUS and



Fig. 2. VIC-ASSIST function and repository structure.
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CONUSext, respectively), 2) the global climate forcing at 0.5� from
Adam and Lettenmaier (2003) and Adam et al. (2006) (hereinafter
referred to as UWGF), 3) the global climate forcing at 0.25�, 0.5�,
and 1� from Sheffield et al. (2006, 2012) (hereinafter referred to as
PGF), and 4) the Tropical Rainfall Measuring Mission (TRMM)
Multi-Satellite Precipitation Analysis (TMPA) products from
Table 1
Gridded daily meteorological input products supported by VIC-ASSIST.

Name Spatial Domain

CONUSa)

(Maurer et al., 2002)
Conterminous U.S.

CONUSextb)

(Livneh et al., 2015)
Mexico, Conterminous U.S.,
Regions of Canada south of 53�N

PGFc)

(Sheffield et al., 2006; Sheffield et al., 2012)
Global

UWGFd)

(Adam and Lettenmaier, 2003;
Adam et al., 2006)

Global

TMPAe)

(Huffman et al., 2010)
Global
(50�N-50�S)

Links to data sources:
a http://www.engr.scu.edu/~emaurer/gridded_obs/index_gridded_obs.html.
b ftp://192.12.137.7/pub/dcp/archive/OBS/livneh2014.1_16deg.
c http://www.hydro.washington.edu/SurfaceWaterGroup/Data/met_global_0.5deg.htm
d http://hydrology.princeton.edu/data.pgf.php.
e http://disc.gsfc.nasa.gov/datacollection/TRMM_3B42_Daily_7.html.
Huffman et al. (2010) (hereinafter referred to as TMPA). De-
scriptions of these meteorological data sources are summarized in
Table 1.

To expedite the process of VIC climate forcing generation, VIC-
ASSIST adopts climate data files provided in ASCII format for
CONUS, CONUSext and UWGF. For the same purpose, the PGF
Data Period Spatial
Resolution

Available Variable Data Format Supported

1949e2010 1/8� Precipitation ASCII
Max temperature
Min temperature
Wind speed

1950e2013 1/16� Precipitation ASCII
Max temperature
Min temperature
Wind speed

1948e2010 0.25� Precipitation ASCII
1901e2012 0.5� Mean temperature
1948e2012 1.0� Max temperature

Min temperature
Wind speed
Downward longwave
Downward shortwave
Surface pressure
Specific humidity

1948e2007 0.5� Precipitation ASCII
Max temperature
Min temperature
Wind speed

1998- 0.25� Precipitation NetCDF

l.

http://www.engr.scu.edu/%7Eemaurer/gridded_obs/index_gridded_obs.html
ftp://192.12.137.7/pub/dcp/archive/OBS/livneh2014.1_16deg
http://www.hydro.washington.edu/SurfaceWaterGroup/Data/met_global_0.5deg.html
http://hydrology.princeton.edu/data.pgf.php
http://disc.gsfc.nasa.gov/datacollection/TRMM_3B42_Daily_7.html
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climate data sets have been pre-processed; i.e., the raw data files in
NetCDF are processed so that the climate information for each grid
cell is stored in a separate text file. This pre-processing is not
appealing for TMPA because the product update becomes available
on a daily basis; therefore, VIC-ASSIST deals with the raw NetCDF
format of TMPA. Users can keep TMPA up-to-date by simply
updating themeteorological data archive of VIC-ASSIST. In case that
newer or additional grid climate products become available, wewill
update the data archive with new products (i.e., minor modifica-
tions of the interface) and incorporating product specific process-
ing codes into the VIC-ASSIST source code.

Despite the functionality of VIC-ASSIST to handle the meteoro-
logical data listed in Table 1, the data sets will not be distributed
with the VIC-ASSIST package. Users are encouraged to refer to the
data sources and associated links in Table 1 to find and download
the data managed by the developers. Even if users skip storing
these data sets in the package, they still can use the function Grid
Climate Generation (Fig. 2b; details on this function are presented
in Section 4.3) without encountering errors and losing the full
functionality. Specifically, text files will be still output that contain
the information of grid cells (i.e., latitude, longitude, and area
fraction) that flow into the watershed system regardless of the
existence of meteorological data files in the VIC-ASSIST package.
This feature will be useful for users to only download the data
associated with the basin-related grid cells.

3.2. Global VIC soil parameter

The soil parameter file is a compulsory input for VIC imple-
mentation, which informs VIC of the unique soil properties for each
grid cell. VIC-ASSIST has adopted three soil parameter sets devel-
oped for the three-layer VIC model (i.e., VIC land-surface scheme
with a three-layer soil column), stored in the folder ‘vicparfile’
(Fig. 2a). These archived soil parameter sets represent the calibra-
tion efforts conducted by Nijssen et al. (2001), Maurer et al. (2002),
and Livneh et al. (2015). The spatial extent and resolution for which
the soil parameters were developed vary depending on source; 0.5-
degree global soil parameters (Nijssen et al., 2001), 1/8-degree soil
parameters for the conterminous U.S. area (Maurer et al., 2002),
and 1/16-degree soil parameters for the area that covers all of
Mexico, the conterminous U.S., and regions of Canada south of 53�

N (Livneh et al., 2015). These three parameter sets serve as a basis to
help an automatic generation of three-layer VIC soil parameter files
for the user-provided watershed systems; details are presented in
Section 4.4. Input File Generation.

It should be noted that Nijssen et al. (2001) introduced a
parameterization for the VIC baseflow simulation that is different
from the ARNO baseflow parameterization (Todini, 1996) used by
the other two sets. Therefore, to use the soil parameter set of
Nijssen et al. (2001), the option in the global configuration file for
BASEFLOW needs to be NIJSSEN2001 instead of ARNO. In devel-
oping the three sets of VIC soil parameters, the parameters targeted
for calibration include the shape of the variable infiltration capacity
curve, soil layer depths, and baseflow-related parameters. VIC-
ASSIST provides a capability to calibrate those VIC soil parameters
further; details are presented in Section 4.5. VIC Calibration.

In addition to the calibrated soil parameter sets, VIC-ASSIST al-
lows a direct use of the 1-km-resolution State Soil Geographic
dataset (STATSGO) produced by the U.S. Department of Agriculture-
Natural Resources Conservation Service (USDA-NRCS) (Miller and
White, 1998) to generate soil parameters for a user-defined
regional domain within the STATSGO serving area (i.e., contermi-
nous U.S.). Informed by the soil textures classified into 16 classes for
each of the 11 layers that STATSGO provides, specific soil charac-
teristics such as field capacity, wilting point, and saturated
hydraulic conductivity can be derived. More details on how to
derive the VIC soil parameters using the STATSGO are descried in
Maurer et al. (2002).

3.3. Global VIC vegetation parameter

VIC-ASSIST has archived two sets of global land cover classifi-
cation data: 1) the University of Maryland global vegetation clas-
sifications acquired from the Advanced Very High Resolution
Radiometer (AVHRR) satellites (Hansen et al., 2000), and 2) the
MODIS (Moderate Resolution Imaging Spectroradiometer) land
cover type product (MCD12Q1) characterizing five global land
cover classification systems (Friedl et al., 2010). AVHRR provides
spatial information for 14 different land cover classes at a 1 km
resolution, while MCD12Q1 provides a land cover scheme identi-
fying 17 land cover classes at a 500m resolution. VIC-ASSIST utilizes
these global land cover data sets to identify land cover types and
their proportions within each grid cell having a spatial resolution of
user's choice among various options (i.e., 0.0625�,0.125�,0.25�,0.5�,
and 1�). In addition to the land cover characteristics, rooting depths
associated with each type of land cover are specified with the 3-
root zone information provided by Maurer et al. (2002). Monthly
leaf area index (LAI) of each vegetation type is based on the global
LAI database of Myneni et al. (1997).

4. VIC-Automated Setup Toolkit (VIC-ASSIST)

In this section, we systematically present the detailed func-
tionalities of VIC-ASSIST (Fig. 2b). Here, we describe several general
features of the tool prior to the step-by-step guide to the VIC-
ASSIST functionalities. VIC-ASSIST is designed to take advantage
of the full computational capacity of personal computers (PCs),
which commonly have a multi-core processor (typically with two-
four cores). There are two ways VIC-ASSIST utilizes the parallel
computing power of multiple cores: 1) the calibration process can
distribute a single run of VIC and the routing model to each core,
and 2) multiple cores divide a single run so that each core takes a
partial run of the VIC and routing model. VIC-ASSIST helps users
appropriately apply the VIC and calibration algorithm by providing
help documents, which are stored in the folder ‘help_doc’ (Fig. 2a).
Users can activate a help document by clicking a push buttonwith a
question mark in the VIC-ASSIST interface. Although VIC-ASSIST is
designed to specifically support VIC model development, some
functionalities can be stand-alone features that support Watershed
View, Watershed Delineation, and Grid Climate Generation.

VIC-ASSIST accommodates three versions of VIC 4.2 (i.e., 4.2.b,
4.2.c, and 4.2.d), which have been fully tested during the devel-
opment period of the tool; therefore, users are given choices to
select a VIC version through the VIC-ASSIST interface. MATLAB
versions for which we tested the tool include the version R2015b
used to build all the functionalities and interface of VIC-ASSIST and
two later versions (R2016a and R2016b). We tested the watershed
delineation function with the ArcGIS Desktop versions of 10.0 and
10.3.

4.1. Watershed View

VIC-ASSIST opens at the tab panel for the Watershed View
function (Fig. 3); initially it shows a world map with countries
whose shapefile is stored in the folder ‘misc’ (Fig. 2a). This panel
provides users with a map visualization for shapefiles for water-
shed boundaries, outlets, and streamlines. These shapefiles can be
either created or imported using the function available in the
function panel Watershed Delineation described in the following
section. A function is also provided to depict grid cells having a



Fig. 3. A screenshot of Watershed View panel that displays the Illinois River sub-watersheds.
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spatial resolution of the user's choice (e.g., 0.0625�, 0.125�, 0.25�,
0.5�, and 1�) for a pre-specified watershed.
4.2. Watershed delineation

The watershed delineation function is capable of delineating
watersheds for multiple locations, provided by users in latitude and
longitude (Fig. 4a). In addition to the basin outlet locations, users
are required to provide a DEM as an input for the tool. Users can
control the level of detail of streamlines by adjusting the optional
threshold input to initiate a stream, which is defined as a percent of
the maximum flow accumulation for given DEM. DEM grids having
flow accumulation above the threshold will be defined as stream
grids; therefore, less percentage produces more detailed stream
network. VIC-ASSIST utilizes the geographical analysis functions
provided by ArcGIS for Desktop (see Fig. 4b). VIC-ASSIST can
delineate watershed systems in a programmatic way using Python
code (the ArcGIS scripting language) by which the model is
described in Fig. 4b. VIC-ASSIST creates Python scripts according to
the user's inputs (i.e., DEM and basin outlet locations) and executes
the Python program by system-calling ArcGIS for Desktop. The
dynamic progress bar updates the status of the delineation pro-
cesses with the time elapsed since the task has started (Fig. 4a).
When the task is completed, Python scripts and some unnecessary
geographic information system (GIS) related outputs are removed
automatically. The GIS outputs that are preserved include shape-
files for watershed polygons, outlet points, and streamlines, as well
as the raster image for flow distance calculated based upon the
DEM input. This flow distance raster file is a required input to
generate a routing parameter file for the C Lohmann routing model.
Users are also allowed to import existing outputs from the water-
shed delineation function (Fig. 4a).
4.3. Grid climate generation

The grid climate generation function (Fig. 5) extracts the
meteorological data from one of different data sources introduced
in Section 3.1 within the boundaries of user-defined watershed
systems; i.e., users are required to provide shapefiles for watershed
polygons to define the regions for which climate data are extracted.
Depending on the data sources selected, users have different op-
tions regarding grid resolutions, date periods, and meteorological
variables to be extracted. The Data List panel provides detailed
descriptions of the available data sources. Users specify an output
directory for the extracted gridded-climate files whose names start
with a user defined prefix followed by the grid cells’ latitude and
longitude. Users can benefit from activating the Parallel Mode,
leading to reduction in the processing time especially for large-
scale basins.
4.4. Input File Generation

4.4.1. Parameter input files
VIC-ASSIST automates the generation of parameter input files

for soil, vegetation, routing, and elevation band in accordance with
the user-specified watershed systems and grid resolution (Fig. 6).
Users can provide multiple shapefiles to specify the watershed
systems. The options given for grid resolution are: 0.0625�, 0.125�,
0.25�, 0.5�, and 1.0�.

The VIC soil parameter file, a compulsory input for the model,
defines the location, soil parameters, and initial conditions for each
grid cell in the watershed. Each row in the soil parameter file
represents the unique soil properties of a grid cell with columns,
each of which contains a different property (e.g., saturated hy-
draulic conductivity, bulk density, depth of soil layers, etc.). VIC-
ASSIST automates the generation of the soil parameter file for a
three-layer VIC model (consisting of 53 field columns) based on the
calibrated soil parameter sets from three sources (i.e., Nijssen et al.,
2001; Maurer et al., 2002; Livneh et al., 2015). VIC-ASSIST re-scales
the spatial resolutions relevant to the three VIC soil parameter
databases to a grid resolution of user choice via a nearest-neighbor
interpolation. In addition, the 1-km STATSGO described in Section
3.2 is used as a basis to identify a dominant soil type within each
grid space. That is, users are given an option between four



Fig. 4. (a) Screenshots of Watershed Delineation panel. (b) Watershed delineation workflow (created by the ArcGIS Model Builder).
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references to generate a VIC soil parameter file. The four options are
named after their sources: NIJSSEN2001, MAURER2002, LIV-
NEH2015, and STATSGO. For the VICmodel configurationwith what
we call optional parameters (e.g., ORGANIC_FRACT related param-
eters, slope of uniform distribution of soil temperature, maximum
slope of the snow depth distribution, average July air temperature),
the soil parameter file contains more field columns than 53.
Therefore, users are required to manually build soil parameters by
adding more field columns as needed for the optional parameters.
As such, it should be noted that there are many potential research
specific VIC configurations using advanced options and their
associated inputs, which cannot be specified via the interface of
VIC-ASSIST.

The vegetation parameter file is a required input for VIC. It is
formatted to provide the VIC with land cover characteristics within
each grid cell such as land cover types, fractional areas, rooting
depths, and seasonal LAIs and albedos. Users are given an option
between the 1-km AVHRR and 500-m MCD12Q1 global land cover
information to identify grid-specific land covers (its types and
proportions) for the user-specified grid spatial resolution. Rooting
depths associated with each type of land cover are specified with
the 3-root zone information provided by Maurer et al. (2002). VIC-
ASSIST optionally includes monthly LAIs for each vegetation type in
the VIC vegetation parameter file (Fig. 6) based on the global LAI
database of Myneni et al. (1997).

In order to automate the generation of routing parameter files,
users are required to provide raster images representing basin-
specific flow distances (Fig. 6). Flow distance raster images calcu-
lated based on DEM are output from the Watershed Delineation
tool. This flow distance raster input together with the user-defined
watershed boundary and grid resolution define the first four col-
umns of the C Lohmann routing parameter file: i.e., for each grid,
the latitude and longitude, fractional area, and flow distance. VIC-
ASSIST initially assigns default values for N, K, velocity, and diffu-
sion equal to 10, 0.2, 1.5 m/s, and 4000 m2/s, respectively.

Generating elevation band files is optional in VIC-ASSIST. The
grid-specific elevation profiles are generated for the user-defined
elevation interval in meters (Fig. 6).

4.4.2. Global configuration file
The global configuration file (also called global parameter file) is

the main input file for VIC and its main purposes are: 1) to provide



Fig. 5. A screenshot of Grid Climate Generation panel.

Fig. 6. A screenshot of Input File Generation panel, showing an example of generating parameter files (i.e., soil characteristics, vegetation cover, flow routing, and elevation band
files) for multiple watersheds.
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the model the names, location, and formats for the input/output
files, and 2) to define global parameters for VIC simulations. VIC-
ASSIST provides users with a graphical interface (Input File
Generation [ Global) to access the global configuration file and
facilitate the generation of the VIC global parameters in three
control panels: Primary, Advanced, and VIC Output (Fig. 7). In the
Fig. 7. Screenshots for two sub-panels of the Global panel: a) the Primary panel for configu
variables from a VIC simulation.
Primary panel (Fig. 7a), the user points VIC to the locations of the
required input files (e.g., soil and vegetation parameter files and
meteorological forcing data files) and set parameters that govern
the VIC simulation (e.g., simulation period and operation modes).
The Advanced panel helps set parameters for what we call
advanced options, which include parameters related to the lake
ring VIC simulation primary inputs, and 2) the VIC Output panel for configuring output
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simulation, soil temperature, carbon cycle, and turbulent flux (this
panel is not shown). There are a large number of output variables
from the VIC simulation (Fig. 7b). The VIC Output panel provides an
overall view and description of VIC output variables and helps
customize the outputs to the specifications of the user.

To run the C Lohmann routing model, VIC-ASSIST acquires the
routing parameter file from the global configuration file. The Pri-
mary panel helps users set the location of routing parameter file
and routing output (the sub-panel of Routing Parameters in Fig. 7a).
4.4.3. Running VIC
VIC-ASSIST offers a number of features that facilitate the

execution of VIC 4.2 (with an option to choose one among versions
of 4.2.b, 4.2.c, and 4.2.d) and its routing model, and the analysis of
simulated streamflow (Fig. 8). Two processing modes support the
execution of model simulation: Single and Batch. The Batch mode
accepts multiple global configuration files, thereby facilitating user
control of implementing multiple model runs.

Once users provide the global configuration file, the status
updating plot (the MATLAB graph in the upper right corner of the
Run VIC panel (Fig. 8)) depicts the model grid cells for the water-
shed area. VIC-ASSIST is then ready to run VIC and its routing
model. Alternatively, the user could elect to run VIC without its
routing model (in case that users do not need to run the routing
model), or the routing only (in case that VIC has already been run)
allowing substantial potential timesaving. There are two modes
available to run the models: normal and parallel mode. Because VIC
runs cell by cell, its run for the entire area of watershed can be
parallelized by dividing the run into separate runs, each of which
covers a subset of the watershed grid cells. The routing model run
Fig. 8. A screenshot o
can also be parallelized as the process of tracing the river channel
flow of runoff from each grid cell can be accomplished indepen-
dently. This structural independency of the models enables VIC-
ASSIST to run the models in a parallel mode using the multiple
cores available in standard PCs. This parallel mode will not be
available if user's MATLAB does not have the Parallel Computing
Toolbox, or the PC has only a single core. Upon the execution of
model run, VIC-ASSIST begins updating the status. In the status
updating plot, grid cells initially colored grey turn red upon
completion of the VIC run and grid cells for which the routing
process is finished are highlighted with blue dots (Fig. 8). When the
model runs are completed, elapsed times for VIC and routing
simulations are updated.

The VIC simulated streamflow can be plotted with the observed
streamflow on the bottom graph in the Run VIC panel (Fig. 8). As an
option (i.e., setting the second plotting period is optional), the plot
for the simulated streamflow can be distinguished with different
line colors for two time periods as shown in Fig. 8. This can be
particularly useful in assessing the model performance for cali-
bration and validation periods. When the observed streamflow is
provided by the user, VIC-ASSIST calculates the model performance
with respect to two performance metrics: the Nash Sutcliffe
modeling efficiency (NSE, Nash and Sutcliff, 1970) and the Kling-
Gupta Efficiency (KGE, Gupta et al., 2009). The hydrograph plot
can be based on either a daily or monthly time step. Users can save
and customize the hygrograph plot by using the Undock push
button, which is enabled only when both simulated and observed
streamflow are present. The plot generated by the Undock button
provides a scatter plot of simulated and observed streamflow in
addition to the hydrograph (examples are presented from case
f Run VIC panel.
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studies in Section 5).

4.5. VIC calibration

Although the physical principles described in VIC that represent
the hydrologic processes are powerful, determination of the model
parameters (i.e., calibration) is always limited by experimental
constraints as well as by the so-called scaling problem: differences
between the measurement scale, model scale, and the scale at
which the basic physics of hydrologic processes are derived
(Madsen, 2003). In addition, even physically-based models include
simplified, conceptual representations of the real system that
require parameterizations subject to calibration (Beven, 2012). The
calibration of VIC parameters has been the focus of a number of
studies. In many of those studies, successful calibrations were
achieved by means of automatic routines using evolutionary opti-
mization algorithms (e.g., Troy et al., 2008; Xue et al., 2016).

VIC-ASSIST helps build VIC soil parameter files using the pa-
rameters from three existing calibration efforts (i.e., Nijssen et al.,
2001; Maurer et al., 2002; Livneh et al., 2015). However, it might
be difficult for users to expect the model performance to be satis-
factory for their purposes because, for example, discrepancies are
likely between user's VIC setup specifications and data (e.g., VIC
version, modeling spatial and temporal scales, climate forcing, and
streamflow data) and those used for the pre-defined calibration
sets. Indeed, the parameter transferability for VIC, transferring the
calibrated parameters for a specific spatial and temporal resolution
to different resolutions has been shown to be difficult (Troy et al.,
2008; Melsen et al., 2016b). Thus, we have added a functionality
to VIC-ASSIST that helps calibrate the VIC soil parameters as well as
routing parameters based on a genetic algorithm (Wang, 1991). A
list of calibration parameters is summarized in Table 2. In addition
to the VIC parameters (Table 2) that were common calibration
targets in the literature (e.g., Demaria et al., 2007; Xue et al., 2016),
VIC-ASSIST supports calibration for the snow-related and routing
parameters. Of particular importance, the routing parameters being
calibrated include the parameters of the unit hydrograph because it
is parameterized with the Gamma distribution function in the C
Lohmann routing code.

Fig. 9 shows the Calibration panel with two plots on its right
side, which update users on the calibration status. The upper
Table 2
Parameters for calibration.

Model Parameter Unit Description

VIC b e Variable infiltration curve param
Ds

(d1)
e Fraction of Dsmax where non-line

Dsmax

(d2)
mm/day
(�)

Maximum velocity of baseflow
(A non-linear reservoir coefficien

Ws

(d3)
e

(mm)
Fraction of maximum soil moistu
(Soil moisture level where non-li

C
(d4)

e Exponent of the nonlinear part o

Depth1 m Thickness of top soil moisture lay
Depth2 m Thickness of middle soil moisture
Depth3 m Thickness of bottom soil moistur

VIC
SNOW

Snow Tmax
�C Maximum temperature at which

Snow Tmin
�C Minimum temperature at which

Snow_rough m Surface roughness of snowpack
Lohmann
Routing

N e Unit hydrograph shape paramete
K e Unit hydrograph scale parameter
Velo m/s Wave velocity in the channel rou
Diff m2/s Diffusivity in the channel routing

The contents in parentheses are specific to the base-flow option NIJSSEN2001 (Nijssen e
calibration status plot keeps updating the improvement in objec-
tive function (i.e., model performance metrics selected by user)
through the genetic algorithm evolution; i.e., for every generation,
the objective function value for the best parameter set and the
value averaged over all parameter sets are depicted with red and
blue dots, respectively. As options on the objective function for the
genetic algorithm calibration, VIC-ASSIST adopts the NSE and KGE.
The NSE is the most commonly reported statistic for hydrological
model evaluation (Krause et al., 2005; Moriasi et al., 2007). The KGE
equally weights model mean bias, standard deviation bias, and
linear correlation with observations (Gupta et al., 2009).

Gauged data at the basin outlet is a typical calibration target, but
has been shown to produce poor or highly uncertain runoff at
interior locations (e.g., Zhang et al., 2008; Wi et al., 2015). To
address this issue, employing multiple streamflow gauges in the
model calibration procedure has started gaining popularity and has
proven advantages; e.g., improving predictive skill at interior/
ungagged sites within the watersheds, and reducing uncertainty in
streamflow predictions and model parameters (e.g., Zhang et al.,
2008; Wang et al., 2012; Wi et al., 2015). To this end, pooled cali-
bration (Wi et al., 2015) adds great value to VIC-ASSIST by facili-
tating the model calibration against multiple stream gauges. The
lower calibration status plot is activated only when the pooled
calibration option is selected and updates the model performance
for each stream gauge. Implementing the pooled calibration does
not necessarily add a significant amount of computational cost. This
is because only the routing model, whose computational time de-
mand is low relative to that for VIC, needs to run as many times as
there are sub-basins, while VIC needs to run once for the entire
watershed domain.

To relieve the computational burden resulting from a large
number of model executions required during the calibration pro-
cess, VIC-ASSISTautomatically takes themaximumnumber of cores
available as long as the Parallel Computing toolbox is installed.

4.5.1. Calibration Setup
The Calibration Setup panel (Fig. 9) helps users set up the gen-

eral inputs to perform the genetic algorithm-based calibration.
Specifically, users need to: 1) set aworking directorywhere outputs
from the calibration process are stored, 2) define a global config-
uration file that VIC-ASSIST can take as a basis to obtain the
Initial
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Fig. 9. A screenshot of Calibration Setup panel with an example; calibration status-updating plots reflect a pooled calibration result for the case study in the Illinois River Basin.
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information on model run configurations, and 3) provide observed
streamflow at the basin outlet that is required as a calibration
target. Optionally, users can provide streamflow data for multiple
sub-basins along with its routing input files to enable the pooled
calibration, in which model parameters are calibrated in a way to
improve the overall performance of the model across multiple
gaging stations (i.e., the performance metric is averaged over the
metrics evaluated for the sub-basins employed as calibration tar-
gets). Fig. 9 shows an example pooled calibration status plot, in
which the colors indicate NSEs for five basins evaluated for the
parameter set giving the best overall performance; NSE for the
outlet is always colored black and the NSEs for the sub-basins are
assigned random colors. Streamflow data from multiple gauges
might differ from each other in terms of length of records and time
step for which flow measurements are made. For this, calibration
periods can be determined separately for each sub-basinwithin the
simulation period. Calibration time steps can be either day or
month depending on the target streamflow data that users provide
for each sub-basin.
4.5.2. Genetic algorithm
Fig. 10 shows the panel for the genetic algorithm (GA), in which

users can specify the GA-related options. The panel allows defini-
tion of the GA options (e.g., objective function, number of popula-
tion and generation, GA functions for crossover, mutation, and
parent selection, etc.) as well as selection of parameters to be
calibrated. Users can find GA-related help by clicking the question
mark button; the help button for GA Options links to a separate
document describing details on the GA, and that for the Parameter
Setup provides descriptions on the calibration parameters.

Users are given an option to determine whether the parameters
selected for calibration are lumped or distributed. For instance, for a
parameter to be lumped, a single value is assigned for that
parameter across the entire basin grids regardless of the level of
parameter distribution. This parameter distribution level can be
defined as an optional column (as ninth column) in the C Lohmann
routing parameter file and serves as an indicator for grouping grid
cells by parameter homogeneity. This feature is particularly useful
when users consider a semi-distributed parameter formation with
respect to a sub-watershed unit. In this case, the indicators need to
have a unique value for each of the sub-watersheds. If this optional
column is not defined, VIC-ASSIST assumes the fully distributed
parameter formation (i.e., unique parameter value for every grid
cell).
4.5.3. Sensitivity analysis
Finally, VIC-ASSIST is designed to support research efforts aimed

at understanding the sensitivity of hydrologic response to different
landscape and other properties. This is supported using both local
and global sensitivity analyses.

For the local sensitivity analysis, the GA configuration interface
supports an option to initialize parameter spaces with an equal
interval (Fig. 10). Although generation set to zero constrains the GA
from being fully functional (i.e., the whole process is limited to
runningmodel only for the initial parameter sets), this setup can be
useful for users to conduct a local sensitivity analysis which pro-
vides diagnostic insights on the model's behavior around a single
point in the parameter space. For instance, a GA option configura-
tion in which the parameter infilt is the only parameter selected
and population and generation are set to 100 and 0 respectively
helps users explore the model sensitivity to 100 values of infilt
evenly distributed throughout the defined parameter space.



Fig. 10. A screenshot of GA (Genetic Algorithm) panel, where calibration options for the optimization algorithm and model parameters are specified.
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In addition, VIC-ASSIST provides a functionality to enable a
global sensitivity analysis (GSA) based on the method of Morris
(1991), which has been shown to be a promising diagnostic
approach for GSA of highly parameterized, spatially distributed
hydrologic models (Herman et al., 2013). The Morris GSA function
(Fig. 11) provides insight into how the interaction between pa-
rameters influence the model's predictive skill for streamflow and
thus screens the most and least influential parameters based on the
sensitivity index of Elementary Effects (EE); larger EEs mean
greater impact. VIC-ASSIST automatically takes the maximum
number of cores available (with the Parallel Computing toolbox
installed) and displays the average of EEs computed through
parameter perturbations on the result table shown in Fig. 11. Each
row of the table represents average EEs for the model parameters of
a single homogeneous group of the watershed. Groups are identi-
fied in the 9th column of the routing model parameter file. Users
can save both the mean and standard deviation of EEs in a CSV file.
VIC-ASSIST adopts the MATLAB toolbox of SAFE (Sensitivity Anal-
ysis For Everybody) developed by Pianosi et al. (2015) to carry out
the Morris GSA.



Fig. 11. A screenshot of GSA (Global Sensitivity analysis) panel.
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5. Case study

In this section, we demonstrate the VIC-ASSIST tool in four case
studies (Fig. 12). First, two test basins were selected from inside and
outside the U.S.: the Feather River basin (in California, U.S.) and the
Upper Zambezi River basin (in southern Africa). We also tested the
tool in two additional U.S. river basins, the North Fork American
River and Illinois River, that have been well tested by the Distrib-
uted Model Intercomparison Project Phase 2 (DMIP 2) conducted
by the Office of Hydrologic Development (OHD) of the U.S. National
Oceanic and Atmospheric Administration's (NOAA) National
Weather Servce (NWS) (Smith et al., 2012, 2013). The Illinois River
basin, where multiple interior streamflow gauges are available, is
used to test the pooled calibration function (i.e., calibrating the
model to multiple stream gauges simultaneously) equipped in VIC-
ASSIST. For all basins, we adopt the performance ratings for NSE and
KGE based on Moriasi et al. (2007): very good (0.75e1.00), good
(0.65e0.75), satisfactory (0.50e0.65), unsatisfactory (<0.50).

5.1. Feather River basin

The VIC implementation was tested for the drainage area of
about 8340 km2 above the Oroville reservoir, which is located on
the Feather River in the Sacramento Valley of Northern California
(Fig. 12a). The Oroville reservoir is the principal source of water for
the California State Water Project with a storage capacity of about
4.4 km3, whose usage is to meet various water demands (e.g., ur-
ban, agricultural, and environmental demands in the San Francisco
Bay area), generate hydropower, and control flood hazards. In this
case study, the calibration target is the monthly naturalized inflows
to the Oroville reservoir (station code ORO on http://cdec.water.ca.
gov), which have been often used as input sources of water system
models (e.g., reservoir operation models) to inform Northern Cali-
fornia water management plans (Anghileri et al., 2016).

http://cdec.water.ca.gov
http://cdec.water.ca.gov


Fig. 12. Test basins for VIC-ASSIST.
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Fig. 13a shows the VIC calibration result for the Feather River
basin. VIC-AsSisT provides two types of plots (hydrograph and
scatter plot) to facilitate the comparison of the simulated to the
observed streamflow. These are generated by the Undock push
button, which becomes available once the VIC run is finished in the
Run VIC panel. For this case study, the VIC model was set up for a
spatial resolution of 1/8� with the CONUS gridded climate forcing.
The calibration target in the GA optimization is NSE. The NSE of the
monthly streamflow simulation is 0.9384 for the calibration period
(blue), and 0.8833 in the validation period (red) - both “very good”
according to the performance ratings adopted for this study.

5.2. Zambezi River basin

The Zambezi River basin located in the semi-arid region of
Southern Africa is the fourth-longest river on the continent, and
transboundary management of shared water resources (by eight
countries) has been a continuing challenge (Liechti et al., 2012).
This study focuses on the upper part of the Zambezi River basin,
with a drainage area of 339,521 km2 that has been delineated based
on the Global Runoff Data Centre (GRDC) gauge at Katima Mulilo
(GRDC-1291100) (Fig. 12b).

The VIC calibration result for the Zambezi River basin is shown
in Fig. 13b. Here, the calibration target is the daily observed
streamflow at Katima Mulilo, and the objective function of the GA
algorithm is the maximization of NSE. The VIC was set up at 0.25�

with the climate forcings from the TMPA for daily precipitation and
the PGF for other meteorological inputs (e.g., maximum and min-
imum temperature and wind). NSEs are “very good” (above 0.8)
for both 5-year calibration and validation periods. Although the
overall model performance is deemed satisfactory, significant dis-
crepancies were found between simulated and observed flow
resulting from both underestimation (in 2007 and 2014) and
overestimation (in 2006) of peak flows.

5.3. North Fork American River basin

We elected to build the VIC on the North Fork sub-basin above
the US Geological Survey (USGS) gauge 11427000 in the American
River basin (Fig. 12c), which is one of the test basins in the DMIP2
(Smith et al., 2013). This basin is 886 km2 in area and rests on the
western, windward side of the Sierra Nevada crest. In this case
study, the VIC was built using the 1/16� CONUSext climate forcing.

Before the calibration, we tested the GSA for this case study. We
divided the basin area into upstream, midstream, and downstream
regions such that a homogeneous parameter set is assigned to the



Fig. 13. Case study results for a) the Feather River basin, b) the Zambezi River basin, and c) the North Fork American River basin. These figures were generated by the Undock button
in the Run VIC panel.

Table 3
The Morris sensitivity analysis applied to the North Fork American River basin grouped into three regions. Mean and standard deviation of the elementary effects of each
parameter were output from VIC-ASSIST.

Parameter Group ID

1 (Down-stream) 2 (Mid-stream) 3 (Up-stream)

Mean of EEs SD of EEs Mean of EEs SD of EEs Mean of EEs SD of EEs

b 0.0375 0.0279 0.0675 0.0589 0.0303 0.0232
Ds 0.0205 0.0174 0.0439 0.0645 0.0189 0.0160
Dsmax 0.0141 0.0105 0.1175 0.3235 0.0264 0.0176
Ws 0.0128 0.0161 0.0285 0.0229 0.0248 0.0250
C 0.0006 0.0015 0.0015 0.0022 0.0018 0.0020
Depth1 0.0029 0.0029 0.0070 0.0065 0.0037 0.0035
Depth2 0.0216 0.0153 0.0383 0.0344 0.0213 0.0154
Depth3 0.0133 0.0143 0.0300 0.0332 0.0223 0.0205
Snow Tmax 0.0436 0.0308 0.0436 0.0308 0.0436 0.0308
Snow Tmin 0.0253 0.0234 0.0253 0.0234 0.0253 0.0234
Snow Rough 0.0001 0.0001 0.0009 0.0007 0.0041 0.0043
N 0.1125 0.1422 0.2084 0.1360 0.1059 0.0714
K 0.0739 0.0781 0.1226 0.1121 0.0845 0.0883
Velo 0.0047 0.0078 0.0250 0.0303 0.0128 0.0114
Diff 0.0001 0.0001 0.0001 0.0002 0.0001 0.0004
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grid cells of each region. In this distributed level, the total number
of parameters calibrated reaches 41 (13 distributed parameters and
2 lumped parameters for snow and rainfall temperature). The
average EEs of the model parameters calculated from 20 sampled
parameter sets (resulting in 840 model executions) revealed that
the model performance evaluated with NSE is shown to be
marginally sensitive to the parameters of C, Snow Rough, and Diff
(Table 3). Thus, we proceeded with the calibration by excluding
these parameters. Fig. 13c shows the VIC simulation for the North
Fork American River basin. The GA calibration was evaluated with
respect to NSEs calculated against the daily streamflow gauged at
the USGS 11427000. As a result, the model performance was
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deemed satisfactory; the NSEs are “very good” for both calibration
and validation periods. As found previously, however, the simu-
lated streamflow revealed opportunities for improvement in the
model's ability to reproduce peak flows. Limited data of adequate
quality associated with the model input and output and model
structural errors have known to be large sources for the limitation
of flood prediction skills (Collier, 2007).

5.4. Illinois River basin

We selected the Illinois River drainage area (about 2460 km2)
above the USGS gauge at Tahlequah, Oklahoma (USGS 7196500),
which straddles the Oklahoma-Arkansas (Fig.12d). This basin is one
of the DMIP2 test basins and contains multiple USGS stream gauges
that define the sub-basins tested in the DMIP2 (Smith et al., 2012),
thereby making it a good study area to test the pooled calibration
capability available from VIC-ASSIST. This study used the five USGS
gauges shown in Fig. 12d to conduct a pooled calibration.

Table 4 summarizes the result of pooled calibration applied to
the five USGS gauges. The pooled calibration used the KGE as a
performance metric to evaluate the VIC performance at each of the
USGS gauges against the observed daily streamflow. In this case
study, we also assessed the calibrated VIC simulation with two
other metrics adopted in the DMIP2 (Smith et al., 2013): Percent
Bias (PBIAS) and Modified Correlation Coefficient (rmod). The per-
formance ratings for rmod are very good (0.75e1.00), good
(0.65e0.75), satisfactory (0.50e0.65), unsatisfactory (<0.50), while
the ratings for PBIAS are very good (<±10), good (±10 - ±15),
satisfactory (±15 - ±25), unsatisfactory (>±25) (Moriasi et al., 2007;
Gassman et al., 2014). The results show that VIC performs well for
all five watersheds in the calibration period 2002e2006: the per-
formance is “very good” or “good” for all three metrics based on the
performance ratings. The model performance becomes lower and
more variable for the validation period 2007e2010. The perfor-
mance ratings for the three metrics range from “very good” to
“unsatisfactory”, with only a few “unsatisfactory”.

6. Discussion and roadmap for future developments

The VIC and Lohmann routing model have been developed for
use on LINUX and UNIX operation systems. VIC development efforts
over the last several decades have led tomany improvements in the
ability of the model to account for various hydrologic aspects; e.g.,
frozen soil, lake/wetland dynamic, and irrigation scheme
(Cherkauer et al., 2003; Bowling and Lettenmaier, 2010; Haddeland
et al., 2006). This ongoing development has resulted in VIC's wide
acceptance in hydrologic research (for example see Melsen et al.,
2016a). Yet, the integration of VIC and its routing model in a uni-
fied platform, as if they are a single hydrologic modeling tool, has
never been accomplished. VIC-ASSIST provides the very first plat-
form developed for use on the Windows operating system, which
deals with both the VIC and Lohmann routingmodel (rewritten in C
Table 4
Pooled calibration results for the Illinois River watersheds. The KGE was the performance m
metrics: the Percent Bias (PBIAS) and the Modified Correlation Coefficient (rmod).

USGS Name USGS No Calibration
(2002e2006)

KGE

Illinois River near Tahlequah, OK 7196500 0.87þ

Illinois River at Savoy, AR 7194800 0.84þ

Osage Creek near Elm Springs, AR 7195000 0.77þ

Illinois River near Watts, OK 7195500 0.88þ

Flint Creek near Kansas, OK 7196000 0.74#

Performance Ratings: þvery good, #good, &satisfactory, *unsatisfactory.
for this study) with the aid of the MATLAB graphical user interface
development environment, thereby providing users with better
accessibility to the models.

In addition, VIC-ASSIST enables users to confidently navigate the
sequential model building processes through prompts and auto-
mation. The automated processes include watershed delineation,
climate and geographical input set-up, model parameter calibra-
tion, sensitivity analysis and graphical output generation. Auto-
matic setup processes help users minimize their efforts to prepare a
number of model input files representing various watershed fea-
tures. Especially, the C Lohmann routing code imbedded in VIC-
ASSIST needs only a single input file. VIC-ASSIST functionalities
that help setup and calibrate the models are well demonstrated in
the various case studies. Running the model for large river basins
and managing a large number of model executions during the
calibration and sensitivity analysis have beenwell facilitated in VIC-
ASSIST by utilizing the maximum number of computation cores
available on users’ PC.

Automatic calibration has often facilitated the practical use of
hydrologic models in model building-aid tools (e.g., AghaKouchak
et al., 2013; Seibert and Vis, 2012; Wang and Brubaker, 2015). The
automatic calibration adds great value to VIC-ASSIST because cali-
brating VIC and routing model, which involves a large number of
model-runs while creating and editing input files, is seemingly a
formidable task to users. VIC-ASSIST is proven to capably and effi-
ciently automate the calibration process (as demonstrated in the
case studies). The sensitivity analysis functions available in VIC-
ASSIST augment the power of automatic calibration function. The
function helps users identify the key input parameters controlling
model performance. Therefore, users can narrow down the list of
parameters deemed most relevant to their applications, providing
computational savings for the calibration task.

VIC-ASSIST has been equipped with the advanced calibration
approach that uses the information from multiple streamflow
gauges. Employing multiple streamflow gauges in the model cali-
bration procedure has proven advantages of improving predictive
skill at interior/ungagged sites and reducing uncertainty in
streamflow prediction and model parameters (Zhang et al., 2008;
Wang et al., 2012; Wi et al., 2015). We adopt the term used by Wi
et al. (2015) e pooled calibration e which in general represents
any calibration strategy to utilize the information pool consisting of
multi-variable and multi-site measurements. Although for the
current version of VIC-ASSIST only the streamflow measured at
multiple sites can be taken into consideration for the model cali-
bration, we have plans to bolster the pooled calibration capability
with the use of alternative hydrologic variables other than
streamflow (i.e., snow, soil moisture, evapotranspiration, etc.) in a
multi-objective calibration framework (e.g., Isenstein et al., 2015;
Vervoort et al., 2014; Wanders et al., 2014). This will help hydrol-
ogists further explore the parameter space of their models and
better understand the underlying uncertainty in the calibration
process, which will ultimately help them 1) make better
etric used in the calibration. Model performance was also evaluated with two other

Validation
(2007e2010)

PBIAS rmod KGE PBIAS rmod

0.9þ 0.84þ 0.66# �22.3& 0.68#

�7.6þ 0.83þ 0.40* �39.1* 0.47*

3.3þ 0.76þ 0.52& �20.9& 0.49*

�0.3þ 0.88þ 0.54& �30.0* 0.57&

6.1þ 0.71# 0.73# 4.9þ 0.72#
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predictions from VIC simulations, particularly at ungagged sites,
and 2) enable an evaluation of internal processes that leads to
streamflow predictions for the right reason. In short, one of our
aims for VIC-ASSIST is to provide a valuable test bed for assessing
different calibration approaches in VIC, and we envision iteratively
adding new functionality towards this goal as the calibration
literature evolves.

VIC is a computationally demanding physically based distrib-
uted model, and applying it to a large watershed system can make
the computational demand unmanageable (Gong et al., 2016;
Kuzmin et al., 2008). This study manages the computational
burden arising from a large number of VIC runs during calibration
by using the multi-core processor of a typical PC (with four cores),
which is still not enough to relieve the burden. For instance, for the
Zambezi River basin, the largest test basin in this study with a
drainage area of 339,521 km2 (corresponding to 517 grid cells of
0.25� for which the model run time is about 4 min), the GA cali-
bration task running the model 5000 times (i.e., population size of
100 and 50 generations) takes about 3.5 days. In order to achieve
further reductions on calibration time, and to keep up with ever-
increasing model complexity, the use of High-Performance
Computing (HPC) systems enabling parallel computation has
received growing attention of the watershed modeling community
(e.g., Rouholahnejad et al., 2012; Zhang et al., 2013; Hwang et al.,
2014). VIC-ASSIST is equipped with a simple interface to promote
utilization of HPC facilities, where available.

Despite many features that make the tool useful, further de-
velopments are planned to improve the utility of VIC-ASSIST. For
instance, our choice to use MATLAB and ArcGIS was motivated by
the fact that these tools are commonly used platforms to teach
computer coding and geospatial analysis in undergraduate pro-
grams of engineering and environmental science. Thus, the use of
these applications to support VIC-ASSIST was seen as a way to
support the use of VIC as an educational tool and its adoption by a
wider audience. However, the choice to use these proprietary
platforms could hamper the utility of VIC-ASSIST to those without
access to MATLAB and ArcGIS. As a part of the development road-
map of VIC-ASSIST, we will develop alternative versions of the tool
that use free platforms such as R, Python, and QGIS as a replace-
ment to these proprietary platforms.

In addition, it is critically important that VIC-ASSIST keeps pace
with continuous upgrades (e.g., bug fixes and additional functions)
made to the model physics in future versions of VIC. For instance,
during the development period of VIC-ASSIST, the VIC model un-
derwent a major transition from VIC 4.2 to VIC 5 (i.e., VIC versions
5.0.0 and 5.0.1 by Hamman et al. (2017b)). Although VIC 5 keeps
nearly identical physics as VIC 4.2 (as stated by the VIC developers),
it offers many new features that should be incorporated into VIC-
ASSIST. For example, a larger number of run-time parameters are
available compared to earlier VIC versions due to the new config-
uration of VIC 5, and therefore, more parameters are available for
calibration than given in Fig. 10. By incorporating this additional
parameter flexibility into VIC-ASSIST, we can strengthen the cali-
bration functions of the tool for improved model performance
(Mendoza et al., 2015) and uncertainty assessments. VIC 5 also
supports model output format in NetCDF, which will be a useful
option for users. In our future work, we will prioritize updates to
VIC-ASSIST that keep pace with updates to VIC. To achieve this goal,
we plan a further development of incorporating VIC 5 into VIC-
ASSIST based on the classic driver, which helps run VIC 5 using
nearly the same ASCII input and output as earlier versions of VIC. In
this way, the process of making the VIC-ASSIST functionalities
compatible with VIC 5 and later versions will be straightforward
and thus becomes an easy goal to achieve.
7. Conclusion

This study introduces VIC-ASSIST (VIC-Automated Setup Tool-
kit): the very first tool framed within a MATLAB GUI to aid building
and calibrating the VIC hydrologic model. We expect VIC-ASSIST to
comply with the general desires that people expect from GUIs, that
is to say, helping the VIC users accomplish their tasks with ease of
use, higher productivity, and better accessibility. If so, VIC-ASSIST
will promote a growing use of the model among practitioners as
well as educators.

The VIC-ASSIST package (excluding meteorological datasets) is
archived in Git and publically available through GitHub:
github.com/sungwookwi/VIC-ASSIST. We expect the accessibility of
the tool to promote its wider acceptance, and ease the process of
user contribution to the tool development. For user testing, the
package provides all the four case studies presented in this study;
related files have been stored in the folder “misc” (Fig. 2a). Feed-
back from users (e.g., reporting errors, suggestions for improve-
ment) will strengthen this tool.
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