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WebGIS development for base flow separation and
recharge estimation

Desenvolvimento de WebGIS para separacao de escoamento e estimativa de recarga

Taison Anderson Bortolin', Lucas Moraes dos Santos?*, Vania Elisabete Schneider!, Adriano
Gomes da Silva’

Abstract: The basic flow rate is characterized by an important hydrological component being responsible for
the estimation of the water recharge. Due to the difficulty of measurement, mathematical methods are used to
calculate the flow separation. However, when hydrographic analysis is based on long historical series, the use of
these methods becomes impracticable, making it necessary to use computational resources. A WebGIS (Web
Geographical Information System) was developed for data selection and calculation of base flow separation,
based on hydrological data from fluviometric stations located in the Taquari-Antas basin, located in the state of
Rio Grande do Sul. A modified version of the Unified Process was used as a software development methodology.
We used the MVC software architecture standard and the programming languages PHP 7.0, HTML5, JS and
CSS3 for programmatic development of the constituent layers of the system. The hydrological data comes from
the HIDROWEB portal, part of the National Information System on Water Resources (SNIRH), with hydrological
information collected by the National Hydrometeorological Network (RHN) coordinated by the National Water
Agency (ANA). The system facilitates the use of remote and distributed hydrological data, shared over the
Internet, for various hydrological analyzes.
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Resumo: A vazao de escoamento de base caracteriza-se por um importante componente hidrolégico sendo
responsavel pela estimativa de recarga aquifera. Em virtude da dificuldade de medigao, sdo empregados
métodos matematicos para o calculo da separagao de escoamento. Contudo, quando a analise hidrografica
baseia-se em séries historicas longas, o uso desses métodos torna-se inviavel, fazendo-se necessario o emprego
de recursos computacionais. Neste sentido foi desenvolvido um WebGIS (Web Geographical Information System)
para selecao de dados e célculo da separagao de escoamento, a partir de dados hidrolégicos advindos de
postos fluviométricos localizados na bacia hidrografica Taquari-Antas, situada no estado do Rio Grande do Sul.
Uma versao modificada do Processo Unificado foi usada como metodologia de desenvolvimento de software.
Foi utilizado o padrao de arquitetura de software MVC e as linguagens de programacgao PHP 7.0, HTMLS5, JS e
CSS3 para desenvolvimento programatico das camadas constituintes do sistema. Os dados hidrolégicos advém
do portal HIDROWEB integrante da Sistema Nacional de Informagoes sobre Recursos Hidricos (SNIRH), com
informagoes hidrologicas coletadas pela Rede Hidrometeorologica Nacional (RHN) coordenada pela Agéncia
Nacional de Aguas (ANA). O sistema facilita o uso de dados hidrolégicos remotos e distribuidos, compartilhados
pela Internet, para diversas analises hidrologicas.
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1. Introduction nected [1]. The flow of water reaching the aquifer is rep-
resented by the base flow or slow flow, which together with

Flow data are commonly used to estimate recharge rates in  the direct flow fqrrp the surface flow [2]. In order tf’ find the
humid regions, since there is an intrinsic relationship between ~ recharge values, it is necessary to make the separation of the
surface and groundwater, whose systems are closely con- base flow of the surface flow through the analysis of hydro-
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graphs obtained in fluviometric stations, and there are several
methods to perform this procedure, which are described in
works of [3], [4], [5], [6] and [7].

An interesting approach to flow separation is the use of
digital filters [8], whose technique removes the subjectivity
of manual separation, providing consistent reproducibility of
results achieved. Digital filter methods are frequently used in
signals processing to separate high frequency signal from low
frequency signal [9]. A analogy can be done for the study of
hydrological characteristics of basin such as the separation
of the hydrograph in direct runoff and base flow. High fre-
quency waves can be associated with the direct runoff, and
low frequency waves to base flow [7].

To facilitate these calculations, it is important to use com-
putational tools, which allow to reduce the calculation time,
especially when it is a long period of data analysis. Over the
years, some tools have been proposed, using computational
techniques and resources to obtain better performance in hy-
drographic analyzes involving the separation of the base flow
component. One of the first and widely used tools to base flow
separation was developed by the United States Geological
Survey(USGS), a computer program called Hydrograph Sep-
aration Program (HYSEP) [5] that uses separation methods
other than digital filters. The HYSEP program is not com-
fortable for the user and requires a lot of user intervention
in the preparation of the input data and to execute them [6].
Another computer program, also developed by the USGS, is
known as RECESS, which performs the separation of the base
flow using methods based on digital filters to estimate hydro-
logical characteristics, as a recession index [10]. RECESS
can perform more accurate base flow separations compared
to HYSEP, creating a main recession curve (MRC) from the
flow. Both software require the user to install them in order to
perform hydrographic analysis.

In 2005, an Web Geographic Information System (GIS)
was proposed for automated hydrographic analysis uses base
flow separation methods based on digital filters. The Web
based Hydrograph Analysis Tool (WHAT) uses daily flow
data from the USGS web server. Currently, the WebGIS has
two digital filters available: one is the digital filter [9] and
ther other is the Eckhardt filter [7]. The application has too
a statistical component that provide information for flow fre-
quency analysis and time series analysis.All three systems use
streamflow data from the USGS, not being easy to perform
hydrological analyzes based on the separation of the base
flow with data from stations other than those registered by the
USGS. The systems doesn’t connect to brazilian fluviometric
stations, for example, and hasn’t direct data in webmap on
Brazil. In this case, it is necessary to prepare the hydrological
data to carry out the separation of the base flow, or other esti-
mates that the user wishes. This process can be unconfortable
to user, in special, when many analyses need be done.

This paper aims to present a WebGIS tool to baseflow
separation using digital filters and estimates monthly aquifer
recharge, from streamflow data of fluviometric stations in

Brazil. These analyzes can aggregate information in a recharge
study, which may contribute to the analysis of water location
and availability in a given region. The application has a total of
four (4) recursive digital filters for flow separation: algorithm
of Lyne and Hollick/Nathan and Macmahon/Arnold, (also
known as 1-parameter filter) [9] [8] [3], Chapman algorithm
[11], Echkardt [7] and Echkardt recursive filter with maximum
BFI calculated from the filter. In addition, the system provides
the calculation of the monthly aquifer recharge, based on the
estimated base flow. To simplify the presentation of appli-
cation resources, hydrographic analyzes were based on data
from fluviometric stations present in the Taquari-Antas basin,
located in the northeast region of the state of Rio Grande do
Sul. However, these analyzes can also be performed for other
stations fluviometric, in different Brazilian watersheds.

2. Methods

In the present work a modified version of the development
methodology known as Unified Process was used, which sug-
gests an approach for modeling and construction of software
through short iterations with testable results [12]. In order
to model the application, the concept of abstract representa-
tion of processes was used to describe in an abstract way the
processes that make up the system [13]. The application is
based on the client/server paradigm in which a process in the
local host, called client, requests services to another process,
usually located in a remote host, called server [14]. The server
returns the requested services to the client, at the moment that
the user interacts with the application [13].

For the development of the web application it was used the
MVC (Model-View-Controller) software architecture model
based on the object-oriented programming paradigm (OOP),
a developmental pattern that subdivides the software into
components such as model, vision and controller. In this way,
better quality control of the software is obtained, especially
with regard to the maintenance of the system, by isolating
problems inherent to a certain layer and being able to deal
with them more easily.[15].

For the programmatic development of the back-end, the
PHP programming language (recursive acronym for Hypertext
Preprocessor), version 7.0, was used. PHP is characterized
by being a specific domain language (including web develop-
ment), whose code is interpreted by a PHP module present
on the server side [16]. On the server, the Smarty Template
Engine preprocessor [17] is also used for the generation and
assembly of dynamic templates.The use of Smarty facilite in
the control of the separation of the logical application and the
content of its presentation, in case any change in the applica-
tion logic is necessary, this will not compromise the design of
the template and vice versa.

In the front-end, the user interfaces of the application
were developed using HTMLS (Hypertext Markup Language),
CSS3 (Cascading Style Sheets) and JavaScript (JS) styles,
using framework components web, open source, Bootstrap
for page design development [18]. CSS and JS were used to
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streamline and enhance user navigation in the application. In
the generation of Line and BoxPlot graphs, JS C3.js and D3.js
libraries were used to display dynamic and interactive data in
web browsers [19].

The external OpenLayers library makes the interactive
WebMap available. It is characterized as a high-performance,
open-source javascript modular library with features for dis-
playing and interacting with maps, as well as manipulating
geospatial data [20]. Another factor that contributed to the
choice of library was due to its free license.

In the data structure design of the application in the database,
the Entity - Relationship Models (MER) and Entity - Relation-
ship Diagrams (DER) were developed through the ER Master
plugin of DERs, available for the integrated development en-
vironment Eclipse [21]. The data model demonstrates the data
structure that will support the processes of the system, how
the data will be organized and what relationships are to be es-
tablished between them [22]. To store the hydrological data of
the fluviometric stations and to obtain statistical measures on
the results of the calculated base flow, the database manager
PostgreSQL was used [23].

By using the Unified Process and its phases, the work was
developed in four stages: design, elaboration, construction
and transition. The design stage covered the bibliographic
survey and looked at other systems or computer programs that
performed the separation of flow and calculation of recharge.
The elaboration consisted in the specification of the system,
based on requirements raised in the pre-conception of the
work, as well as in the modeling of the data. In the construc-
tion, the implementation of the system was carried out, the
conversion of ER models to a database, the use of program-
ming languages used to define data structures, code generation
and the development of system functionality interfaces, us-
ing programming languages used in the development of web
applications. Finally, in the transition, the system was made
available to the end user and evaluation of the results obtained
[24].

2.1 Data modeling
The hydrological data of the fluviometric stations comes from
information system ANA, HIDROWEB. HIDROWERB is an
integral tool of the National System of Information on Water
Resources (SNIRH) and offers access to the database contain-
ing all the information collected by the National Hydromete-
orological Network (RHN), gathering data of fluvial levels,
flows, rainfall, climatology, quality water and sediment [25].
The hydrological data are public and made available for down-
load in HIDROWEB, being subsequently updated / stored in
a database.

In the design of the data model, we chose to create three
(3) entities that would be responsible for storing the infor-
mation. In the conversion of the DER into Data Definition
Language (DDL), entities are now represented by tables, and
their attributes, by columns, configuring the database as a
data warehouse [26]. Each table stores a set of hydrological

data and their respective information for the registered fluvio-
metric stations. The first one is responsible for storing the
measured flow values daily, these data being differentiated
by the identifier of the corresponding rainfall station in the
database. Another table stores information about the station:
the identifier, the period that contains data, the latitude, longi-
tude and area of the river basin. Finally, there is the table of
results that store the results of the basic flow estimated for a
certain historical series.

2.2 Application modeling

The case study used was the development of the web-geographic
information system (WebGIS) to calculate base flow separa-
tion, based on hydrological data from fluviometric stations
located in the Taquari-Antas basin. The system can be used
by researchers in performing hydrographic analyzes for long
historical series. The MVC standard was implemented in the
implementation of the user interface and PHP programming
languages, JS scripting, HTML markup, and CSS styles for
programmatic development of the system.

In order to facilitate the process of consulting the hy-
drological data to the user, a WebMap was used to display
fluviometric stations and hydrographic basins. To also assist
in accessibility for people who do not speak the language in
which the system was initially designed, a translation system
was implemented. Available languages are Portuguese and
English. Finally, the management of users was developed, re-
sponsible for registering new users in the system and control
of access in the application through a policy of user levels.
Figure 1 shows the GIS use-case diagram.

2.3 Construction

In the construction, the layers of the MVC standard were
implemented programmatically, responsible for the core of
the basic functionalities of the system, and the mathematical
methods used in the separation of the flow and calculation of
recharge. Basically, the Model performs queries and treatment
of the hydrological data coming from the database. It is
also responsible for containing the digital recursive filters
for calculating the base flow and the methods that estimates
the recharge for the historical series, translating the results in
relation to being shown by the View. This, in turn, executes the
loading logic of smarty templates (HTML and SMARTY code
to run PHP), JS / CSS libraries, and on-screen client display.
Finally, the Controller manages the two layers, receiving all
user requests.

The Controller creates an instance of Model, responsible
for initiating the connection to the database, and View that
is responsible for rendering the home page. The home page
is composed of a login form, where the user must enter the
access information in the system. The elements that make up
the home page are rendered by the Smarty Template Engine
component. This component is used in the system through
the View, which collects the data and actions at the execution
level of the PHP code and, before returning to the client of the
.html page, processes the .tpl and generates the .html file. The
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Figure 1. Use case diagram describing the proposed system functionalities.

Controller, in turn, sends a request to the Model, containing
the encapsulated user information next to the HTTP request.

It is the responsibility of the Controller to also manage
the process of consulting the hydrological data of the fluvio-
metric stations and their subsequent display to the user of the
application. The Controller sends to the Model the informa-
tion contained in the query form, that is, the code identifying
the fluviometric station and the date requested as the search
key. In the Model a query is executed, the daily hidrological
data coming from the database being validated and processed.
With the return of the data, the Controller sends them to View
that presents them to the user.

Currently, the application has a total of four (4) recursive
digital filters implemented to calculate the base flow, although
there are others such as fixed interval, sliding interval and local
minimum that use other approaches. These methods based on
digital filtering are widely used in studies that involve the sep-
aration of the base flow, because removes much of the subjec-
tivity of manual selection, providing consistent reproducibility
of the results achieved. The main methods implemented in
application are: algorithm of Lyne and Hollick/Nathan and
Macmahon/Arnold, (also known as 1-parameter filter) [9] [8]
[3], Chapman algorithm [11], Echkardt [7] and Echkardt re-
cursive filter with maximum BFI calculated from the filter.
Some parameters must be informed to the aplication, like the
constant recession (a) and the Basal Flow Index (BFI). Let
yi be the surface flow (of the fluviometric station) and i the
time interval, the 1-parameter filter can be represented by the
following equation:

1—a
bi =abj_; + T(Yi+Yifl) (1)

In turn, Chapman’s algorithm is given by:

a l1—a
2—ab'_1+2—ay' 2)

bi =

When the user selects the Eckhardt method, it’s also nec-
essary to select the value for BFI that will be used in the
calculation. The application has (3) diferent values for BFI
that are the most useds: 0.8 for Perennial rivers and porous
aquifers, 0.5 - Ephemeral rivers in porous aquifers and 0.25 for
Perennial rivers in crystalline rock aquifers [7]. The Echkardt
method is represented by the equation below:

(1 —BFlmax)abi_1 + (1 —a)BF Inaxyi

bi =
: 1 — aBF Imax

3

A variation of the Echkardt method, calculates BF I
from the recursive filter (Equation 5). In this case, the analysis
is done from the last to the first day, where bn = yn (Equation
4).

/ b:
bi*l == gl (4)
by
Z{\l:1 Yi
After obtaining BF ljax, the base flow is calculated by the
Equation 3.

If the application of the above methods results in bj > y;,
we consider bj = yj, subject to constraint bj <=Y; and, bj =
0:5y; for time i = 1 [6]. When there are faults in the series
Yi = —1, the calculation is restarted, eliminating the sum of y
the days where the -1 occurs, and the value of the base flow
(b) is not calculated.

The View sends the mathematical method, the parameters
for each method and the analysis period to the Controller,
which in turn manages the received data and passes it on to
the Model. Each one of the digital recursive filters was imple-
mented in the Model. On the historical series, the base flow
and the recharge are calculated for a given method, and the
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results are sent to the Controller. This displays the View to the
user with results of the calculated base rate, after applying the
Iter. The Figure 2 illustrates the process sequence diagram.

In order to verify the behavior of the base ow over the
historical series or to obtain descriptive statistics about the
results, the user has access to two types of charts to visualize
them: line chart and boxplot graph. Both charts can be Itered
by user selection based on a period. In the line chart it is
possible to analyze the calculated base ow in relation to the
measured ow during the selected time interval, making it
easier to identify trends or anomalies. For the boxplot graph it
is possible to evaluate the empirical distribution of the baseline
ow results monthly.

On the results obtained through the application of digital
recursive lters, the system also generates some statistical
measures based on the period selected by the user. The mean,
standard deviation, coef cient of variation and the maximum
and minimum values of the base ow for the historical series,
and the months included therein, are currently calculated. The
calculation of these measures is done in a database, using
functions available in PostgreSQL, in order to facilitate the
validation of results and decrease the complexity of PHP code.

Fluviometric stations were displayed in dotted form on a
WebMap, which can be switched to a satellite or topographic
type map. Reading coordinates of the database and inserting
points on the map are done using javascript. The state bound-
aries, hydrographic basins boundaries, and the hydrological
resources that are part of these are viewed in WebMap from
the loading of the boundary KML (Keyhole Markup Lan-
guage) le and a JavaScript Object Notation (JSON) contain-
ing the coordinates of the lines representing the hydrological

resources of the basin. Figure 3. Activities diagram represents the ows driven by
processings made by user in the system.

User management was developed with the aim of main-
taining control of users who access the application. At th- . .
moment the user wishes to register in the application, onl,3' Results and Discussion
basic information is requested for tracking analytics usagéhe Hydrographic analyzes were based on data from uvio-
regarding the application. The user management operatewetric stations located in the Taquari-Antas basin, located in
based on a user level policy, where the user level "logged irihe northeastern region of the state of Rio Grande do Sul. To
is the lowest access level and the highest level is "adminigse the application it is necessary to make a prior registration
trator”. The highest level inherits the functions of the childwhere information such as name, user, e-mail address, pass-
The administrator has the function of maintaining control ofvord and institution of the person will be requested. The user
the users, being able to restrict the access and to exclude e@n change this information later, when necessary. The admin-
counts, if necessary. The log-level user will have the maifstrator, in turn, can block users of the application by changing
functionalities of the application, such as consulting the storethe situation. Access to the application can be done from the
hydrological data, applying the digital recursive Iters and callink hhttps://siambiental.ucs.br/intermediadpihserting a
culating recharge for the historical series, estimating statistiqggreviously registered user and password.
on the results, and being able to switch the system language The hydrological data of the uviometric stations can be
and change password. The Figure 3 illustrates the activitie®nsulted from the WebMap shown in the Figure 4, where
diagram of the system. the stations are represented by points. This representation was
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Figure 2. Process that is executed when the user choice a method for calculates the base ow and recharge. In the example, the
sequence diagram is used to represents the interactions between objects in the basic ow calculation, performed through
operations or methods.

developed to be familiar to those using the system considerifg/drogeology.

other information systems that display hydrological dataina The system provides the results in a table (Figure 7), and
WebMap [27] [25] [28]. it is possible to verify, in addition to the measured ow, the
In addition to the stations, it is possible to visualize thedaily estimated ow rateih®=s) and the monthly recharge
water resources of the basin (blue lines), the boundary of thgy the selected period. The results can be downloaded as
Taquari-Antas basin (lines red) and the state of Rio Grandg comma separated value (csv) le. Both options exist for
do Sul (yellow line). When selecting a station, the user MUSYiving to the user the possibility to compare the results by
enter the period in which to perform the analysis (Figure S)hand or in a spreadsheet software to results other than the
The hydrological data consulted for the historical seriegptained from the system. The csv le is intended to show
are presented to the user in a table, as shown in Figure 6. Itige results using the same header from the table visible in the
possible to verify the ow measured m’=s, as well as the system, each column separated in it's own column in the le,
date of measurement. This provides an alternative to loadingy ease of use of the processed data, in light of other systems
your own data about the stations registered in the system, ffat do allow the results to be downloaded as a separate le
it to apply mathematical methods on them [6]. [25]. All methods where tested against implementations of
them on other platforms, including the speci c hidrological
models implemented on a sheet le and through WHAT [
These options exist in contrast to other types of methodologies
involving hidrological models applied to data and then loaded
manually into a GIS progran®p], as they facilitate the action
of applying speci c types of modelling to the same subset of
openly acessible hidrological data.

Figure 6. Hydrological data were consulted for uvial station Figure 7. The gure shows the results table, after the
86420000, in the Taquari-Antas basin. Review Period: Janugxecution of the mathematical method for separation of base
1, 2017 to January 31, 2018. ow. The measured daily ow rate, the estimated daily basis
ow rate (m3=s) by the Eckhardt mathematical method,
The user must select which of the recursive digital |-based on 8F Imax€qual to 0.25 and a constant recessap (
ters will be used to estimate the base ow. In addition, th&?dual to 0.96 and the monthly recharge value (mm),
user must enter with the value @) and, depending on the calculated for the historical series. Review Period: January 1,

method chosen, the maximum BFI value to be chosen by loc4017 to December 31, 2017.
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