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Preface

Performance of this computer program has been tested and verified for many test cases,
although future applications of the program could reveal errors that were not detected in the
test cases. Users are requested to notify the U.S. Geological Survey (USGS) if errors are found in
the documentation report or in the computer program.

Correspondence regarding the report or program should be sent to:
USGS Wisconsin Water Science Center

8505 Research Way

Middleton, WI 535623581

Attention: Stephen M. Westenbroek

Email: smwesten@usgs.gov

Although the computer program has been used by the USGS, no warranty, expressed or implied,
is made by the USGS or the United States Government as to the accuracy and functionality of
the program and related program material, nor shall distribution of this software and source
code constitute any such warranty, and no responsibility is assumed by the USGS in connection
therewith.

The TSPROC code and other model-related programs are available for downloading from the
USGS at the following World Wide Web address: http.//pubs.usgs.gov/tm/tm7c7/.
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Approaches in Highly Parameterized Inversion:
TSPROC, a General Time-Series Processor to Assist in
Model Calibration and Result Summarization

By Stephen M. Westenbroek, John Doherty, John F. Walker, Victor A. Kelson, Randall J. Hunt, and

Timothy B. Cera

Abstract

The TSPROC (Time Series PROCessor) computer soft-
ware uses a simple scripting language to process and analyze
time series. It was developed primarily to assist in the calibra-
tion of environmental models. The software is designed to
perform calculations on time-series data commonly associated
with surface-water models, including calculation of flow vol-
umes, transformation by means of basic arithmetic operations,
and generation of seasonal and annual statistics and hydro-
logic indices. TSPROC can also be used to generate some of
the key input files required to perform parameter optimization
by means of the PEST (Parameter ESTimation) computer soft-
ware. Through the use of TSPROC, the objective function for
use in the model-calibration process can be focused on specific
components of a hydrograph.

Background

This report documents and describes the use of TSPROC
(Time Series PROCessor), a software package designed to
assist in the calibration of models by editing and distilling time
series datasets into more meaningful observations to be used
in the optimization objective function. This report is designed
to supplement existing literature and documents regarding
PEST (Parameter ESTimation) and TSPROC software. A short
summary of a selection of existing documents is provided in
this section.

TSPROC has existed in one form or another for several
years. The Doherty (2008) version of TSPROC included sev-
eral supplemental tools that are not included or discussed in
this report. These additional tools include:

e adjobs adjusts observation weights for different
observation groups in a PEST control file by use of a
smple user-adjustable expression,

e plt2smp—build a site sample file on the basis of a
Hydrological Simulation Program—Fortran (HSPF)-
generated plot file; used as part of a composite model
run by PEST,

e smpchek——checks a site sample file (*.ssf) for cor-
rectness,

e smp2hyd—rewrites the contents of a site sample file
for a user-specified list of sites in a form suitable for
plotting against time, and

*  smp2vol— calculates volumes between arbitrary
dates and times for flow samples listed in a site
sample file.

This report does not document the support software
referenced above, because many of the functions are either
model-specific or can largely be accomplished by TSPROC
software. The application of TSPROC in a model optimization
exercise implies the use of PEST software (Doherty 2010a, b).
TSPROC is designed to work with two new additions to the
PEST family:

e PEST++ (Welter and others, 2012) is a new code that
aims to implement the most popular features of the vener-
able PEST program while shielding the user from some of
the trickier implementation details,

*  GENIE (Muffles and others, 2012) is a new parallel run
manager designed to make it easier to run models on mul-
tiple machines enabled by communications over TCP/IP
protocol.

The reader should also be aware of publications that give
examples of PEST and TSPROC application to surface-water
models, including Doherty and Skahill (2006), Skahill and
Doherty (2006), Cocca and others (2004), and Doherty and
Johnston (2003).
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Introduction

TSPROC is a program designed to assist in model param-
eter estimation, especially surface-water models, by means of
the widely used PEST software (Doherty, 2010a, b). TSPROC
may also be used to create some of the basic input files
required to make use of PEST. In addition to being a utility for
working within the PEST environment, TSPROC is a general
purpose tool for working with time series and developing sta-
tistics and reports from observations and model results.

Surface-water models are capable of simulating daily
(or more frequent) discharge values at many locations and for
many years. The thousands of data points contained in each
hydrograph are serially related, and in the case of surface-
water models, more of this type of data is not necessarily
better; therefore, comparing statistical indices or summaries
between the simulated and observed data is useful. Although
parameter estimation may be successfully applied through
the use of daily hydrograph data, the resulting model calibra-
tion will not necessarily be able to replicate the aspects of the
hydrograph pertinent to the project at hand. In this situation,
it is necessary to process the data into a form that focuses
the calibration process on the aspects of the hydrograph that
are most important to the model’s intended use. Because
thousands or tens of thousands of data records are involved,
automation of model post-processing tasks and PEST input file
preparation is desirable.

This publication documents the TSPROC software pack-
age and provides details about each of the program commands
and options in the scripting language. Appendix 1 describes
the format of a “site sample file,” a generic American Standard
Code for Information Exchange (ASCII) file understood by
TSPROC that may be used for storing, importing, and export-
ing time-series data. Appendix 2 describes the development
and basic use of TSPROC when packaged as a Python module.

Parameter Estimation and TSPROC

This section discusses general TSPROC capabilities and
describes how TSPROC may be used as part of a composite
model subject to parameter optimization.

TSPROC Capabilities

TSPROC fills two roles. First, it is a time-series proces-
sor, having the ability to perform many different types of oper-
ations on observed and model-generated time series. Second,
it automates the generation of PEST input files for calibration
tasks of arbitrary complexity based on these time series.

Many of the operations performed by TSPROC are
designed specifically for use in a model parameter-estimation
context. To make valid comparisons between the modeled and
observed time series, the model-generated time series must
be interpolated to the times when observations were made.
Because observations of a particular environmental quantity
are often intermittent rather than regular, TSPROC does not
assume that any time series that it manipulates has a constant
sample interval.

TSPROC makes possible the incorporation of some or all
of the following data types into the model-calibration process.

1. Raw data. All or part of complete observation time
series can be included; TSPROC can facilitate this
by interpolating the model-generated series to field
observation times.

2. Processed or filtered data. Time-series data can be
decomposed or filtered using the digital filtering or
hydrograph separation techniques. TSPROC includes
digital filtering capabilities that allow the separation
of high, medium, and low frequency components of
any time series. This can be useful in baseflow sepa-
ration, as implemented in the Doherty (2008) version
of TSPROC (Nathan and McMahon, 1990). The
version of TSPROC documented in this report also
incorporates U.S. Geological Survey (USGS) HYSEP
(HYdrograph SEParation) modules that include three
different techniques for computing baseflow separa-
tion (Sloto and Crouse, 1996). Modeled and observed
processed or filtered counterparts can be individually
matched through the calibration process.



3. Accumulated volumes and masses. Flow volumes

and constituent masses can be accumulated between
any number of arbitrary dates and times occurring
within the model simulation period. Inclusion of
volumetric and mass data, calculated on the basis
of field observations and on model-generated flows
and constituent concentrations (interpolated to field
observation times), respectively, can bring numeri-
cal stability to the parameter-estimation process and
result in more robust estimates of parameter values.

4. Exceedance-time characteristics. As with volumetric

and mass data, the inclusion of exceedance-time char-
acteristics in the inversion process can decrease the
likelihood of numerical instability while it promotes
estimation of a realistic set of parameter values. Fur-
thermore, in many modeling applications it is crucial
that a model predict exceedance-time characteristics
as accurately as possible under future climatic or
management conditions.

5. Summary statistics and period statistics. Basic

statistics (mean, sum, median, maximum, minimum,
range, and standard deviation) can be calculated

from the terms of a time series or functions of these
terms over varying time intervals; the period statistics
module allows for these statistics to be calculated

on a monthly or annual basis over the length of the
time series (for example, mean monthly), or as a
series composed of monthly values (for example,
monthly mean).

Parameter Estimation and TSPROC 3

6. Functions of arbitrary complexity and data pat-

terns. New time series may be calculated on the basis
of one or more measured or modeled time series. In
many instances of model calibration, it may be better
to include a comparison of derived time series, rather
than raw time series, in the parameter-estimation
process. TSPROC allows the user to calculate any
number of new time series based on relationships of
arbitrary complexity between existing time series.
For example, in some calibration contexts, it may be
beneficial to compare the log (or some other func-
tion) of an observation type with its model-generated
counterpart over all or part of the model simulation
time. In other contexts, it may be useful to compare

a combination of today’s and yesterday’s flow with
the model-generated equivalent of this same quantity.
Minimization of the discrepancies between two such
composite time series may result in better parameter
estimates, as well as better estimates of the uncer-
tainties associated with these parameters, because it
incorporates the correlation structure of flow and con-
stituent observations into the parameter-estimation
process (Kuczera, 1983). Relationships such as those
used by the USGS LOADEST program (Runkel and
others, 2004) may be suitable in some cases.

7. Hydrologic indices. When TSPROC is applied to

surface-water models, hydrologic indices may be
used to ensure that the calibration process results in a
calibration faithful to particular aspects of the stream-
flow record. For example, if a model is being built

to address the period and severity of low-flow spells
under a variety of land-use and climate scenarios, it
is important to include indices capturing low-flow
characteristics in the model-calibration process.
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Model Parameter Estimation Using TSPROC

Although TSPROC can be run as an independent execut-
able program, TSPROC is most useful when run by PEST as
part of a composite model. A composite model is made up of
two or more executable programs run in succession by means
of a batch or script file. When used in this way, TSPROC acts
as a model post-processor, carrying out operations of arbitrary
complexity on one or more of the time series generated by the
model. Similar operations are used with the observation data
to develop an objective function when TSPROC is used as a
utility to create the PEST control file and instruction file(s)
(described in detail in “Generation of Control and Instruction
Files”). The processed observations and their model-gener-
ated counterparts can then be compared, and the differences
between the two (modified by observation weights) are then
reduced to a minimum as part of the PEST parameter-estima-
tion process (fig. 1).

Upon startup, PEST first determines the relation between
model response and parameter change for all combinations
of the two, with the derivatives stored as a Jacobian matrix.
During parameter estimation, PEST modifies one or more
model parameters on the basis of information gleaned from
the Jacobian matrix. Updated model parameters are written
to a new model input file by use of the model template file
as a map for locating positions within the model input file
where the new parameter values are to be substituted. The
composite model (a batch or shell script) is then run, which

in turn runs the model code, followed by TSPROC. TSPROC
performs the input, processing, and output tasks as specified
in the TSPROC control file, generating a composite model
output file (TSPROC output file). PEST reads this new output
file, with assistance from the instruction file, and calculates a
new set of model parameters to try. The process of parameter
estimation continues until the difference between the model
and observations (objective function) stops decreasing signifi-
cantly between iterations.

The composite model may contain multiple process-
ing steps, calculated by many different executable codes. A
preprocessor, such as the PAR2PAR code, is often added to the
composite model to distribute PEST-estimated parameters to
many model computational elements (fig. 2). PAR2PAR is part
of the PEST package and can also be used to enforce rela-
tionships between parameters; for example, the modeler can
require that parameter “1” be less than parameter “2,” even
though they have overlapping absolute ranges.

PAR2PAR may be also be used, for example, if the
modeler wishes to distribute a generic parameter estimated
by PEST to many hydrologic response units (HRU) in a
surface-water model on the basis of the predominant glacial
geology of each HRU. PEST writes a PAR2PAR input file on
the basis of the user-provided PAR2PAR template file. In turn,
PAR2PAR transforms the single generic parameter value into
individual values for each HRU, creating a model input file
through the use of a model template file.
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Use of TSPROC as part of a composite model undergoing parameter estimation with PEST.
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Figure 3. Use of TSPROC to generate a PEST control file and an instruction file.

Generation of Control and Instruction Files

The specific TSPROC block that is run depends on the
context. Each block is assigned a context, either an arbitrary
name or the special context “all.” When TSPROC is run, a
context is defined either in the “SETTINGS” block in the
TSPROC control file or on the command line. Only those
blocks that match the context selected for the run or those
blocks with the “all” context are used.

As seen in figures 1 and 2, employing TSPROC as part
of the PEST parameter-estimation process can require the use
of many template, control, and instruction files. TSPROC can
help manage some of this complexity by generating the PEST
control file and the instruction file needed to interpret the com-
posite model output (fig. 3).

Raw and processed observation values are embedded in
the PEST control file and should not need to be recalculated
during model parameter estimation; it thus makes sense to
use the TSPROC context mechanism to separate operations
involving observed values from those associated with simu-
lated values. A “pest_prep” context might be used to perform
input, processing, and output on observed values, with the
intermediate results written to an SSF file. An “estimate”
context might be used during the actual PEST runs to process
only the simulated values, with any required observation series
(for example, those needed to provide a time base against
which the model simulations are interpolated) read from

the intermediate results SSF file. (See the SETTINGS block
section for further discussion of the “context” concept.) If a
TSPROC control file contains more than about 10,000 lines of
input, much time can be saved by not recalculating statistics
on the observed values for each PEST iteration.

Setting up a typical application of TSPROC within a
PEST parameter-estimation process includes the following
tasks.

1. Processing of various types of observation data to gener-
ate an appropriate observation dataset. This task includes
reading the observation data from a file, an optional (but
recommended) cleaning step to remove questionable or
missing data, and as many steps as needed to produce the
volumes, statistics, and indices desired in the parameter-
estimation process.

2. As part of the composite model, interpolation of raw
model-generated time series to the times when field
observations were made, then processing of that data in
an identical fashion to that used to process the observation
data.

3. Generation of PEST input files, including a PEST control
file for recording the observations (raw and derived) used
in the parameter-estimation process and an instruction file
capable of reading the TSPROC-generated output file(s)
containing raw and derived simulated values.
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To generate PEST input data files, TSPROC must be
provided with a set of parameter data and group files pertinent
to the current calibration exercise. TSPROC writes a complete
PEST control file that records these parameters along with the
processed observations to which model-generated equivalents
must be matched during the parameter-estimation process.
TSPROC assigns names to all observations involved in the

parameter-estimation process. Weights are assigned to these
observations according to formulas of arbitrary complexity
supplied by the user. A different formula can be supplied for
each observation type. TSPROC then writes the instruction file
informing PEST how to read the composite model-generated
equivalents to these processed observations from a TSPROC
output file.



Parameter Estimation and TSPROC 9

Invoking TSPROC

TSPROC is executed from the command line; three optional command line arguments may be supplied. If no arguments are
supplied, TSPROC prompts the user for the name of the TSPROC control file and the name of the output run record file. The run
record file is a log of what is printed to the screen during the TSPROC run. Figure 4 demonstrates the syntax used when specify-
ing the TSPROC control filename and the run record filename from the command line. Figure 5 demonstrates how the context
for the TSPROC run may be overridden when specifying the command and run record filenames.

The TSPROC control file specifies file inputs and outputs as well as the type of time-series processing to be performed on
them. As TSPROC runs, it echoes the contents of its input file and the operations that it performs to both the screen and to the
run record file. A TSPROC input file is easily prepared by use of a text editor and can have any filename extension allowed by
the computer’s operating system. The authors have used the extensions “ctl,”, “dat,”, or “scr”” depending on the application and
author affiliation.

| tsproc.exe control filename run record filename ‘

Figure 4. Invoking TSPROC—specifying control and run record filenames at the command prompt.

| tsproc.exe control filename run record filename context name ‘

Figure 5. Invoking TSPROC—specifying control, run record filenames, and context override at the
command prompt.

If the context is set to “pest_input”, triggering the generation of a set of PEST input files, TSPROC prompt the user before
overwriting any existing files of the same name. For example, it may prompt:

File instruct.ins already exists. Overwrite it? [y/n]:

[T 1) [T3E 2]

Type “y” or “n,” followed by <Enter> as appropriate. Note that TSPROC does not prompt in this manner when overwriting
data files as part of its time-series manipulation functionality; if TSPROC is run many times in the course of a PEST run, these
output data files need to be overwritten whenever it is run.

If TSPROC is run by PEST as part of a composite model, it is convenient to supply the control and run record filenames as
part of the command syntax used to start a TSPROC run as demonstrated in figure 4.

The Doherty (2008) version of TSPROC did not accept command-line arguments, but instead required placing the
responses to TSPROC’s prompts into a text file prior to the PEST run and later provided to TSPROC through the command-line
redirection mechanism. The version of TSPROC documented in this report may still be invoked in this manner. For example,
to invoke TSPROC given an input file named tsproc.ctl and a run record file named tsproc.rec, a text file (named, for example,
tsproc.in) could be prepared as shown in figure 6.

tsproc.ctl
tsproc.rec

Figure 6. Contents of a text file containing the responses to TSPROC prompts.
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When TSPROC is then run as part of a composite model by PEST, the composite model batch file should invoke TSPROC
in one of the ways shown in figure 7:

:: The suggested syntax for starting TSPROC from with a batch
file is shown in the following line:
tsproc.exe tsproc.ctl tsproc.rec

:: The suggested syntax for starting TSPROC from with a batch
file with specified context ‘pest prep’ is shown in the
following line:

tsproc.exe pest prep tsproc.ctl tsproc.rec

: The traditional way to start TSPROC from within a batch file is:
tsproc.exe < tsproc.in
: Note—you cannot override context using the traditional method
:: The file “tsproc.in” would contain two lines of information
specifying the name of the control file and run record file:
tsproc.ctl
tsproc.rec

Figure 7. Example batch file snippets for starting a TSPROC run.

In the third example, the “<” symbol instructs TSPROC to look for its keyboard input from the ASCII file whose name fol-
lows it. Of course, the above command can be issued from the keyboard as well, if file tsproc.in has already been prepared.

Any errors encountered while running TSPROC causes a report to be written to the screen and the run record file. Once an
error is detected, TSPROC does not read any more lines from the the input file nor does it perform any operations beyond that
where the error occurred. Thus, although TSPROC’s error-checking functionality is quite comprehensive, it finds only one error
at a time in a TSPROC input file that contains multiple errors.

In some circumstances, a user may not want TSPROC to report its activities to the screen, for example if TSPROC is
being run under the control of PEST and the user does not want TSPROC screen output to interfere with that of PEST. As with
any command-line program, TSPROC output can be re-directed from the screen to a file, leaving the screen bare. Because the
TSPROC run record file contains all of the information that TSPROC writes to the screen, nothing is gained through keeping a
file that contains redirected screen output. The TSPROC screen output can instead be redirected to the “nul” file (“/dev/null” on
Linux®), a special file that accepts all input and does nothing. If is the user desires that TSPROC look to a file named tsproc.
in for its keyboard input, and that it redirect its screen output to the “nul” file, it should be run using the syntax as shown in
figure 8.

‘ tsproc.exe < tsproc.in > nul |

Figure 8. Command-line redirection prevents screen output from being written.
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Using TSPROC with Unsupported Models

If TSPROC is to be used in the calibration of a model for which it is presently incapable of directly importing results, a
workaround solution is to write a small translation program that converts the outputs of the unsupported model to site sample
file format. This translation program would be run between the model and TSPROC as part of a composite model calibrated by
PEST.

Overview of the TSPROC Input File

The TSPROC input file is divided into a series of sections or “blocks.” Within each block, various items of information are
supplied following pertinent “keywords” that identify each such item. In most blocks, these keywords can be supplied in any
order, although some exceptions to this rule are highlighted elsewhere in this report. TSPROC gives an appropriate error mes-
sage if keyword ordering is incorrect. Although keywords are capitalized in the illustrations used throughout this report for ease
of recognition, the contents of a TSPROC input file are case-insensitive, except for filenames on Linux®.

Any line within a TSPROC input file beginning with the “#” character is ignored, enabling free mixing of comments with
data elements in a TSPROC input file. The complex nature of the instructions that can be supplied to TSPROC through its input
file makes the inclusion of comments in this file a good idea. Figure 9 gives a short example showing the contents of a TSPROC
control file.

Each block within a TSPROC input file instructs TSPROC to carry out a certain type of operation. Information supplied
within a block informs TSPROC of the names of the entities to be processed and the names of the entities to be produced as a
result of that processing. Any other information required by TSPROC to enable that processing to take place is also supplied
within the block through the appropriate keyword. For each block, some keywords are optional and some are mandatory. Where
an optional keyword is not supplied, TSPROC supplies a default value for its associated variable.

With the exception of the “SETTINGS” block, blocks may be arranged in a TSPROC input file in any order. However,
because TSPROC processes blocks in the order in which they are supplied, the ordering of blocks can be important in many
applications. If a sequence of operations is carried out, they must occur in the order in which they must be processed; for
example, a reading step must occur before a cleaning step, which must occur before statistics are calculated.



12

Approaches in Highly Parameterized Inversion: TSPROC, a General Time-Series Processor

FHEH A S S S
# The ‘SETTINGS’ block must be first within the control file.
FHEH A A A A A S o  #

START SETTINGS
CONTEXT pest input
DATE FORMAT mm/dd/yyyy
END SETTINGS

HHAHFH A A A A A
# Modeled river flows are read from a HSPF output file.
FHAFHH AR AR AR AR AR H AR AR A AR A

START GET MUL SERIES PLOTGEN
CONTEXT all

FILE catchment.plt

LABEL "total outflow"
NEW_SERIES NAME flow mod
END GET MUL SERIES PLOTGEN

FHA At A A A A A A A A A A
# Observed river flows are read from a WDM file.

G

START GET_SERIES_WDM
CONTEXT all

FILE catchment.wdm

DSN 113

NEW SERIES NAME flowfobs
END GET SERIES WDM

S
# Modeled flows are interpolated to the times of observed flows.
S o o o i

START NEW TIME BASE

CONTEXT all

SERIES NAME flow mod
TB_SERIES NAME flow obs
NEW SERIES NAME i flow mod
END NEW TIME BASE

FHAFSH A A A
# Flow volumes are accumulated for the modeled time series.

FHEFHAA AR A A R A R A R A

START VOLUME CALCULATION
CONTEXT all

SERIES NAME i flow mod
NEW V_TABLE NAME vol mod
FLOW TIME UNITS days
DATE FILE dates.dat

END VOLUME CALCULATION

Figure 9. Example of a TSPROC control file.
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E
# Flow volumes are accumulated for the observed time series.

FHEF A A R A R A R A R R A 1

START VOLUME CALCULATION
CONTEXT pest input
SERIES NAME flow obs
NEW V_TABLE NAME vol obs
FLOW TIME UNITS days
DATE FILE dates.dat

END VOLUME CALCULATION

FHEH A A A A A
# Exceedance times are calculated for the modeled time series.
FHEH A S S

START EXCEEDANCE TIME
CONTEXT all

SERIES NAME i flow mod
NEW E TABLE NAME time mod
EXCEEDANCE TIME UNITS days
FLOW O

FLOW 10

FLOW 20

FLOW 50

FLOW 100

FLOW 200
END EXCEEDANCE TIME

FHAF A R
# Exceedance times are calculated for the observed time series

FHEFHAA AR A R R A R R A R A A

START EXCEEDANCE TIME
CONTEXT pest input
SERIES NAME flow obs
NEW E TABLE NAME time obs
EXCEEDANCE TIME UNITS days
FLOW O
FLOW 10
FLOW 20
FLOW 50
FLOW 100
FLOW 200
END EXCEEDANCE TIME

Example of a TSPROC control file.—Continued
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HHEH A S S S S
# Modeled time series and tables are written to a file.

FHEHF A A R A R R A R R A R R S R

START LIST OUTPUT
CONTEXT all

FILE model.out

SERIES NAME i flow mod
V_TABLE NAME vol mod
E_TABLE NAME time mod
SERIES FORMAT short
END LIST OUTPUT BLOCK

FHAH A AR AR R R S S R
# PEST input files are written.
FHAH AR AR R R S S S R

START WRITE PEST FILES

CONTEXT pest input

NEW PEST CONTROL FILE case.pst
TEMPLATE FILE catchment.tpl

MODEL INPUT FILE catchment.uci
TEMPLATE FILE extra.tpl

MODEL INPUT FILE extra.dat

NEW INSTRUCTION FILE observation.ins
AUTOMATIC USER INTERVENTION yes

#HH4######## Time-series observations #####4#
OBSERVATION_SERIES_NAME flow_obs
MODEL_SERIES NAME i flow mod

SERIES WEIGHTS EQUATION 1.0/sqgrt (@ abs value)
SERIES WEIGHTS MIN MAX 1.0 100.0

#HEHHHHHAHAHE volumes ####HSHHHHHHFEFHFHHEHS
OBSERVATION V_TABLE NAME vol obs

MODEL V TABLE NAME vol mod
V_TABLE WEIGHTS EQUATION 5.0

#HfHFHFFFFAAFF exceedence-times #HFHFFFFFFFAH
OBSERVATION E TABLE NAME time obs
MODEL_E TABLE NAME time mod

E TABLE WEIGHTS EQUATION log(2.0/@ abs value) + 2.0
E TABLE WEIGHTS MIN MAX 0 1000

HHAE#E##HHEHE other data #######HEH#H#HESHHEES
PARAMETER DATA FILE param.dat

END WRITE PEST FILES

Figure 9.

Example of a TSPROC control file.—Continued
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The SETTINGS Block

In any TSPROC input file, the SETTINGS block must come before all other blocks. The SETTINGS block must contain
two keywords: DATE FORMAT and CONTEXT.

The DATE_FORMAT keyword informs TSPROC of the protocol to be used for representation of dates in all input files that
it reads and output files that it generates. In the abbreviated date formats entered into the block, two digits represent the date, two
digits represent the month, four digits represent the year, and a slash character separates each set of digits. Only two options are
presently available: dd/mm/yyyy and mm/dd/yyyy.

The CONTEXT keyword must be followed by a character string of 20 characters or less (with no embedded spaces) that
sets the “context” for the current TSPROC run. A CONTEXT keyword is also a mandatory element of each block appearing in
a TSPROC input file; as in the SETTINGS block, the CONTEXT keyword in all of these blocks must be followed by a string of
20 characters or less. Up to five CONTEXT keywords can appear in any TSPROC processing block. (A “processing block™ is
any block other than the SETTINGS block.) If the CONTEXT string following any of the CONTEXT keywords in a processing
block agrees with that in the SETTINGS block, then the instructions in that block are processed by TSPROC. If not, the block
is ignored.

If at least one of the CONTEXT strings supplied in a processing block is “all,” the operations listed in that block override
the current TSPROC context defined in the SETTINGS block. Furthermore, CONTEXT keywords must precede all other key-
words in the processing block. Use of the CONTEXT concept allows a user to “turn on” and “turn off” various processes cited
in a TSPROC input file simply by altering the CONTEXT string in the SETTINGS block. Thus, the same TSPROC input file
can function in both the preparation for and the execution of the calibration process, which can be very useful when preparing
for a PEST run.

Specifying TIME and DATE within a Block

Many of the processing blocks in TSPROC allow for the optional processing of a subset of the available values based on
a user-specified time and date range. User-specified values for DATE 1 and TIME 1 define the starting point in the range, and
values specified for DATE 2 and TIME 2 define the endpoint of the range. If the DATE and TIME arguments are omitted, then
the entire time series is processed. If a DATE 1 keyword is present but a TIME 1 keyword is absent, then TIME 1 is assumed
to be 00:00:00; the same holds for DATE 2. If TIME 1 is present, then DATE 1 must be present; the same holds for TIME 2.
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Blocks within a TSPROC Input File

Table 1 lists the blocks that may be present within any TSPROC input file. Multiple occurrences of any block except the
SETTINGS block are permitted.

Each time series must be given a name by the user when it is imported into TSPROC or produced as an outcome of the pro-
cessing encapsulated in a TSPROC processing block; a time series is normally named with a NEW_SERIES NAME keyword.
A time series name must be 18 or fewer characters.

Many of the TSPROC processing options produce a new time series through processing or manipulating one or a num-
ber of existing time series. Where this occurs, the user must provide the name of both the existing time series (through a
SERIES NAME keyword) and the new time series (through a NEW_SERIES NAME keyword) to the current processing block.

Sometimes the processing of a time series results in the creation of an entity that is not another time series. When TSPROC
calculates certain statistics pertaining to the terms of a time series (through the SERIES STATISTICS block), these statistics are
stored in an “S_TABLE.” The outcomes of volumetric calculations carried out by the VOLUME CALCULATION block are
stored in an “V_TABLE.table,” The outcomes of exceedance time calculations carried out by the EXCEEDANCE-TIME block
are stored in an “E_TABLE.table.” Statistics based on the comparison of two time series are written to a “C_TABLE.” Hydro-
logic indices are stored in a general table (G_TABLE). As for the time-series entity, each of these other entities must be assigned
a name of 18 or fewer characters that follows the NEW_C TABLE, NEW_S TABLE, NEW_V _TABLE, NEW_G_TABLE and
NEW_E TABLE keywords in the pertinent processing blocks

TSPROC never overwrites one entity with another; the name provided for a new entity in a processing block must be dif-
ferent from the name of any existing entity of the same type. If desired, the ERASE ENTITY block can be used to erase entities
from memory to make room for other entities. This functionality can be very important when processing many lengthy time
series that make large demands on computer memory.

The remainder of this report section contains detailed discussions of the TSPROC blocks, arranged in alphabetical order.
Each block must contain one to five CONTEXT keywords and arguments as the first entries in the block; other keyword entries
may appear in any order within a block, unless noted otherwise.
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[HSPF, Hydrological Simulation Program-Fortran; USGS, U.S. Geological Survey; GSFLOW, Coupled Groundwater-Surface Water Flow Model;
PRMS, Precipitation-Runoff Modeling System; WDM, Watershed Data Management; UFORE_HYDRO, Urban Forest Effects Hydrological model;

PEST, Parameter ESTimation software]

Block name

Function of block

Required

SETTINGS

Provides settings for the current TSPROC run.

Input

GET MUL SERIES PLOTGEN
GET MUL SERIES GSFLOW GAGE

GET MUL SERIES SSF

GET MUL SERIES STATVAR

GET SERIES_SSF
GET SERIES_TETRAD

GET SERIES UFORE HYDRO

GET_ SERIES_WDM

Imports one or more time series from a HSPF PLOTGEN file.

Imports one or more series from “gage files” produced by the USGS GSFLOW model.
Imports multiple time series from a site sample file.

Imports one or more series from “statvar files” written by the PRMS model.

Imports a time series from a site sample file.

Imports one or more time series from a TETRAD output file.

Imports a time series from a UFORE_HYDRO model input or output file.

Imports a time series from a WDM file.

General series and table management

ERASE ENTITY

NEW SERIES UNIFORM
NEW TIME BASE
REDUCE_TIME SPAN
SERIES BASE_ LEVEL
SERIES CLEAN
SERIES COMPARE

SERIES DIFFERENCE
SERIES_DISPLACE
V_TABLE TO_SERIES

Removes a time series or table from TSPROC memory.

Creates a uniform valued series with a constant time increment.

Interpolates one time series to the sample dates and times of another.

Shortens a time series by deleting terms outside a user-specified date/time interval.
Subtracts a single term of one time series from all terms of another time series.
Erases terms in a series between user-supplied thresholds.

Calculates statistics that describe the goodness of fit between one time series and another, placing
the results ina C_TABLE.

Computes a new time series as the difference of subsequent terms of an existing time series.
Advances or retards the terms of a time series by a multiple of the sample interval.

Copies data from a V_TABLE to a time series.

Statistics and specialized processing

DIGITAL FILTER

EXCEEDANCE TIME

HYDRO EVENTS
HYDROLOGIC INDICES
PERIOD STATISTICS
SERIES EQUATION

SERIES STATISTICS

USGS_HYSEP

VOLUME CALCULATION

Passes a time series through a high pass, low pass, or band pass digital Butterworth filter, or a “base
flow separation filter,” to produce a new time series.

Calculates the times beyond which terms of a time series exceed user-specified thresholds, creating
an E TABLE.

Extracts portions of a time series associated with peak flow events.
Computes hydrologic indices for a time series.
Calculates basic statistics on a time series on a monthly or annual basis.

Carries out mathematical operations of arbitrary complexity between the terms of any number of
time series of identical time base to create a new time series.

Calculates certain statistics based on some or all of the terms comprising a time series, creating an
S_TABLE.

Performs hydrograph separation on the time series using one of three published USGS methods.

Calculates volume or mass by time integration of a flow or flux time series, thus creating a
V_TABLE.

Output

LIST_OUTPUT
WRITE PEST FILES

Writes TSPROC time series and tables to a text or site sample file.

Generates a PEST control file and a PEST instruction file for a parameter estimation process that
includes any number of time series, S TABLEs, V_.TABLEs and E TABLEs.
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DIGITAL_FILTER

The DIGITAL_FILTER block instructs TSPROC to calculate a new time series by passing an existing series through a digi-
tal filter. Two types of filter are provided. The Butterworth filter can remove high frequency components (low pass filter), low
frequency components (high pass filter), or both (band pass filter) from the original time series. The baseflow separation filter
allows extraction of quickflow (or storm flow) from a flow time series; baseflow can then be obtained by subtracting quickflow
from the original series by means of a SERIES EQUATION block.

Digital filtering can only be performed on a time series that has a constant sample interval and enough terms for the filter-
ing algorithm to work. Thus, before performing filtering operations, TSPROC checks the specified time series for these condi-
tions; if they are not met, TSPROC terminates execution with an error message. (Use the NEW_TIME BASE block with the
NEW_SERIES UNIFORM block to create a time series interpolated to a uniform time base, if this is a problem.) TSPROC does
not allow filtering operations to take place on a time series that has fewer than 20 data values.

Keywords available in the DIGITAL FILTER block are listed in table 2. Example application of a Butterworth filter within
a DIGITAL FILTER block is shown in figure 10; application of a baseflow separation filter (Nathan and McMahon, 1990) is

shown in figure 11.

Table 2. Keywords in a DIGITAL_FILTER block.—Continued

[db, decibel]

Keyword

Role

Specifications

CONTEXT

SERIES NAME

NEW SERIES NAME

FILTER TYPE
FILTER PASS

CUTOFF FREQUENCY

CUTOFF FREQUENCY 1

CUTOFF_FREQUENCY 2

STAGES

ALPHA

At least one CONTEXT keyword must be supplied;
up to five are permitted. If one of the CONTEXT
strings matches the CONTEXT string in the
SETTINGS block, or if one of the CONTEXT
strings is “all,” the DIGITAL FILTER block will
be processed.

Mandatory. The name of the time series on which
filtering operations will be carried out.

Mandatory. The name of the new series created by
TSPROC through filtering of an existing time
series.

Mandatory. The type of filter being implemented.

Mandatory if FILTER TYPE is “butterworth”;
disallowed otherwise. Informs TSPROC whether
to carry out low, band, or high pass filtering.

Mandatory if FILTER TYPE is “butterworth” and
FILTER PASS is “high” or “low”; disallowed
otherwise. For a high pass filter, the 3dB point of
low frequency roll-off. For a low pass, filter the
3dB point of high frequency roll-off. Frequency
in days: 1.

Mandatory if FILTER TYPE is “butterworth” and
FILTER_PASS is “band”; disallowed otherwise.
The 3dB point of low frequency roll-off. Fre-
quency in days 1.

Mandatory if FILTER TYPE is “butterworth” and
FILTER PASS is “band”; disallowed otherwise.
The 3dB point of high frequency roll-off. Fre-
quency in days 1.

Optional if FILTER TYPE is “butterworth”; disal-
lowed otherwise. Number of filter stages. The
more stages, the steeper is the high and/or low
frequency roll-off. Default is 1.

Mandatory if FILTER TYPE is “baseflow_separa-
tion”; disallowed otherwise. The assumed rela-
tive decay rate of baseflow.

Any character string without internal spaces of
20 characters or less in length. The CONTEXT
keyword(s) must precede all other keywords.

A name of 18 or fewer characters referencing a time
series stored within TSPROC’s memory.

Any character string without spaces up to
18 characters.

"butterworth" or “baseflow_separation” .

“low,” “band,” or “high”.

Real number.

Real number.

Real number.

Integer. 1, 2, or 3.

A real number greater than zero (normally in the
range 0.9 to 0.975).
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Keyword Role

Specifications

PASSES Optional if FILTER TYPE is “baseflow_separa-
tion”; disallowed otherwise. The number of filter

passes. Default is 1.

Optional. If FILTER TYPE is set to “butterworth,”
STAGES is set to 2, and FILTER_PASS is set to
“low,” then the second filter pass is performed
in the reverse direction, thereby nullifying any
phase shift incurred in the first low pass filter
pass.

REVERSE SECOND STAGE

CLIP_INPUT Optional for baseflow separation filter type; disal-

lowed for butterworth. If activated, prevents

terms of filtered time series from exceeding terms

of original time series. Default is “no.”

CLIP_ZERO Optional for baseflow separation filter type; disal-

lowed for butterworth. If activated, prevents

terms of filtered time series from becoming nega-

tive. Default is “no.”

Integer. 1 or 3 only.

“yes” or “no”.

“yes” or “no”.

“yes” or “no”.

START DIGITAL FILTER
CONTEXT context 1
FILTER TYPE butterworth
SERIES NAME flow
NEW SERIES NAME av_flow
FILTER PASS low
CUTOFF_FREQUENCY 0.08

END DIGITAL FILTER

Figure 10. Example of a DIGITAL_FILTER block for applying a Butterworth filter.

START DIGITAL FILTER

CONTEXT context 1

FILTER TYPE baseflow_separation
SERIES NAME flow

NEW SERIES NAME gflow

ALPHA 0.95

PASSES 1

CLIP INPUT yes

CLIP ZERO yes
END DIGITAL FILTER

Figure 11.

Example of a DIGITAL_FILTER block for applying a baseflow_separation filter.

Digital filtering is a fast and powerful means of accentuating certain aspects of a time series and removing others. A high
pass filter removes long-term variations from a time series, while a low pass filter removes short-term variations. A band pass
filter removes both short- and long-term variations, allowing only medium-term variations to remain in the filtered time series.
Many different types of filters can be constructed to implement all three of these types of operation. TSPROC implements the
Butterworth filter; this has the desirable property that its frequency response is maximally flat within the pass band. TSPROC
also implements a baseflow separation filter— a form of high pass filter with a more gentle frequency roll-off than the Butter-
worth filter outside the pass band. The baseflow separation filter is suitable for separation of the quickflow component of stream-
flow; baseflow can then be obtained by subtraction from the original streamflow. See Nathan and McMahon (1990) for details.

Use of each of the types of digital filter implemented by TSPROC is discussed in the following sections.
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Butterworth Filter

When a Butterworth filter is used, its frequency characteristics must be provided directly through pertinent keywords
within the DIGITAL FILTER block.

The boundary between the pass band and the stop band of a filter is normally denoted by the “3 decibel point,” because
3 decibels (dB) is the frequency at which the amplitude response is a factor of about /2 less than it is in the pass band. In
designing a low pass Butterworth filter, one such frequency is required, and it is supplied with the CUTOFF_FREQUENCY
keyword. The same holds for a high pass Butterworth filter, except that the amplitude decreases with decreasing frequency
from the 3dB point for a high pass filter, whereas it decreases with increasing frequency from the 3dB point for a low pass
filter. For a band pass filter, an upper and a lower 3dB frequency are required and must be supplied following the CUTOFF
FREQUENCY 1 and CUTOFF_FREQUENCY 2 keywords. The former must be less than the latter, or TSPROC terminates
processing of the DIGITAL FILTER block and issues an error message.

Frequencies must be supplied in units of day' regardless of the time increment of the time series. Sometimes it is easier to
think in terms of period rather than frequency; period is the reciprocal of frequency. A fluctuation that repeats itself every n days
has a frequency of 1/n day™'; note than n can be greater or less than a day. For a period of 6 hours, n is % days and the frequency
is 4 day'; for a period of 10 days, the frequency is 1/10 day.

To prevent aliasing (the presence of unwanted components in the filtered signal), a high, low, or band pass cutoff frequency
must be less than one-half the sample frequency of the time series that is undergoing filtering. For example, a cutoff frequency
for an hourly time series must be less than 12 day'. A cutoff frequency for a daily time series must be less than 2 day'.

As mentioned above, steeper frequency decreases can be achieved through using more than one filter STAGE; up to three
STAGEs are allowed by TSPROC. However, if a STAGE keyword is not supplied, then a single stage is assumed. Although
more stages mean greater signal rejection within the frequency stopband, the resulting propensity for “ringing,” and the greater
phase lag between the input and output signals, may be unwanted in many hydrologic applications.

Frequencies within the pass band of a filter are conveyed with minimal attenuation. However, as the edge of the pass band
is approached, and outside the pass band, the input time series is attenuated. The decrease of output amplitude with increas-
ing or decreasing frequency outside the pass band is referred to as “roll-off” in filtering jargon. The more stages that a filter
employs, the steeper is this roll-off. Steep roll-off comes at a price—the tendency for the filter output to oscillate or “ring” in
response to high amplitude events within the input time series. A phase delay between the input and output time series can also
be introduced. An octave is a doubling of frequency, and a dB is a measure of signal power gain or loss. Roll-off is 6 dB/octave
for a one-stage Butterworth filter, 12 dB/octave for a two-stage Butterworth filter, and 18 dB/octave for a three-stage Butter-
worth filter. Roll-off is 3dB/octave for one pass of the baseflow separation filter and 9 dB /octave for three passes of this filter. A
roll-off rate of 6 dB/octave is equivalent to a halving of output amplitude with every factor of two changes in frequency; this is
sufficient for most applications in surface-water hydrology.

Baseflow Separation Filter

Only two keywords are required to specify the characteristics of a baseflow separation filter, the ALPHA and PASSES key-
words. ALPHA is the rate of decay of baseflow relative to current flow rate, and a value of 0.92— 0.98 is suitable for most appli-
cations; however, as pointed out by Nathan and McMahon (1990), a little trial and error may be required for selecting the most
appropriate value for any particular application. The value of ALPHA is independent of the series sample interval. PASSES is
similar to the STAGE keyword required by the Butterworth filter; yet it is also a little different in that different internal filter
coefficients are not used for different passes. Furthermore, only one or three passes can be implemented, and the second pass is
implemented in the reverse direction to mitigate phase shifts. If the PASSES keyword is not supplied, a value of 1 is assumed.

The output of the baseflow separation filter is a time series that represents the quickflow component of streamflow. Base-
flow can then be obtained by subtracting quickflow from the original streamflow time series by use of the SERIES EQUATION
block. The occurrence of negative filtered terms, or terms that are greater than the original streamflow record, can be prevented
by clipping—(see below).

Clipping (Baseflow Separation Only)

The outputs of the baseflow separation filter (but not the Butterworth filter) can be clipped to prevent negative values or
values that are greater than those of the input time series. Negative values can be prevented by use of the CLIP_ZERO key-
word, and values that are higher than the input time series can be prevented by use of the CLIP_INPUT keyword (fig. 11); in
both cases, a “yes” or “no” specifier must be provided in the DIGITAL FILTER block to enable clipping, and a default of “no”
is assumed. The action of this filter is to provide time series that have similar characteristics to baseflow and quickflow, and
this can be helpful for calibration of a model where the contribution of baseflow and quickflow to the objective function can be
monitored and enhanced, if desired, through appropriate weights selection.
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Settling Time

A digital filter sometimes takes a while to “settle down” when filtering operations begin on a time series; this applies more
to a multistage Butterworth filter than to the baseflow separation filter implemented by TSPROC. To ensure integrity of a filtered
time series, it may sometimes be necessary to remove the first part of the filtered series by use of the REDUCE TIME SPAN

block.

Reverse Filtering

If FILTER TYPE is set to “butterworth,” FILTER PASS is set to “low” and STAGES is set to 2, then the second stage of
Butterworth filtering can be performed in the reverse direction to that of the first stage of filtering. Low pass filtering can incur a
substantial phase shift, thereby delaying peaks and troughs occurring within the original time series. This phase change-induced
delay can be rectified by running the digital filter from late times to early times in the second filtering stage. The user should
use reverse filtering with caution, because it can sometimes actually amplify the low frequency component of filtered peaks and
troughs remaining after the two-stage filtering operation has taken place.
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ERASE_ENTITY

If a time series or table, especially one that contains many terms, is no longer required by TSPROC, then it can be erased
from TSPROC’s memory to make room for other TSPROC entities. This is achieved through use of the ERASE ENTITY block.
Keywords found in the ERASE ENTITY block are listed in table 3. An example of an ERASE _ENTITY block is shown in
figure 12. Keywords in the ERASE ENTITY block can be supplied in any order except for the CONTEXT keyword(s), which
must precede all other keywords.

Table 3. Keywords in an ERASE_ENTITY Block.

Keyword

Role

Specifications

CONTEXT

SERIES NAME

C_TABLE NAME

S_TABLE_NAME

V_TABLE NAME

E_TABLE NAME

G_TABLE NAME

At least one CONTEXT keyword must be supplied; up
to five are permitted. If one of the CONTEXT strings
matches the CONTEXT string in the SETTINGS block,
or if one of the CONTEXT strings is “all,” the ERASE
ENTITY block will be processed.
Optional. The name of a time series to be erased.
Optional. The name of a C_TABLE to be erased.
Optional. The name of an S_TABLE to be erased.
Optional. The name of a V_TABLE to be erased.
Optional. The name of a E_ TABLE to be erased.

Optional. The name of a G TABLE to be erased.

Any character string without internal spaces of 20 or fewer
characters. The CONTEXT keyword(s) must precede all
other keywords.

A name of 18 or fewer characters referencing a time series
stored within TSPROC’s memory.

A name of 18 characters or fewer referencinga C TABLE
stored within TSPROC’s memory.

A name of 18 or fewer characters referencing an S TABLE
stored within TSPROC’s memory.

A name of 18 or fewer characters referencing a V_TABLE
stored within TSPROC’s memory.

A name of 18 or fewer characters referencing a E TABLE
stored within TSPROC’s memory.

A name of 18 or fewer characters referencing a G_TABLE
stored within TSPROC’s memory.

START ERASE ENTITY
CONTEXT context 1
C_TABLE NAME compare
E_TABLE NAME ex flow
S_TABLE NAME stat_ flow
V_TABLE NAME vol flow
SERIES NAME flow

END ERASE ENTITY

Figure 12.

Example of an ERASE_ENTITY block.
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The EXCEEDANCE_TIME block instructs TSPROC to calculate the duration of time when user-supplied flows or fluxes
have or have not been exceeded. The outcomes of EXCEEDANCE TIME calculations are stored in an E_ TABLE. Like every
other storage entity used by TSPROC, the user must provide a name for each E TABLE produced in this manner so that it can
be referenced in later processing.

Keywords available in the EXCEEDANCE_TIME block are listed in table 4; an example of an EXCEEDANCE TIME
block is shown in figure 13. Keywords can be supplied in any order, except for the CONTEXT keyword(s),which must precede
all others, and the DELAY keyword, which (if used) must directly follow a FLOW keyword.

Table 4. Keywords in an EXCEEDANCE_TIME block.

Keyword

Role

Specifications

CONTEXT

SERIES NAME

NEW _E_TABLE NAME

EXCEEDANCE TIME UNITS

UNDER OVER

FLOW

DELAY

At least one CONTEXT keyword must be supplied,
up to five are permitted. If one of the CONTEXT
strings matches the CONTEXT string in the SET-
TINGS block, or if one of the CONTEXT strings
is “all,” the EXCEEDANCE_TIME block will be
processed.

Mandatory. The name of the time series on which
exceedance time calculations will be carried out.

Mandatory. The name of the new E_ TABLE used to
store the outcomes of exceedance time calcula-
tions carried out by TSPROC.

Mandatory. The time units to be used for storage of
calculated exceedance times.

Optional. Informs TSPROC whether to calculate
times for which flow thresholds are exceeded
(“over”) or are not exceeded (“under”).

At least one FLOW keyword must be present. This
is a threshold for which exceedance times are to
be calculated.

Optional; but if supplied for one FLOW, must be
supplied for all FLOWSs. The time delay for any
one event before time accumulation commences.

Any character string without internal spaces of 20 or
fewer characters. The CONTEXT keyword(s) must
precede all other keywords.

A name of 18 or fewer characters referencing a time
series stored within TSPROC’s memory.

Any character string without spaces up to
18 characters.

it} EERT3

“year,” “month,” “day,” “hour,” “min,” or “sec”.

“under” or “over”; default is “over”.

Real number.

Real number. Time units are same as those supplied
with EXCEEDANCE_TIME_UNITS keyword.

CONTEXT all

FLOW 0.0

FLOW 10.0
FLOW 20.0
FLOW 50.0
FLOW 100.0
FLOW 200.0

END EXCEEDANCE TIME

START EXCEEDANCE TIME

SERIES NAME outflow
NEW E TABLE NAME et flow
EXCEEDANCE_TIME_UNITS days

Figure 13.

Example of an EXCEEDANCE_TIME block.

EXCEEDANCE_TIME UNITS can be one of the following:”year” (years), “month” (months), “day” (days), “hour”
(hours), ”min” (minutes), “sec” (seconds). The choice of time units affects the calculated effect of the “DELAY” keyword, the
calculation of the total time encompassed by the time series, and the units in which the exceedance tables are reported.

Any number of FLOW keywords can be provided in an EXCEEDANCE_TIME block. For each such FLOW, if UNDER _
OVER s set to “over” (or if this keyword is omitted) and if no DELAY keywords are supplied, TSPROC calculates the time
accumulated when the specified flow is exceeded. Alternatively, if UNDER_OVER is set to “under,” TSPROC calculates the
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accumulated time when flow was less than each specified FLOW. Note that in carrying out these calculations, TSPROC does
more than simply count the number of time-series terms that exceed, or are less than, the value of each FLOW, and then multiply
the number of terms by the series sampling interval. This would be an incorrect procedure for two reasons. First, as mentioned
above, TSPROC does not assume a uniform sampling interval for any series. Second, an exceedance-time calculation that is
carried out in this way on the basis of a model-generated time series will be slightly discontinuous with respect to model param-
eters, which will lead to a degradation in the performance of PEST as it attempts to estimate these parameters. Instead, TSPROC
carries out linear interpolation between the terms of a time series to find the “exact time” when a FLOW threshold was crossed
and commences or ceases accumulating time from that point. The result is a continuous relationship between exceedance times
and parameters as the latter vary during a parameter-estimation process.

Exceedance times calculated by TSPROC can be stored internally (and listed through the LIST OUTPUT block) in
time units of years, months, days, hours, minutes, or seconds. The user must set one of these options through the mandatory
EXCEEDANCE TIME UNIT keyword.

Exceedance time calculations carried out by TSPROC need not be limited to time series that represent flow. A suitable time
series could represent any environmental quantity; the numbers following the FLOW keywords in the EXCEEDANCE TIME
block would then refer to the same quantity.

Use of the DELAY keyword requires special consideration. An EXCEEDANCE TIME block in which this keyword is
featured is shown in figure 14.

START EXCEEDANCE TIME
CONTEXT all

SERIES NAME sim flow

NEW_E TABLE NAME sim extime
EXCEEDANCE_TIME UNITS days
UNDER_OVER under

FLOW 20.0

DELAY 3.0

FLOW 50.0

DELAY 10.0

FLOW 100.0

DELAY 15.0

FLOW 200.0

DELAY 20.0
END EXCEEDANCE TIME

Figure 14. Example of an EXCEEDANCE_TIME block showing the use of the DELAY keyword.

If a DELAY keyword is used, it must directly follow the FLOW keyword to which it pertains. Furthermore, a DELAY key-
word must follow all FLOW keywords, or follow none at all.

Use of the DELAY keyword controls how exceedance time is accumulated over the period spanned by a time series. In the
example shown above, UNDER _OVER is set to “under,” so that time for the first FLOW entry (20 in this example) is accumu-
lated for elements of the “sim_flow” series that have values less than 20. However, for any event where the time-series value
is less than 20, time accumulation does not begin until 3 days after the beginning of the event. The time units pertaining to the
DELAY keyword are assumed to be those supplied with the EXCEEDANCE TIME UNITS keyword.

Use of the DELAY keyword can be particularly useful when studying the effect of stream condition on biotic health. In
many instances, the lethality of a particular adverse condition is a function of the magnitude and duration of the condition. The
more harmful the condition, the shorter the time that elapses before the condition exerts a deleterious influence on system health.
This relationship is often described by “toxicity curves” relating, for example, concentration of a constituent to the exposure
time. The greater is the concentration, the less is the exposure time required to cause damage. By accumulating the time when a
user-specified chemical concentration or sediment load is exceeded (or for which flow is below a user-specified threshold), and
by subtracting the time required for the onset of harmful effects during each such “toxicity event,” the total time when biotic
health suffered can be calculated.



FLOW_DURATION

Parameter Estimation and TSPROC 25

A flow-duration curve is a cumulative frequency curve that shows the percent of time values are equaled or exceeded dur-
ing a given period (Searcy, 1959). The FLOW_DURATION block causes TSPROC to calculate observed or modeled values
associated with a range of exceedance probabilities. FLOW_DURATION calculations are stored in a G_ TABLE, and must be
provided a unique name for reference later in the TSPROC instruction file.

Keywords available in the FLOW_DURATION block are listed in table 5; an example of an FLOW_DURATION block
is shown in figure 15. Keywords can be supplied in any order, except for the CONTEXT keyword(s),which must precede all
others. If no EXCEEDANCE PROBABILITIES keyword is provided, values (flows) are calculated for the following exceed-
ance probabilities: 99.5%, 99%, 98%, 95%, 90%, 75%, 50%, 25%, 10%, 5%, 2%, 1%, 0.5%. A custom probability list may be
specified with the EXCEEDANCE_PROBABILITIES keyword. The list of percentages provided with this keyword may be
specified in any order and are separated by spaces.

Table 5. Keywordsin a FLOW_DURATION block.

[dd/mm/yyyyormm/dd/yy,where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,
where hh is the number of digits representing the hour, mm represents minutes, and ssr epresents seconds]

Keyword

Specifications

CONTEXT

SERIES NAME

NEW G TABLE NAME

EXCEEDENCE PROBABILITIES

DATE 1

TIME 1

DATE 2

TIME 2

At least one CONTEXT keyword must be sup-
plied; up to five are permitted. If one of the
CONTEXT strings matches the CONTEXT
string in the SETTINGS block, or if one of the
CONTEXT strings is "all," the FLOW_DURA-
TION block will be processed.

Mandatory. The name of the time series on which
flow duration calculations will be carried out.

Mandatory. The name of the new G_TABLE used
to store the outcomes of flow duration calcula-
tions carried out by TSPROC.

Optional. This keyword allows for calculation of
values associated with a custom list of ex-
ceedence probabilities.

Optional. Terms of time any series before TIME 1
on this date are not imported.

Optional. Terms of any time series before this time
on DATE 1 are not imported.

Optional. Terms of any time series after TIME 2
on this date are not imported.

Optional. Terms of any time series after this time
on DATE 2 are not imported.

Any character string without internal spaces
of 20 or fewer characters. The CONTEXT
keyword(s) must precede all other keywords.

A name of 18 or fewer characters referencing a
time series stored within TSPROC’s memory.

Any character string without spaces up to 18
characters.

Space-delimited list of integers and/or real values
ranging from 0. to 100. Need not be sorted.

Either dd/mm/yyyy or mm/dd/yy, depending on
the DATE_FORMAT setting in the SETTINGS
block.

hh:mm:ss .

Either dd/mm/yyyy or mm/dd/yy, depending on
the DATE FORMAT setting in the SETTINGS
block.

hh:mm:ss .




26 Approaches in Highly Parameterized Inversion: TSPROC, a General Time-Series Processor

# This first block shows the usage when the default probabilities
# are accepted
START FLOW DURATION
CONTEXT all
SERIES NAME 0g6500
NEW G TABLE NAME g dur obs
END FLOW_ DURATION

# This second block shows the usage when the user provides the
# probabilities of interest
START FLOW_DURATION
CONTEXT all
SERIES NAME Sg6500
NEW G TABLE NAME g dur obs cust
EXCEEDANCE PROBABILITIES 3. 7. 11. 99. 87. 66. 45. 33.
END FLOW DURATION

Figure 15. Example of a FLOW_DURATION block.

If a user desires that EXCEEDANCE TIME calculations be restricted to a certain date/time interval, a time series can be
shortened prior to EXCEEDANCE TIME calculations by use of the REDUCE TIME SPAN block.



GET_MUL_SERIES_GSFLOW_GAGE

The GET _MUL _SERIES GSFLOW_GAGE block is used for extracting one or a number of time series from a “gage file”
produced by the USGS GSFLOW model (Markstrom and others, 2008). Additional details about this file format are provided in

Appendix 1.
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Keywords available in the GET MUL_SERIES GSFLOW_GAGE block are listed in table 6; an example of a
GET_MUL_SERIES GSFLOW_GAGE block is shown in figure 16. Keywords may be supplied in any order, except for the
CONTEXT keyword(s), which must precede all others.

Table 6. Keywordsina GET_MUL_SERIES_GSFLOW_GAGE block.

[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,

where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Keyword Role Specifications

CONTEXT At least one CONTEXT keyword must be supplied;  Any character string without internal spaces of 20 or
up to five are permitted. If one of the CONTEXT fewer characters. The CONTEXT keyword(s) must
strings matches the CONTEXT string in the SET- precede all other keywords.
TINGS block, or if one of the CONTEXT strings
is “all,” the GET_MUL_SERIES GSFLOW _
GAGE block will be processed.

FILE Mandatory. The name of the GSFLOW gage file Any file name up to 120 characters. Use quotes if the
containing the time series to be imported. filename contains blank characters.

DATA_ TYPE Mandatory. The name of a data type to be imported;

NEW_SERIES NAME

MODEL REFERENCE DATE

MODEL REFERENCE TIME

TIME UNITS PER DAY

DATE 1

TIME 1

DATE_ 2

TIME 2

data types comprise column headers within a GS-
FLOW gage file. The name of a new series must
immediately follow the DATA_ TYPE keyword
in the GET_MUL_SERIES GSFLOW_GAGE
block.

Mandatory. The name of a new series as stored by
TSPROC. This keyword must immediately follow
a DATA_TYPE keyword, which specifies the
dataset imported from the site sample file.

Mandatory. The date corresponding to zero model
simulation time. Simulation times are recorded in
the GSFLOW gage file.

Mandatory. The time corresponding to zero model
simulation time. Simulation times are recorded on
the GSFLOW gage file.

Optional. The number of time units as employed by
the GSFLOW gage file comprising one day. If
omitted, this is assumed to be 1.

Optional. Terms of time any series before TIME 1
on this date are not imported.

Optional. Terms of any time series before this time
on DATE 1 are not imported.

Optional. Terms of any time series after TIME 2 on
this date are not imported.

Optional. Terms of any time series after this time on
DATE_2 are not imported.

Any character string without internal spaces up to
30 characters.

Any character string without internal spaces up to
18 characters.

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE FORMAT setting in the SETTINGS block.

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE FORMAT setting in the SETTINGS block.

A real number.

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE_FORMAT setting in the SETTINGS block.

hh:mm:ss .

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE FORMAT setting in the SETTINGS block.

hh:mm:ss.




START GET MUL SERIES GSFLOW_GAGE
CONTEXT all

FILE filela.ggo

DATA TYPE flow

NEW SERIES NAME flow s

DATA TYPE uzf-runoff

NEW SERIES NAME uzfr s

TIME UNITS PER DAY 1

MODEL_ REFERENCE DATE 1/1/2000
MODEL REFERENCE TIME 12:00:00
DATE_1 3/4/2005

TIME 1 12:00:00

DATE_2 6/9/2010

TIME_2 00:00:00
END GET MUL SERIES GSFLOW GAGE

Figure 16. Example of a GET_MUL_SERIES_GSFLOW_GAGE block.

Entries pertaining to each imported series must be grouped; thus, one or a number of pairs of DATA_TYPE and NEW _
SERIES NAME keywords (in that order) must be provided in the GET MUL SERIES GSFLOW_GAGE block. DATA TYPE
refers to a column header in the GSFLOW gage file, while NEW_SERIES NAME provides the name of the imported series
stored by TSPROC. The number of these keyword pairs that can appear in a GET MUL SERIES GSFLOW_GAGE block is
not limited; a new series is imported for each such pair.

Each GSFLOW gage file contains a “time” column designated by an appropriate header. Entries in this column are nor-
mally in days; TSPROC uses days as the default unless a TIME UNITS PER DAY keyword is present within the GET
MUL SERIES GFLOW_GAGE block. However, where the time units are different from days, TSPROC must employ a time
conversion factor as it imports the time series, and this factor is supplied as the entry following the TIME UNITS PER DAY
keyword. Suppose that time units are actually hours; then TIME UNITS PER DAY should be supplied as 24.0. Thus, as the
name suggests, the number of time units employed by the model collectively comprise 1 day.

To convert model simulation time to days and times, a reference date and time are needed, and they are the date and time
corresponding to a simulation time of zero. These items must be supplied following the MODEL REFERENCE DATE and
MODEL REFERENCE TIME keywords, which are mandatory in the GET MUL SERIES GSFLOW_GAGE block.

The DATE 1, TIME 1 and DATE 2, TIME 2 keywords can be employed to restrict the length of the time series that is
imported into TSPROC. No entries before DATE 1, TIME 1 or after DATE 2, TIME 2 are imported. Missing TIME 1 and
TIME 2 entries denote a time of 00:00:00 in each case. Either or both of the DATE 1 and DATE 2 keywords can be omitted
from the GET MUL SERIES GSFLOW_GAGE block. If both of them are missing, the entire time series is imported.
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GET_MUL_SERIES_SSF/ GET_SERIES_SSF

The GET _MUL _SERIES SSF block allows one or more series to be imported from a single site sample file in one opera-
tion. The format of the site sample file is generic and simple (Appendix 1); it can be used, for example, to store processed obser-
vation data for later use in a lengthy parameter-estimation run. Note that for compatibility with previous versions of TSPROC, a
“GET_SERIES_SSF” block is processed as described in this section as well.

Table 7 shows the keywords appearing in a GET MUL_SERIES SSF block. An example of a GET MUL SERIES SSF
block is shown in figure 17.

Table 7. Keywordsin a GET_MUL_SERIES_SSF block.

[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,

where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Keyword Role Specifications

CONTEXT At least one CONTEXT keyword must be supplied; up ~ Any character string without internal spaces of 20 or
to five are permitted. If one of the CONTEXT strings fewer characters. The CONTEXT keyword(s) must
matches the CONTEXT string in the SETTINGS precede all other keywords.
block, or if one of the CONTEXT strings is “all,” the
GET MUL _ SERIES SSF block will be processed.

FILE Mandatory. The name of the site sample file containing ~ Any file name up to 120 characters. Use quotes if the
the time series to be imported. filename contains blank characters.

SITE Mandatory. The name of a site within the site sample Any character string without internal spaces up to
file for which a time series is to be imported. The 18 characters.
name of a new series must immediately follow the
SITE keyword in the GET_MUL_SERIES_SSF
block.

NEW_SERIES_NAME Mandatory. The name of a new series as stored by Any character string without internal spaces up to
TSPROC. This keyword must immediately follow 18 characters.
the SITE keyword which specifies the dataset im-
ported from the site sample file.

DATE 1 Optional. Terms of time series before TIME 1 on this Either dd/mm/yyyy or mm/dd/yy, depending on the
date are not imported. DATE FORMAT setting in the SETTINGS block.

TIME 1 Optional. Terms of time series before this time on hh:mm:ss .
DATE 1 are not imported.

DATE_2 Optional. Terms of time series after TIME_2 on this Either dd/mm/yyyy or mm/dd/yy, depending on the
date are not imported. DATE FORMAT setting in the SETTINGS block.

TIME 2 Optional. Terms of time series after this time on hh:mm:ss .

DATE 2 are not imported.

START GET MUL SERIES SSF
CONTEXT all
FILE flows.ssf
SITE rebec ck
NEW SERIES NAME rebecca
SITE horton ck
NEW_SERIES NAME horton
SITE sandy ck
NEW_SERIES NAME sandy
DATE_1 06/03/1970
TIME 1 12:00:00
DATE 2 09/01/1980
TIME 2 00:00:00
END GET MUL_SERIES SSF

Figure 17.

Example of a GET_MUL_SERIES_SSF block.
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The DATE and TIME specifiers are optional. If they are omitted, then the entire time series pertaining to each of the
nominated sites is imported. If a DATE 1 keyword is present but a TIME 1 keyword is absent, then TIME 1 is assumed to be
00:00:00; this also applies for DATE 2. If TIME 1 is present, then DATE 1 must be present; the same holds for TIME 2.

A GET MUL SERIES SSF block can contain multiple instances of the SITE and NEW_SERIES NAME keywords.
These keywords must be supplied in pairs, with the SITE keyword immediately preceding the associated NEW_SERIES
NAME keyword. The same site cannot be supplied twice.

Correct operation of the instructions contained within the GET MUL SERIES SSF block assumes that the site sample file
read by use of this block is correct and consistent. This includes the date format of the site sample file, which must be consistent
with date format specified in the SETTING block of the TSPROC input file.



GET_MUL_SERIES_STATVAR

STATVAR files are written by the USGS Precipitation-Runoff Modeling System (PRMS) model (Leavesley and others,
1983), as well as by the USGS GSFLOW model (Markstrom and others, 2008). An example of such a file is given in figure 18.
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node cfs.musroute 132

runoff.obs 16

node cfs.musroute 87

node cfs.musroute 14

1 1975 6 1 0 0 0 2.490942 6.434562 3.300000 0.000000
2 1975 6 2 0 0 0 2.501948 7.389743 2.800000 0.000000
3 1975 6 3 0 0 0 2.476184 9.652343 2.900000 0.000000
{..continues...}

Figure 18.

Example of the header and first three lines of a STATVAR file.

Keywords that can be employed in a GET _MUL_SERIES STATVAR block are provided in table 8. An example of a
GET MUL SERIES STATVAR block is given in figure 19.

Table 8. Keywordsina GET_MUL_SERIES_STATVAR block.

[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,
where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Keyword

Role

Specifications

CONTEXT

FILE

VARIABLE NAME

LOCATION ID

NEW_ SERIES NAME

DATE 1

TIME 1

DATE 2

TIME 2

At least one CONTEXT keyword must be supplied; up
to five are permitted. If one of the CONTEXT strings
matches the CONTEXT string in the SETTINGS
block, or if one of the CONTEXT strings is “all,”
the GET_MUL_SERIES STATVAR block will be
processed.

Mandatory. The name of the STATVAR file containing
the time series to be imported.

Mandatory. The name of a variable within the STAT-
VAR file for which a time series is to be imported.
Collectively a variable name and location id denote a
unique time series.

Mandatory. The location identifier for an imported time
series. The location id together with a variable name
collectively denote a unique time series. This key-
word must immediately follow a VARIABLE NAME
keyword.

Mandatory. The name of a new series as stored by
TSPROC. This keyword must immediately follow a
LOCATION _ID keyword.

Optional. Terms of any time series before TIME 1 on
this date are not imported.

Optional. Terms of any time series before this time on
DATE 1 are not imported.

Optional. Terms of any time series after TIME_2 on this
date are not imported.

Optional. Terms of any time series after this time on
DATE 2 are not imported.

Any character string without internal spaces of 20 or
fewer characters. The CONTEXT keyword(s) must
precede all other keywords.

Any file name up to 120 characters. Use quotes if the
filename contains blank characters.

Any character string without internal spaces up to
50 characters.

An integer.

Any character string without internal spaces up to 18
characters.

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE_FORMAT setting in the SETTINGS block.

hh:mm:ss .

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE FORMAT setting in the SETTINGS block.

hh:mm:ss .




START GET MUL_SERIES STATVAR
CONTEXT all

FILE statvar.dat

VARIABLE NAME node cfs.musroute
LOCATION ID 132

NEW SERIES NAME runofflé
VARIABLE NAME node cfs.musroute
LOCATION ID 2

NEW SERIES NAME cfs2

DATE_1 6/4/1975

TIME 1 12:00:00

DATE_2 10/29/2001

TIME 2 00:00:00
END GET MUL SERIES STATVAR

Figure 19. Example of a GET_MUL_SERIES_STATVAR block.

A GET MUL _SERIES STATVAR block can be used to import one or a number of series from a STATVAR file. Each
imported series is identified by a VARIABLE NAME and LOCATION _ID. These two keywords must be supplied in that order,
immediately followed by a NEW_SERIES NAME keyword for each series to be imported. As many such triplets must be fea-
tured in this block as there are series to import.

The DATE 1, TIME 1, DATE 2 and TIME 2 keywords are optional. If none of these keywords is supplied, then the
entirety of each time series is imported. If any of these keywords are present, then no series terms that predate DATE 1,
TIME 1 or postdate DATE 2, TIME 2 are imported. If TIME 1 or TIME 2 is omitted, a time of 00:00:00 is assumed in
either case.



GET_MUL_SERIES_PLOTGEN / GET_SERIES_PLOTGEN

The GET _MUL_SERIES PLOTGEN block governs importation of time-series data from a HSPF PLOTGEN file into
TSPROC. Each NEW_SERIES NAME keyword in this block must directly follow a LABEL keyword to clarify the association
between the time-series label in the HSPF PLOTGEN file and the name of the new series stored within TSPROC. Table 9 lists
the allowable keywords in a GET MUL_SERIES PLOTGEN block. For compatibility with previous versions of TSPROC, a
control file that contains a “GET_SERIES PLOTGEN” block is recognized and treated as a GET _MUL_SERIES PLOTGEN
block. Figure 20 shows an example of a GET _MUL_SERIES PLOTGEN block.

Table 9. Keywordsina GET_MUL_SERIES_PLOTGEN block.
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[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,
where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Keyword Role Specifications

CONTEXT At least one CONTEXT keyword must be supplied; up  Any character string without internal spaces of 20 or
to five are permitted. If one of the CONTEXT strings fewer characters. The CONTEXT keyword(s) must
matches the CONTEXT string in the SETTINGS precede all other keywords.
block, or if one of the CONTEXT strings is “all,”
the GET_MUL_SERIES PLOTGEN block will be
processed.

FILE Mandatory. The name of the PLOTGEN file containing  Any file name up to 120 characters. Use quotes if the
the time series to be imported. filename contains spaces.

LABEL At least one LABEL keyword must be present. This is ~ Any character string up to 20 characters. If the string

NEW SERIES NAME

the PLOTGEN label pertaining to a time series that
is to be imported.

Mandatory. The name of the new series as stored by
TSPROC. This must immediately follow the LABEL
keyword pertaining to the imported time series.

DATE 1 Optional. Terms of the time series before TIME_1 on
this date are not imported.

TIME 1 Optional. Terms of the time series before this time on
DATE 1 are not imported.

DATE 2 Optional. Terms of the time series after TIME_2 on this
date are not imported.

TIME 2 Optional. Terms of the time series after this time on

DATE 2 are not imported.

contains blank characters, enclose it in quotes.

Any character string without spaces up to 18 characters.

Either dd/mm/yyyy or mm/dd/yyyy, depending on the
DATE _FORMAT setting in the SETTINGS block.

hh:mm:ss .

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE_FORMAT setting in the SETTINGS block.

hh:mm:ss .

START GET MUL_SERIES PLOTGEN

CONTEXT all

FILE hspfout.plt

LABEL "total outflow"

NEW SERIES NAME t outflow
LABEL interflow

NEW SERIES NAME interflow
DATE 1 6/1/1976

TIME 1 00:12:00

DATE_2 7/1/1976

TIME 2 00:12:00
END GET MUL_ SERIES PLOTGEN

Figure 20.

Example of a GET_MUL_SERIES_PLOTGEN block.

DATE and TIME specifiers are optional in a GET MUL SERIES PLOTGEN block. If they are absent from the block,
then the entire time series pertaining to each nominated label is imported. If a DATE 1 keyword is present but a TIME 1 key-
word is absent, then TIME 1 is assumed to be 00:00:00; the same applies for DATE 2. However, if TIME 1 is present, then

DATE 1 must also be present; the same holds for TIME 2.
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GET_SERIES_WDM

Instructions provided in this block allow TSPROC to import a time series from a Watershed Data Management (WDM) file.
Many hydrologic and water-quality models and analyses developed by the U.S. Geological Survey and the U.S. Environmental
Protection Agency currently use a WDM file. The WDM file is a binary file that provides the user with a common data base for
many applications, thus eliminating the need to reformat data from one application to another.

Table 10 shows the keywords permissible in a GET _SERIES WDM block. An example of a GET _SERIES WDM block is

given in figure 21.

Table 10.

Keywords within a GET_SERIES_WDM block.

[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,
where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Keyword

Role

Specifications

CONTEXT

FILE

NEW SERIES NAME

DSN

DATE 1

TIME 1

DATE 2

TIME 2

DEF TIME

FILTER

At least one CONTEXT keyword must be supplied; up
to five are permitted. If one of the CONTEXT strings
matches the CONTEXT string in the SETTINGS
block, or if one of the context strings is “all,” the
GET SERIES WDM block will be processed.

Mandatory. The name of the WDM file containing the
time series to be imported.

Mandatory. The name of the new time series as stored by
TSPROC.

Mandatory. The data set number of the time series to be
imported.

Optional. Terms of the time series before TIME 1 on
this date are not imported.

Optional. Terms of the time series before this time on
DATE 1 are not imported.

Optional. Terms of the time series after TIME 2 on this
date are not imported.

Optional. Terms of the time series after this time on
DATE 2 are not imported.

Optional. If the time series imported from a WDM file
has a time step of 1 day or greater, each term pertains
to a date, but not to a time. Upon importation into
TSPROC, each term of such a series is referenced to
REF_TIME. Default is 00:00:00.

Optional. Terms of the time series that have this value
are ignored upon importation into TSPROC.

Any string without internal spaces of 20 or fewer charac-
ters. The CONTEXT keyword(s) must precede all other
keywords.

Any file name up to 120 characters. Use quotes if the
filename contains blank characters.

Any character string without internal spaces up to
18 characters.

Any integer for which a time series dataset is available
within the nominated WDM file.

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE FORMAT setting in the SETTINGS block.

hh:mm:ss .

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE_FORMAT setting in the SETTINGS block.

hh:mm:ss .

hh:mm:ss. If DEF_TIME is supplied as 24:00:00, a time
0f' 00:00:00 on the following day will be assigned to all
samples.

Real number.
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START GET_SERIES_ WDM
CONTEXT all

FILE catchment.wdm

DSN 1013

NEW_SERIES NAME coal ck
DATE 1 06/03/1970
TIME 1 12:00:00

DATE 2 09/01/1980

TIME 22 00:00:00

DEF _TIME 12:00:00
FILTER -999.99
END GET_ SERIES_ WDM

Figure 21. Example usage of a GET_SERIES_WDM block.

The DATE and TIME _specifiers are optional in a GET_SERIES WDM block. If they are omitted, then the entire time
series pertaining to the nominated dataset number is imported. If a DATE 1 keyword is present but a TIME 1 keyword is
absent, then TIME 1 is assumed to be 00:00:00,and a similar assumption is made for DATE 2. If TIME 1 is present, then
DATE 1 must be present; the same holds for TIME 2.

If the sample interval for a time series stored in a WDM file is 1 day or greater, then each term of the series will have no
time reference; however, each time series term within TSPROC is associated with both a date and a time. When such a time
series is imported from a WDM file into TSPROC, TSPROC’s default behavior is to assign each term a time of 00:00:00 on the
day with which it is associated. This time can be altered to the user’s choice by use of the optional DEF _TIME keyword. Note
that if DEF_TIME is supplied as “24:00:00,” then each sample is assigned a time of 00:00:00 on the following day.
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HYDRO_EVENTS

The HYDRO_EVENTS block allows storm hydrographs to be extracted for the days preceding and following peak flow
events; events may defined by specifying a minimum number of days between peaks and by assigning a minimum peak value.
The terms of the series upon which events are extracted may be limited to those events within a specified date/time interval.

TSPROC stores the outcomes of storm events extracted by the HYDRO EVENTS block in a new time series. Like other
TSPROC entities, the new time series must be provided with a name so that it can be referenced by other TSPROC processing
blocks. This name must be 18 or fewer characters and must not include a space character.

Keywords featured in the HYDRO EVENTS block are listed in table 11. An example of a HYDRO EVENTS block is

given in figure 22.

Table 11.

Keywords in a HYDRO_EVENTS block.

[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,
where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Keyword

Role

Specifications

CONTEXT

SERIES NAME

NEW SERIES NAME

At least one CONTEXT keyword must be supplied; up
to five are permitted. If one of the CONTEXT strings
matches the CONTEXT string in the SETTINGS
block, or if one of the CONTEXT strings is “all,” the
PERIOD STATISTICS block will be processed.

Mandatory. The name of the time series on which statis-
tical calculations will be carried out.

Mandatory. The name of the new time series used to
store the outcomes of peak extractions.

WINDOW Optional. Minimum time between successive peaks, in
days.

MIN PEAK Optional. Minimum value for a peak.

RISE LAG Mandatory. The number of days prior to the peak to
include in the event hydrograph.

FALL LAG Mandatory. The number of days following the peak to
include in the event hydrograph.

DATE_1 Optional. Terms of the time series before TIME_1 on
this date are not used in peak extraction.

TIME 1 Optional. Terms of the time series before this time on
DATE 1 are not used in peak extraction.

DATE 2 Optional. Terms of the time series after TIME_2 on this
date are not used in peak extraction.

TIME 2 Optional. Terms of the time series after this time on

DATE 2 are not used in peak extraction.

Any string without internal spaces of 20 or fewer charac-
ters. The CONTEXT keyword(s) must precede all other
keywords.

A name of 18 or fewer characters referencing a time
series stored within TSPROC’s memory.

Any character string without internal spaces up to
18 characters.

A real number other than zero. Default is 1.

A nonnegative real number. Default is 0.

A nonzero real number.
A nonzero real number.

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE FORMAT setting in the SETTINGS block.

hh:mm:ss .

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE FORMAT setting in the SETTINGS block.

hh:mm:ss .

WINDOW 7

START HYDRO EVENTS

CONTEXT all

SERIES NAME outflow

NEW _SERIES NAME outflow pk

MIN PEAK 10.5

RISE LAG 2

FALL LAG 6

DATE 1 10/1/1976

TIME 1 00:00:00

DATE 2 9/30/1985

TIME 2 00:00:00
END HYDRO EVENTS

Figure 22.

Example of a HYDRO_EVENTS block.
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HYDROLOGIC_INDICES

Hydrologic indices are statistical measures applied to streamflow records to quantify various ecologically important aspects
of a flow regime. Classes of hydrologic indices include measures that quantify such things as the timing and seasonal pattern
of extreme flows; daily, seasonal, and annual flow variability; and the rates of flow increases and decreases. Over 160 different
hydrologic indices may be calculated by means of a HYDROLOGIC INDICES block. The indices are computed by means of
code adapted from the USGS Hydrologic Index Tool (Henricksen and others, 2006). A complete list of all indices that may be
calculated in a HYDROLOGIC_INDICES block is included in Appendix 3.

Many of the hydrologic indices are, in fact, the mean of other summary statistics. For example, index value MH20 is the
specific mean annual maximum flow. TSPROC can also calculate these indices as median values of the summary statistics. The
keyword USE_ MEDIAN may be inserted into the HYDROLOGIC INDICES block to cause all such indices to be calculated as
median , rather than mean, values. If USE_ MEDIAN is present in the HYDROLOGIC INDICES block, the index MH20 then
would assume the definition “specific median annual maximum flow.” Appendix 3 notes all hydrologic indices that are affected
by the USE_ MEDIAN keyword.

The list of hydrologic indices to be calculated may be specified in one of two ways: 1) by means of the STREAM _
CLASSIFICATION and FLOW_COMPONENT keywords, or 2) through use of the two-letter keywords (for example, “MA”),
followed by the index number (as listed in Appendix 3).

Table 12 lists the keywords available for use in a HYDROLOGIC INDICES block. Note that all indices are calculated and
reported if the user does not supply STREAM_CLASSIFICATION or FLOW_COMPONENT keywords and arguments and do
not specify individual hydrologic indices.

The two-letter keywords accept any number of space-delimited values as arguments. For example, the following keyword
and arguments could be used to specify that the indices associated with magnitude of average flows, numbers 12, 22, and 25 are
calculated: “MA 12 22 25” (see Appendix 3 for definitions of these indices). The possible argument values that may be specified
for the STREAM_CLASSIFICATION and FLOW_COMPONENT keywords are shown in table 13.

Because many of the hydrologic indices that can be calculated are somewhat redundant, the user may elect to calcu-
late a subset of the available indices on the basis of the stream’s hydrologic regime type (for example, snowmelt dominated,
groundwater dominated, surface runoff dominated). Olden and Poff (2003) identified a list of the high information, nonredun-
dant indices for six stream classification types. Table 14 summarizes the arguments that may be supplied to the STREAM _
CLASSIFICATION and FLOW_COMPONENT keywords to generate a subset of hydrologic indices appropriate to the system
under study. The hydrologic index definitions referenced in table 14 are from Olden and Poff (2003).

For example, specifying “STREAM_CLASSIFICATION snowmelt perennial” and “FLOW_COMPONENT high flow
frequency” would result in the calculation and reporting of just two indices: FH, and FH, . Subsequent FLOW_COMPONENT
entries append the appropriate indices to the list to be calculated. Multiple instances of both the STREAM_CLASSIFICATION
and the FLOW_COMPONENT keywords may be present in the control file. For example, as shown in figure 23 and table
14, a STREAM_CLASSIFICATION value of “snow_rain_perennial” and a second STREAM CLASSIFICATION value of
“snowmelt perennial” is used with the FLOW_COMPONENT values “timing,” “average magnitude,” and “low_flow mag-
nitude” to select indices MA3, MA29, MA40, MA44, ML13, ML14, ML22, TA1, TA3, and TL1 for calculation. If only the
STREAM_CLASSIFICATION or FLOW_COMPONENT keyword is given (not both), this has the effect of selecting all indices
identified by Olden and Poff (2003) associated with the given stream classification or flow component. In other words, specify-
ing “STREAM_CLASSIFICATION flashy intermittent” results in calculation of the indices associated with a flashy intermittent
stream type for all flow components.

The direct specification of indices (“FL 1 2 3”) in the block shown in figure 23 would cause TSPROC to add the indices
“FL1,” “FL2,” and “FL3” to the list of indices in the preceding paragraph. The results are added to a new G_TABLE (general
table), which may be manipulated or output just like any other TSPROC table.

Note that not all of the indices TSPROC can calculate are suited to optimization runs involving PEST; all derivatives in
PEST must be smooth and continuous in order for optimization to succeed. Recall that PEST evaluates the model response to
small perturbations in parameter values. Indices involving counts will not produce smooth derivatives. The indices expected to
result in poor derivatives and thus poor PEST optimization results include the frequency indices (FL, FH), some of the duration
indices (DL18—number of zero-flow days; DL19—variability in number of low-flow days; DL20—percentage of all months with
zero flow) and some of the timing indices (TL1-Julian date of annual minimum; TH1—Julian data of annual maximum).
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Table 12. Keywords in a HYDROLOGIC_INDICES block.
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[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,

where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Keyword

Role

Specifications

CONTEXT

SERIES NAME

NEW G TABLE NAME -or-
NEW_TABLE_NAME

USE_MEDIAN

STREAM CLASSIFICATION

FLOW_ COMPONENT

MA
ML
MH
FL
FH
DL
DH
TA
TL
TH
RA
DATE 1

TIME 1

DATE 2

TIME 2

At least one CONTEXT keyword must be supplied;
up to five are permitted. If one of the CONTEXT
strings matches the CONTEXT string in the SET-
TINGS block, or if one of the CONTEXT strings
is “all,” the HYDROLOGIC INDICES block will
be processed.

Mandatory. The name of the time series on which
statistical calculations will be carried out.

Mandatory. The name of the new time series used to
store the outcomes of hydrologic index calcula-
tions.

Optional. Requests that indices that normally report
the mean of some other sumamry statistic to
instead report the median value.

Optional. Specify the hydrologic regime as defined
in Olden and Poff (2003).

Optional. Specify the hydrologic regime as defined

in Olden and Poff (2003).
Optional. Magnitude—average-flow conditions.
Optional. Magnitude—low-flow conditions.
Optional. Magnitude—high-flow conditions.
Optional. Frequency—Ilow-flow conditions.
Optional. Frequency—high-flow conditions.
Optional. Duration—Ilow-flow conditions.
Optional. Duration—high-flow conditions.
Optional. Timing—average-flow conditions.
Optional. Timing—Ilow-flow conditions.
Optional. Timing—high-low conditions.
Optional. Rate of change—average-flow conditions.

Optional. Terms of the time series before TIME 1
on this date are not used in calculation of indices.

Optional. Terms of the time series before this time
on DATE 1 are not used in calculation of indices.

Optional. Terms of the time series after TIME 2 on
this date are not used in calculation of indices.

Optional. Terms of the time series after this time on
DATE 2 are not used in calculation of indices.

Any string without internal spaces of 20 or fewer
characters. The CONTEXT keyword(s) must pre-
cede all other keywords.

Any file name up to 120 characters. Use quotes if the
filename contains blank characters.

Any character string without internal spaces up to
18 characters.

See table 13 for list of legal values.

See table 13 for list of legal values.

1-45

1-22

1-27

1-3

1-10

1-20

1-22

1-3

14

1-3

1-9

Either dd/mm/yyyy or mm/dd/yy depending on the

DATE FORMAT setting in the SETTINGS block.

hh:mm:ss .

Valid range:
Valid range:
Valid range:
Valid range:
Valid range:
Valid range:
Valid range:
Valid range:
Valid range:
Valid range:
Valid range:

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE FORMAT setting in the SETTINGS block.

hh:mm:ss .




Table 13. Argument values for the STREAM_CLASSIFICATION
and FLOW_COMPONENT keywords.

Keyword Legal argument values

STREAM CLASSIFICATION HARSH INTERMITTENT
FLASHY INTERMITTENT
SNOWMELT PERENNIAL
SNOW_RAIN PERENNIAL
GROUNDWATER PERENNIAL
FLASHY PERENNIAL
ALL STREAMS

FLOW_COMPONENT AVERAGE_MAGNITUDE
LOW_FLOW_MAGNITUDE
HIGH FLOW MAGNITUDE
LOW_FLOW_FREQUENCY
HIGH FLOW_ FREQUENCY
LOW_FLOW_DURATION
HIGH FLOW_DURATION
TIMING
RATE OF CHANGE

Parameter Estimation and TSPROC

START HYDROLOGIC INDICES

CONTEXT all

SERIES NAME outflow

NEW TABLE NAME outflow hi

USE MEDIAN

STREAM CLASSIFICATION snow rain perennial
FLOW COMPONENT timing

FLOW COMPONENT low flow magnitude

STREAM CLASSIFICATION snowmelt perennial
FLOW _COMPONENT average magnitude

FL 1 2 3

DATE_1 01/01/1980

TIME 1 00:00:00

DATE_2 12/31/1989

TIME 2 23:59:59
END HYDROLOGIC INDICES

Figure 23. Example of a HYDROLOGIC_INDICES block.
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The LIST OUTPUT block causes the series and tables generated by TSPROC to be written to an ASCII text list output file
or site sample file. An instruction file by which PEST can read the contents of a list output file can be generated automatically by
use of the WRITE PEST FILES block.

Keywords associated with a LIST OUTPUT block are given in table 15. An example of a LIST OUTPUT block is shown
in figure 24. Keywords can be supplied in any order, except for the CONTEXT keyword(s), which must precede all others.

Table 15. Keywords in a LIST_OUTPUT block.

Keyword

Role

Specifications

CONTEXT

FILE

SERIES NAME

SERIES FORMAT

C_TABLE NAME

S_TABLE_NAME

V_TABLE NAME

E_TABLE NAME

G_TABLE NAME

At least one CONTEXT keyword must be supplied; up
to five are permitted. If one of the CONTEXT strings
matches the CONTEXT string in the SETTINGS block,
or if one of the CONTEXT strings is “all,” the LIST
OUTPUT block will be processed.

Mandatory. The name of the file to be written by the
LIST_OUTPUT block.

Optional. The name of a time series to be written by the
LIST OUTPUT block to its output file.

Mandatory if a SERIES NAME keyword is present.
Determines whether dates, times and the series name
should accompany series terms in the file generated by
the LIST_OUTPUT block.

Optional. The name of a ¢ TABLE to be written by the
LIST OUTPUT block to its output file.

Optional. The name of an S_ TABLE to be written by the
LIST_OUTPUT block to its output file.

Optional. The name of a V_TABLE to be written by the
LIST OUTPUT block to its output file.

Optional. The name of an E_ TABLE to be written by the
LIST_OUTPUT block to its output file.

Optional. The name of a G_TABLE to be written by the
LIST _OUTPUT block to its output file.

Any string without internal spaces of 20 or fewer charac-
ters. The CONTEXT keyword(s) must precede all other
keywords.

Any filename up to 120 characters. Use quotes if the file-
name contains spaces.

A name of 18 or fewer characters referencing a time series
stored within TSPROC’s memory.

“short,” “long,” or “ssf” .

A name of 18 or fewer characters referencing a C_TABLE
stored within TSPROC’s memory.

A name of 18 or fewer characters referencing an S TABLE
stored within TSPROC’s memory.

A name of 18 or fewer characters referencing a V_TABLE
stored within TSPROC’s memory.

A name of 18 or fewer characters referencing an E TABLE
stored within TSPROC’s memory.

A name of 18 or fewer characters referencing a G TABLE
stored within TSPROC’s memory.

START LIST OUTPUT
CONTEXT all
FILE output.txt
SERIES NAME flow 216
SERIES NAME flow 342
S_TABLE NAME st 216
S_TABLE NAME st 342
C_TABLE NAME comp ser
V_TABLE NAME vol 216
V_TABLE NAME vol 342
E TABLE NAME dur 216
E TABLE NAME dur 342
SERIES FORMAT short
END LIST OUTPUT

Figure 24. Example of a LIST_OUTPUT block.
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Any number of time series or tables can be written to a file generated by the LIST OUTPUT block; as many of the key-
words regarding these entities as desired can be supplied in this block. When the block generates its output files, time series are
written first, followed (in order) by S TABLEs, C TABLEs, V_TABLEs, E TABLEs, and finally G TABLEs. The order of the
individual entities of each type within the different segments of the TSPROC output file is the same as the order in which respec-
tive keywords referencing those entities is supplied in the LIST OUTPUT block.

If a SERIES NAME keyword is provided in a LIST OUTPUT block, then a SERIES FORMAT keyword must also be
provided; options are “short,” “long,” and “ssf.” If “short” is specified, the LIST OUTPUT block lists the terms of the time
series as a single column in its output file. If the “long” option is specified, the terms of the time series are accompanied by the
date and time corresponding to the term, as well as the name of the time series. This “long” format corresponds to that of a site
sample file (see Appendix 1), and the output file can thus be used by other members of the PEST Surface Water Utilities after the
header to each time series is removed. If SERIES FORMAT is specified as “ssf,” TSPROC eliminates the header for each time
series, and the user is spared having to manually remove the header of a list output file.

If TSPROC is run as part of a composite model under the control of PEST, it is best to use the “short” option for time-series
formatting. This is because, where a time series is large, a considerable amount of computation time may be spent convert-
ing TSPROC’s internal representation of sample dates and times to the dd/mm/yyyy (or mm/dd/yyyy) and hh:mm:ss formats
required for output listing, and this can add considerably to overall composite model execution time. Note also that if the “long”
protocol is employed, then in accordance with site sample file protocol, TSPROC does not represent midnight as “24:00:007;
instead midnight is represented as 00:00:00 on the following day.

Output formatting for other TSPROC entities is such that they are clearly labeled and easily understood by the user. In the
case of S TABLEs, G TABLEs and C TABLEs, it is important to note that only the statistics that have been calculated in prior
blocks can be written in the LIST OUTPUT block.

Exceedance times stored in an E TABLE are recorded by the LIST OUTPUT block as accumulated times and as propor-
tions of the total time spanned by the parent time series. If this file is used by PEST, then only the exceedance proportions are
actually read by PEST on the basis of the instruction file created through a WRITE PEST FILES block.
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NEW_SERIES_UNIFORM

The NEW_SERIES UNIFORM block creates a uniform-valued time series with series entries placed at uniform (or
almost uniform) time intervals. Keywords belonging to the NEW_SERIES UNIFORM block are listed in table 16. An exam-
ple NEW_SERIES UNIFORM block is given in figure 25

Table 16. Keywords in a NEW_SERIES_UNIFORM block.

Keyword Role Specifications
CONTEXT At least one CONTEXT keyword must be supplied; up  Any string without internal spaces of 20 or fewer char-
to five are permitted. If one of the CONTEXT strings  acters. The CONTEXT keyword(s) must precede all
matches the CONTEXT string in the SETTINGS other keywords.

block, or if one of the CONTEXT strings is “all,” the
NEW_SERIES UNIFORM block will be processed.

NEW_SERIES_NAME Mandatory. The name of the new, uniform-valued time ~Any character string without internal spaces up to

series. 18 characters.
DATE 1 Mandatory. The starting date of the new time series.. Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE_FORMAT in the SETTINGS block.
TIME 1 Mandatory. The starting time of the new time series.. = hh:mm:ss .
DATE_2 Mandatory. Terms of the new time series are not created Either dd/mm/yyyy or mm/dd/yy, depending on the
after this date. DATE_FORMAT in the SETTINGS block.
TIME 2 Mandatory. Terms of the new time series are not created hh:mm:ss .
after this time on DATE 2.
TIME INTERVAL Mandatory. The number of TIME_UNITS (see below) An integer greater than zero.
between terms of the new series.
TIME UNIT Mandatory. The time units in which the TIME INTER- “seconds,” “minutes,” “hours,” “days,” “months”
VAL is expressed. or “years” .

NEW_SERIES_VALUE  Mandatory. The value supplied to all new terms in the A real number.
new time series.

START NEW SERIES UNIFORM
CONTEXT all

TIME INTERVAL 2

TIME UNIT day

DATE 1 1/1/2000

TIME 1 12:00:00

DATE_2 15/12/2005
TIME 2 13:00:00
NEW_SERIES NAME seriesl
NEW SERIES VALUE 5.0
END NEW SERIES UNIFORM

Figure 25. Example of a NEW_SERIES_UNIFORM block.
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The behavior of the NEW_SERIES UNIFORM block is slightly different depending on whether TIME UNIT is supplied
as “second,” “minute,” “hour,” or “day” on the one hand, or “month” or “year” on the other hand. In the former case, the series
time interval is strictly TIME INTERVAL times the TIME UNIT; thus, the time increment between successive terms of the
series is strictly uniform. For example, if the TIME INTERVAL is supplied as 2 and the TIME UNIT is supplied as “hours,”
then all samples are 2 hours apart. The first sample occurs on DATE 1, TIME 1; the last sample is no later than DATE 2,
TIME 2. (Note that, in contrast to most other blocks, all of the DATE 1, TIME 1, DATE 2, and TIME 2 keywords must be
supplied.)

If TIME UNIT is set to “month,” then all terms of the new series occur on the same day of the month and at the same time
as the initial time TIME 1. Thus, terms are variously 28, 29, 30, or 31 days apart. (In this case, TSPROC rejects a DATE 1 in
which the date is the 29th, 30%, or 31st of the month.) If TIME_UNIT is set to “year,” then all terms of the new time series occur
on the same date, but they are separated by TIME INTERVAL years. In this case, TSPROC does not allow DATE 1 to be the
29th of February. All terms of the new series are assigned the same user-supplied NEW_SERIES VALUE.

The NEW_TIME SERIES block can be useful as a precursor to digital filtering; digital filtering can take place only on a
time series whose terms are separated by a constant time increment. If filtering must be performed on an observed time series
that has values present at an irregular time increment, the series can be interpolated to a constant time base series by:

4. creating a series with uniform time increments by means of a NEW_SERIES UNIFORM block; and
5. creating a new series (with regular time intervals and interpolated values) by means of the NEW_TIME BASE block,
specifying the series created in step 1 above as the new time base.

The interpolated time series can then be filtered.
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The NEW_TIME BASE block is used to interpolate values from the sample times pertaining to one time series to the
sample times pertaining to another. Keywords belonging to the NEW_TIME BASE block are listed in table 17. An example

NEW_TIME BASE block is shown in figure 26.

Table 17. Keywords in a NEW_TIME_BASE block.
Keyword Role Specifications
CONTEXT At least one CONTEXT keyword must be supplied; up ~ Any string without internal spaces of 20 or fewer char-

to five are permitted. If one of the CONTEXT strings
matches the CONTEXT string in the SETTINGS
block, or if one of the CONTEXT strings is “all,” the
NEW_TIME BASE block will be processed.

Mandatory. The name of the time series whose terms are
to be time interpolated to a new time base.

SERIES NAME

NEW_SERIES_NAME  Mandatory. The name of the new time series produced

as an outcome of time interpolation.

TB_SERIES_NAME Mandatory. The name of the time series to whose dates

and times time interpolation will take place.

acters. The CONTEXT keyword(s) must precede all
other keywords.

A name of 18 or fewer characters referencing a time
series stored within TSPROC’s memory.

Any character string without internal spaces up to
18 characters.

A name of 18 or fewer characters referencing a time
series stored within TSPROC’s memory.

START NEW TIME BASE
CONTEXT all

SERIES NAME mod flow

TB SERIES NAME obs_ flow
NEW_SERIES NAME int flow
END NEW TIME BASE

Figure 26. Example of a NEW_TIME_BASE block.

One time series, specified by SERIES NAME, will be time interpolated to the time base of another, specified by
TB_SERIES NAME, only if the time span of the series TB_ SERIES NAME is equal to or smaller than that of the series
SERIES NAME. The result of the interpolation is a new time series specified by NEW_SERIES NAME, with terms that have
exactly the same dates and times as those of the time-base time series. If the original time series and the time-base time series
pertain to the same data type, time interpolation allows the two series to be directly compared with each other. This “apples with
apples” comparison is crucial when calibrating a model against field data. Hence, one of the principal roles of TSPROC, when
used as a model post-processor in a “composite model” run by PEST, is to carry out this important time interpolation of model-
generated time series to the dates and times of their measured counterparts. This interpolated time series can then be written to
a TSPROC output file (using the LIST OUTPUT block), where it can be read by PEST and compared with measured values
recorded in a PEST control file. Both the PEST control file and the instruction file by which the time-interpolated time series can
be read from the LIST OUTPUT file can be written by use of the WRITE PEST FILES block.
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PERIOD_STATISTICS

The PERIOD STATISTICS block is similar to the SERIES STATISTICS block except for one key difference: treatment
of dates. In a SERIES STATISTICS block, all date ranges must be specified explicitly and included in an external dates file. In
a PERIOD STATISTICS block, the date ranges are calculated internally for the more common date ranges, obviating the need
for an external dates file. By use of the PERIOD STATISTICS block, a number of simple statistics can be calculated for specific
periods within a time series. Optionally, the terms of the series upon which statistical calculations are based can be limited to
those within a specified date/time interval. Another option provided by the PERIOD STATISTICS block is for statistics to be
calculated on the basis of the log (to base 10) of the terms of the time series or on the terms of the series raised to an arbitrary
power. If it is desired that statistics be calculated on the basis of more complex functions of the terms of a time series, this can be
easily achieved by first calculating a new time series by use of the SERIES  EQUATION block, and then undertaking statistical
calculations on the basis of this new time series.

At present, seven statistical measures can be calculated using the PERIOD STATISTICS block: these include the mean,
standard deviation, median, sum, maximum, minimum, and range. The statistics may be calculated for a monthly series (for
example, “12/1997,” “01/1998,” “02/1998”) or monthly mean (for example, the mean for all values in the month of January
for the included time period).

TSPROC stores the outcomes of statistical calculations carried out by the PERIOD STATISTICS block in a new time
series. As for other TSPROC entities, the new time series must be provided with a name so that it can be referenced by other
TSPROC processing blocks. This name must be 18 or fewer characters and must not include a space character.

Keywords featured in the PERIOD_STATISTICS block are listed in table 18. An example of a PERIOD STATISTICS
block is shown in figure 27.

Table 18.

Keywords in a PERIOD_STATISTICS block.
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[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,
where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Keyword

Role

Specifications

CONTEXT

SERIES NAME

NEW SERIES NAME

STATISTIC

PERIOD

YEAR TYPE

TIME ABSCISSA

LOG

POWER

DATE 1

TIME 1

DATE 2

TIME 2

At least one CONTEXT keyword must be supplied; up to five
are permitted. If one of the CONTEXT strings matches the
CONTEXT string in the SETTINGS block, or if one of the
CONTEXT strings is “all,” the PERIOD_STATISTICS block
will be processed.

Mandatory. The name of the time series on which statistical
calculations will be carried out.

Mandatory. The name of the new time series used to store the
outcomes of statistical calculations.

Mandatory. Key word describing the statistic to be computed.

Mandatory. Key word describing the period for which statistics
are to be computed.

Optional when PERIOD is “YEAR.” Describes the type of year
to be used for each period.

Mandatory. Informs TSPROC whether the date and time corre-
sponding to each new time series entry pertains to the begin-
ning, middle, or end of the corresponding period.

Optional. Requests that statistics be calculated based on the logs
(to base 10) of the terms of the time series.

Optional. Requests that statistics be calculated based on the
terms of the time series raised to the nominated power.

Optional. Terms of the time series before TIME 1 on this date
are not used in statistics calculations.

Optional. Terms of the time series before this time on DATE_1
are not used in statistical calculations.

Optional. Terms of the time series after TIME 2 on this date are
not used in statistical calculations.

Optional. Terms of the time series after this time on DATE 2 are
not used in statistical calculations.

Any string without internal spaces of 20 or fewer charac-
ters. The CONTEXT keyword(s) must precede all other
keywords.

A name of 18 or fewer characters referencing a time series
stored within TSPROC’s memory.

Any character string without internal spaces up to
18 characters.

“mean,” “std_dev,” “median,” * ” “maximum,” “mini-

mum,” or “range”

sum,

2

“month_many,” “month_one,” or “year”.

“water_high,” “water_low,” or “calendar” Default is “wa-
ter_high.”

9 <

“start,” “centre,” “center,” or “end”.

“yes” or “no.” Default is “no.” The LOG keyword cannot
be used if the POWER keyword is used.

A real number other than zero. Default is 1. The POWER
keyword cannot be used if the LOG keyword is used.

Either dd/mm/yyyy or mm/dd/yy, depending on the DATE
FORMAT setting in the SETTINGS block.

hh:mm:ss .

Either dd/mm/yyyy or mm/dd/yy, depending on the DATE
FORMAT setting in the SETTINGS block.

hh:mm:ss .
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START PERIOD STATISTICS
CONTEXT all
SERIES NAME outflow
NEW_SERIES NAME outflow m
STATISTIC mean
PERIOD month many
TIME ABSCISSA start
LOG yes
DATE 1 10/1/1976
TIME 1 00:00:00
DATE 2 9/30/1985
TIME 2 00:00:00
END PERIOD STATISTICS

Figure 27. Example of a PERIOD_STATISTICS block.

The use of the POWER and LOG keywords may have unintended consequences. It is illegal for both of these keywords to
be present within the same PERIOD_STATISTICS block. Furthermore, using these keywords may cause numerical errors. In
particular, if LOG is set to “yes” and if any of the terms of the time series are zero or negative, TSPROC ceases execution and
displays an error message. In addition, if a POWER with an absolute value of less than 1 is supplied and if any of the terms of
the time series are negative, or if the POWER is negative and any of the terms of the time series are zero, TSPROC likewise
ceases execution and displays an error message instead of attempting this impossible calculation.

The traditional or high-flow water year begins October 1 of the previous year and ends September 30 of an individual year.
The low-flow water year begins April 1 of the previous year and ends March 31 of an individual year (Riggs, 1972). The calen-
dar year begins January 1 and ends December 31 of an individual year.

For monthly statistics, selecting “period_many” as the PERIOD keyword computes a monthly statistic for each year in
the input time series. Alternatively, selecting “period_one” as the PERIOD keyword computes a single statistic for each month,
aggregating across all years in the input time series. When computing a mean, the “period _many” mean is commonly called the
monthly mean value, whereas the “period_one” mean is commonly called the mean monthly value.
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REDUCE_TIME_SPAN

The REDUCE _TIME_ SPAN block reduces the time spanned by a time series, and this may be a useful precursor to other
steps in TSPROC processing. For example, by use of the REDUCE_TIME_SPAN block, the time spanned by an observed time
series can be reduced to that spanned by a model-generated time series. This allows time interpolation of the model’s output
times to the observation times to be carried out using the NEW_TIME BASE block.

Keywords found in a REDUCE _TIME_ SPAN block are listed in table 19. An example of a REDUCE_TIME_ SPAN block

is shown in figure 28.

Table 19. Keywords in a REDUCE_TIME_SPAN block.

[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,
where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Keyword Role

Specifications

CONTEXT At least one CONTEXT keyword must be supplied; up
to five are permitted. If one of the CONTEXT strings
matches the CONTEXT string in the SETTINGS
block, or if one of the CONTEXT strings is “all,” the

REDUCE TIME SPAN block will be processed.

Mandatory. The name of the time series whose time span
is to be reduced.

SERIES NAME

NEW_SERIES_NAME Mandatory. The name of the new time series produced as

an outcome of time span reduction.

DATE 1 Optional. Terms of the time series before TIME 1 on
this date are not copied to the new time series.

TIME 1 Optional. Terms of the time series before this time on
DATE 1 are not copied to the new time series.

DATE 2 Optional. Terms of the time series after TIME 2 on this
date are not copied to the new time series.

TIME 2 Optional. Terms of the time series after this time on

DATE 2 are not copied to the new time series.

Any string without internal spaces of 20 or fewer charac-
ters. The CONTEXT keyword(s) must precede all other
keywords.

A name of 18 or fewer characters referencing a time series
stored within TSPROC’s memory.

Any character string without internal spaces up
to 18 characters.

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE FORMAT in the SETTINGS block.

hh:mm:ss .

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE_FORMAT in the SETTINGS block.

hh:mm:ss .

START REDUCE_TIME SPAN
CONTEXT all

SERIES NAME intflow

NEW SERIES NAME intflow 1
DATE_1 02/01/1976

TIME 1 13:13:00

DATE_2 06/01/1976

TIME 2 00:00:00
END REDUCE TIME SPAN

Figure 28. Example of a REDUCE_TIME_SPAN block.

When a new time series is created by reducing the time span of an existing time series, the original time series still remains
within TSPROC’s memory. If desired, it can be removed by use of the ERASE _ENTITY block.
At least one DATE 1 or DATE 2 keyword must be supplied. If the corresponding TIME _ keyword is not supplied, a

default time of 00:00:00 is used. If the DATE 1 keyword is omitted, DATE 1 and TIME 1 are assumed to be the first date and
time cited in the original time series; in other words, no time-span reduction from the front of the time series takes place. Simi-
larly, if the DATE 2 keyword is omitted, no time-span reduction takes place from the end of the existing time series. Note that a
TIME _keyword cannot be supplied without the corresponding DATE _ keyword.
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The SERIES BASE LEVEL block allows a user to subtract a constant amount from all terms of a time series. This con-
stant amount is the value of one term of an existing time series, either the time series from which subtraction is taking place or
another time series stored within the memory of TSPROC.

A common use of the SERIES BASE LEVEL block is for generating a new time series comprised of the deviations
of an existing time series relative to some base level. In this case, the first term of the time series may be taken as the base
level, because this term is subtracted from all other elements of the time series to create the new series with altered base level.
SERIES BASE LEVEL functionality allows this new series to either replace the original time series or to exist as its own sepa-

rate entity.

Keywords found in a SERIES BASE LEVEL block are listed in table 20. An example of a SERIES BASE LEVEL block

is given in figure 29.

Table 20. Keywords in a SERIES_BASE_LEVEL block.

[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,
where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Keyword

Specifications

CONTEXT

SERIES NAME

SUBSTITUTE

NEGATE

NEW_ SERIES NAME

BASE LEVEL SERIES NAME

BASE LEVEL DATE

BASE LEVEL TIME

At least one CONTEXT keyword must be supplied;
up to five are permitted. If one of the CONTEXT
strings matches the CONTEXT string in the
SETTINGS block, or if one of the CONTEXT
strings is “all,” the SERIES BASE LEVEL
block will be processed.

Mandatory. The name of the time series whose base
level is to be altered.

Mandatory. If this is supplied as “yes,” the new
time series replaces the old one in TSPROC’s
memory and retains the same name. If it is sup-
plied as “no,” a new series is created.

Optional. If this is supplied as “yes,” all terms of
the new base series are multiplied by —1 after
subtraction of the constant.

Mandatory if SUBSTITUTE is supplied as “yes.”
The name of the new time series produced as an
outcome of base level alteration.

Mandatory. The name of the time series of which
one element will be subtracted from all elements
of the original time series to effect the base level
change.

Mandatory. This is used with BASE LEVEL
TIME to identify the term of series BASE
LEVEL SERIES NAME that is subtracted from
all elements of SERIES to effect the base level
change.

Mandatory. This is used with BASE LEVEL
DATE to identify the term of series BASE
LEVEL SERIES NAME that is subtracted from
all elements of SERIES to effect the base level
change.

Any string without internal spaces of 20 or fewer
characters. The CONTEXT keyword(s) must
precede all other keywords.

A name of 18 or fewer characters referencing a time
series stored within TSPROC’s memory.

“yes” or “no” .

“yCS” or “no” .

Any character string without internal spaces up to
18 characters.

A name of 18 or fewer characters referencing a time
series stored within TSPROC’s memory.

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE FORMAT in the SETTINGS block.

hh:mm:ss .
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START SERIES BASE LEVEL
CONTEXT all
SERIES NAME head
BASE LEVEL SERIES NAME head
BASE LEVEL DATE 01/04/1996
BASE LEVEL TIME 12:00:00
SUBSTITUTE no
NEGATE yes
NEW SERIES NAME drawdown
END SERIES_BASE_LEVEL

Figure 29. Example of a SERIES_BASE_LEVEL block.

The SERIES EQUATION block can also be used to subtract a constant from the terms of a series. In that case, the constant
is supplied as a number in an equation. In the case of the SERIES BASE LEVEL block, the subtractor is a term in a series,
identified through the name of the series and the date and time to which the term pertains. If there is no term corresponding to
the supplied date and time, TSPROC displays an appropriate error message and ceases execution.

The NEGATE keyword reverses the sign of the output time series; this can be useful, for example, when calculating
drawdown from a time series of head observations. Drawdown is calculated as the negative of the change in head from its initial
value. Thus, after base level alteration by subtraction of the initial series term, all terms of the new time series are multiplied

by —1.



Parameter Estimation and TSPROC 51

SERIES_CLEAN

The SERIES CLEAN block is used to eliminate unwanted terms from a time series or replace them with a preferred value.
This is sometimes required for correcting the deleterious effects of model misbehavior whereby model-generated time-series are
“polluted” with intermittent spurious values. It can also be used for eliminating outliers in an observation time series.

Keywords pertaining to the SERIES CLEAN block are listed in table 21. An example SERIES CLEAN block is shown in

figure 30.

Table 21. Keywords within a SERIES_CLEAN block.

Keyword Role

Specifications

CONTEXT At least one CONTEXT keyword must be supplied,
up to five are permitted. If one of the CONTEXT
strings matches the CONTEXT string in the
SETTINGS block, or if one of the CONTEXT
strings is “all,” the SERIES CLEAN block will
be processed.

SERIES NAME Mandatory. The name of the time series whose terms
are to be “cleaned.”
NEW_SERIES NAME Mandatory if SUBSTITUTE_VALUE is “delete”;

optional otherwise. The name of a new time series
formed by removal or replacement of terms in the
original time series.

LOWER_ERASE_BOUNDARY  Optional. Terms equal to and above this threshold
and equal to and below the UPPER_ERASE
BOUNDARY threshold are removed or replaced.

UPPER_ERASE_BOUNDARY  Optional. Terms equal to or below this threshold
and equal to or above the LOWER ERASE
BOUNDARY threshold are removed or replaced.

SUBSTITUTE VALUE Mandatory. If supplied as a real number, this is the
value substituted for terms between the upper and
lower erase thresholds. If supplied as “delete,”
instructs TSPROC to delete terms between these
thresholds.

Any string without internal spaces of 20 or fewer
characters. The CONTEXT keyword(s) must pre-
cede all other keywords.

A name of 18 or fewer characters referencing a time
series stored within TSPROC’s memory.

Any character string without internal spaces up to
18 characters.

A real number.

A real number.

A real number or “delete.”

START SERIES CLEAN

CONTEXT all

SERIES NAME seriesl

LOWER ERASE BOUNDARY 0.0
UPPER ERASE BOUNDARY 0.03
SUBSTITUTE VALUE 0.0

NEW SERIES NAME series2
END SERIES CLEAN

Figure 30. Example of a SERIES_CLEAN block.
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The SERIES CLEAN block presents the user with different options for handling unwanted terms. In the simplest case,
these terms are replaced by the number supplied through the SUBSTITUTE VALUE keyword. If this is done, terms can be
replaced “in situ” (that is, in the existing time series without creating a new one), or a new time series can be created to hold
the altered time series while the original time series remains intact. If a NEW_SERIES NAME keyword is supplied, the latter
option is taken; if not, the former option is taken.

Unwanted terms can be completely removed by supplying the string “delete,” instead of a real number, with the
SUBSTITUTE VALUE keyword.

Terms of a series are identified for deletion or replacement by use of the LOWER _ERASE BOUNDARY and UPPER
ERASE BOUNDARY keywords. Either one or both of these keywords can be supplied. If both of them are supplied, all terms
of the time series between and including the specified boundary values are replaced or deleted. If only the LOWER ERASE
BOUNDARY keyword is supplied, all terms equal to and above this threshold are removed or replaced. If only the UPPER
ERASE BOUNDARY keyword is supplied, all terms equal to or below this boundary are removed or replaced. If you are in any
doubt of the action of the SERIES CLEAN block when only one of these keywords is supplied, then supply both of them, with
one of them either very high or very low. Note that if you do this, then TSPROC does not accept numbers whose absolute value
is greater than about 1.0E+37.
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SERIES_COMPARE

The SERIES  COMPARE block calculates statistics that quantify the similarity of one time series with another. The out-
comes of these calculations are placed in a C_TABLE, which can be written to a file using the LIST OUTPUT block.

Keywords pertaining to the SERIES COMPARE block are listed in table 22. An example SERIES COMPARE block is
given in figure 31.

Table 22. Keywords within a SERIES_COMPARE block.—Continued

[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,
where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Keyword Role Specifications
CONTEXT At least one CONTEXT keyword must be sup- Any string without internal spaces of 20 or fewer
plied; up to five are permitted. If one of the characters. The CONTEXT keyword(s) must
CONTEXT strings matches the CONTEXT precede all other keywords.

string in the SETTINGS block, or if one of
the CONTEXT strings is “all,” the SERIES
COMPARE block will be processed.

SERIES NAME SIM Mandatory. The name of the “simulated” time A name of 18 or fewer characters referencing a
series whose terms are to be compared with the time series stored within TSPROC’s memory.
“observed” time series.

SERIES NAME OBS Mandatory. The name of the “observed” time A name of 18 or fewer characters referencing a
series whose terms are to be compared with the time series stored within TSPROC’s memory.
“simulated” time series.

SERIES_NAME_BASE Optional if either the COEFFICIENT_OF _ A name of 18 or fewer characters referencing a

EFFICIENCY or INDEX OF AGREEMENT time series stored within TSPROC’s memory.
keyword is present. The name of a baseline

time series that can be used in the calculation of

these two quantities.

NEW C TABLE NAME Mandatory. The name of the new C_TABLE used  Any character string without internal spaces up to
to store the outcomes of comparison statistics 18 characters.
calculations.

BIAS Optional. Requests calculation of bias between “yes” or “no” Default is “no.”

the observed and simulated time series (B in
the equations shown in the text).

STANDARD ERROR Optional. Requests calculation of the standard “yes” or “no” Default is “no.”
error between the observed and simulated time
series (S in the equations shown in the text).

RELATIVE BIAS Optional. Requests calculation of the relative bias  “yes” or “no” Default is “no.”
between the observed and simulated time series
(Br in the equations shown in the text).

RELATIVE_STANDARD ERROR Optional. Requests calculation of the relative “yes” or “no” Default is “no.”
standard error between the observed and simu-
lated time series (Sr in the equations shown in
the text).

NASH_SUTCLIFFE Optional. Requests calculation of the Nash- “yes” or “no” Default is “no.”
Sutcliffe (1970) coefficient (R2 in the equations
shown in the text).

COEFFICIENT OF EFFICIENCY Optional. Requests calculation of the coefficient “yes” or “no” Default is “no.”
of efficiency (E in the equations shown in the
text); see Legates and McCabe (1999).

INDEX_OF_AGREEMENT Optional. Requests calculation of the index of “yes” or “no” Default is “no.”
agreement (d in the equations shown in the
text); see Legates and McCabe (1999).
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[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,
where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Keyword Role

Specifications

VOLUMETRIC EFFICIENCY

EXPONENT

DATE 1

TIME 1

DATE 2

TIME 2

Optional. Requests calculation of a 'volumetric
efficiency' metric as proposed by Criss and
Winston (2008).

Mandatory if either the COEFFICIENT OF _
EFFICIENCY or INDEX_OF AGREEMENT
keyword is present. The exponent used in the
calculation of these quantities (k in the equa-
tions shown in the text).

Optional. Terms of the simulated and observed
time series before TIME 1 on this date are not
used in series comparison.

Optional. Terms of the simulated and observed
time series before this time on DATE 1 are not
used in series comparison.

Optional. Terms of the simulated and observed
time series after TIME 2 on this date are not
used in series comparison.

Optional. Terms of the simulated and observed
time series after this time on DATE 2 are not
used in series comparison.

"yes" or "no" Default is "no."

An integer—must be 1 or 2.

Either dd/mm/yyyy or mm/dd/yy, depending on
the DATE FORMAT setting in the SETTINGS
block.

hh:mm:ss .

Either dd/mm/yyyy or mm/dd/yy, depending on
the DATE FORMAT setting in the SETTINGS
block.

hh:mm:ss .

START SERIES COMPARE

CONTEXT all

SERIES_NAME SIM mod flow
SERIES_NAME OBS obs_flow
NEW C TABLE NAME com series
BIAS yes

RELATIVE BIAS yes

STANDARD ERROR yes

RELATIVE STANDARD ERROR yes
NASH_SUTCLIFFE yes
COEFFICIENT OF EFFICIENCY yes
INDEX OF AGREEMENT yes
EXPONENT 1
END SERIES COMPARE

Figure 31.

Example of a SERIES_COMPARE block.
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The names of two time series must be provided in a SERIES COMPARE block. One of the names is denoted as the
“observed” time series and the other is the “simulated” time series; the name difference is important in calculating relative bias,
relative standard error, the Nash-Sutcliffe coefficient (Nash and Sutcliffe, 1970), the index of agreement, and the coefficient of
efficiency, because standardization of these quantities is undertaken with respect to the observed time series. The simulated and
observed time series must contain samples taken at identical dates and times within the time interval spanned by the DATE 1,
TIME 1 and DATE 2, TIME 2 entries. If these keywords are not provided, the sample dates and times of the observed and
simulated time series must be identical over the entire length of these series.

If either of the COEFFICIENT OF EFFICIENCY or INDEX OF AGREEMENT keywords are present, then an
EXPONENT keyword must be present and optionally, a SERIES NAME BASE keyword may be supplied to provide the
name of a “baseline time series” that can be used in place of the mean observation value over the comparison time window
(see Legates and McCabe (1999) for details). The theory underpinning use of the coefficient of efficiency and index of agree-
ment as bases for series comparison is discussed in Legates and McCabe (1999). The value supplied with the keyword EXPO-
NENT must be either 1 or 2. The baseline time series must have terms at identical dates and times to those of the simulated
and observed time series over the comparison time window. If the SERIES NAME BASE keyword is omitted, then the mean
observation is employed in the formulae presented below instead of the terms of the baseline time series.

Equations for the quantities calculated in the SERIES_COMPARE block are given below. The symbols S;and O, refer to
individual values in a simulated and observed series, respectively. Note that the Nash-Sutcliffe coefficient is equal to the coef-
ficient of efficiency when the exponent in the latter equation is two and when a baseline time series is not provided.

Bias:
B=—3(s,-0) )
N
Standard error:
S=|——3(5-0, @
N-1
Relative bias:
-2 (3)
0]
Relative standard error:
S
S =— 4
' SO ( )
Volumetric efficiency
1 Z|S,. B 0i|
VE=1- 4~~~ " (5)

Nash-Sutcliffe coefficient:

S,-0,)
R2:1—z(' _’)2 6)
>(0,-0)
Coecfficient of efficiency:
k
S -0,
Ek—l—z| -9 (7)
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Index of agreement:

Z|Si_0t|k
d,=1- — — ®)
>(|s,-0]+|o,-9))
where:
5:%20,. ©)
S, = ﬁZ(Q—@)Z (10)

and N is the number of terms in the series (or subseries) between which comparison takes place; summation in the above equa-
tions takes place over all of these terms. Where a SERIES NAME_BASE keyword is supplied, O in the equations for coeffi-
cient of efficiency and index of agreement is replaced by B, the respective term of the baseline time series.

If the user desires that weights be applied to terms of the series before comparison (as is often the case), weighted observa-
tion and simulated time series can easily be generated by use of the SERIES EQUATION block.
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SERIES_DIFFERENCE

The SERIES DIFFERENCE block is used to calculate a new time series, whose terms are differences between suc-
cessive terms of an existing time series. This establishes a rate-of-change time series. Keywords pertaining to the SERIES
DIFFERENCE block are listed in table 23. An example SERIES DIFFERENCE block is given in figure 32.

Table 23. Keywords within a SERIES_DIFFERENCE block.

Keyword Role Specifications
CONTEXT At least one CONTEXT keyword must be supplied; up ~ Any string without internal spaces of 20 or fewer char-
to five are permitted. If one of the CONTEXT strings acters. The CONTEXT keyword(s) must precede all
matches the CONTEXT string in the SETTINGS other keywords.

block, or if one of the CONTEXT strings is “all,” the
SERIES DIFFERENCE block will be processed.

SERIES_ NAME Mandatory. The name of the time series whose terms are A name of 18 or fewer characters referencing a time
to be differenced. series stored within TSPROC’s memory.

NEW_SERIES NAME  Mandatory. The name of the new time series formed by ~ Any character string without internal spaces up to
subtracting subsequent terms of an existing series. 18 characters.

START SERIES DIFFERENCE
CONTEXT all

SERIES NAME 322

NEW SERIES NAME 322 d
END SERIES DIFFERENCE

Figure 32. Example of a SERIES_DIFFERENCE block.

The outcome of processing a SERIES DIFFERENCE block is another time series, whose terms are the differences between
successive terms of an existing time series. The new time series has one less term than the original time series; the date and time
attributed to the first value of the new series is that of the second value present in the original series. For example, if a series
spans the period 1/1/1990 to 2/1/1990, the value of the first term of the new series represents the January 2 value minus the Janu-
ary 1 value; the date associated with this difference would be, in this case, January 2, 1990.
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SERIES_DISPLACE

The SERIES DISPLACE block is used to migrate the terms of a series with respect to its time base, lagging or leading
these terms as requested by the user. Keywords pertaining to the SERIES DISPLACE block are listed in table 24. An example
SERIES DISPLACE block is given in figure 33. Keywords can be supplied in any order, except for the CONTEXT keyword(s),
which must precede all others.

Table 24. Keywords within a SERIES_DISPLACE block.

Keyword

Role

Specifications

CONTEXT

SERIES NAME

NEW_ SERIES NAME

LAG INCREMENT

FILL VALUE

At least one CONTEXT keyword must be supplied; up
to five are permitted. If one of the CONTEXT strings
matches the CONTEXT string in the SETTINGS
block, or if one of the CONTEXT strings is “all,” the
SERIES_DISPLACE block will be processed.

Mandatory. The name of the time series whose terms are
to be displaced.

Mandatory. The name of the new time series formed by
term displacement of an existing series.

Mandatory. The number of sample intervals by which
terms of the original time series are lagged.

Mandatory. Values assigned to migrated terms at the
beginning or end of the time series, where no other
terms can take their place

Any string without internal spaces of 20 or fewer char-
acters. The CONTEXT keyword(s) must precede all
other keywords.

A name of 18 or fewer characters referencing a time
series stored within TSPROC’s memory.

Any character string without internal spaces up to
18 characters.

An integer.

A real number.

START SERIES DISPLACE
CONTEXT all
SERIES NAME outflow
NEW SERIES NAME outflow 1
LAG INCREMENT 1
FILL VALUE 0.00
END SERIES DISPLACE

Figure 33.

Example of a SERIES_DISPLACE block.

The SERIES DISPLACE operation requires that the time series upon which the operation is carried out has a constant
sample interval. If the sample interval is not constant throughout the time spanned by the time series, TSPROC displays an error
message before ceasing execution.

A positive LAG_INCREMENT is used to delay terms in the time series. For example, ifa LAG INCREMENT of 1 is
used, then each term within a time series is assigned to the time and date previously occupied by the term that follows it. If
it is desired that terms in the series be shifted in the opposite direction instead, this can be accomplished by use of a negative

LAG_INCREMENT.

When terms of a time series are shifted, terms at one end of the series “drop off the edge” (the time base of the series is
not altered by the SERIES DISPLACE operation). At the other end of the series, at least one term of the shifted series must be
assigned a “dummy value,” because end positions within the series become vacated by the shifting operation. The user must
provide this “dummy value” by use of the FILL VALUE keyword.

In undertaking sophisticated and powerful parameter-estimation procedures such as those described by Kuczera (1983), a
combination of an original and a lagged “observed time series” must be compared with its model-generated counterpart. Residu-
als (differences between simulated and observed values) achieved by using combinations of original and lagged time series
are often superior to those achieved by using only the original time series, because the former have drastically reduced inher-
ent interterm correlation structure. The existence of such interterm correlation can lead to misleading estimates of parameter

uncertainty.

A composite series, comprised of an original time series summed with various combinations of lagged time series, can be
created using the SERIES EQUATION block.



SERIES_EQUATION

The SERIES EQUATION block is used to form a new time series based on an equation of arbitrary mathematical com-
plexity involving one or several other time series. The only two conditions on time series that are cited in this equation are that:
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1. all time series featured in the series equation must have samples at identical dates and times (this can be ensured by use of
the REDUCE TIME SPAN and NEW_TIME BASE blocks, if necessary); and

2. aseries equation must feature at least one time series (to provide the time base of the resulting time series).
Keywords appearing in a SERIES EQUATION block are listed table 25. An example of a SERIES EQUATION block is

shown in figure 34.

Table 25. Keywords within a SERIES_EQUATION block.

Keyword

Role

Specifications

CONTEXT

NEW_ SERIES NAME

EQUATION

At least one CONTEXT keyword must be supplied; up
to five are permitted. If one of the CONTEXT strings
matches the CONTEXT string in the SETTINGS
block, or if one of the CONTEXT strings is “all,” the
SERIES EQUATION block will be processed.

Mandatory. The name of the new time series formed
through undertaking the calculations embodied in the
series equation.

Mandatory. The equation by which the terms of the new
series are calculated.

Any string without internal spaces of 20 or fewer char-
acters. The CONTEXT keyword(s) must precede all
other keywords.

Any character string without internal spaces up to
18 characters.

See below.

START SERIES EQUATION

CONTEXT all

NEW_ SERIES NAME new series

EQUATION loglO (outflow * concentration)
END SERIES EQUATION

Figure 34. Example of a SERIES_EQUATION block.
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The terms of the new time series are computed by implementing the equation on a term-by-term basis on each of the series
cited in the equation. Thus, each term in the new series is calculated from the corresponding terms of the existing series.

The series equation can be of arbitrary complexity, involving any number of terms, and citing any number of existing time
series, as long as the above mentioned time base-consistency rule is followed. In formulating the equation, the operators *, /, *, -,
and + have their usual meanings of “raised to the power of,” “division,” “multiplication,” “subtraction,” and “addition”; option-
ally the ** operator can be used in place of the " operator to signify raising to the power. Operations are carried out in the order
indicated above; if in doubt, use parentheses to set precedance between operators. A summary of all allowable operations within
a SERIES EQUATION block is given in table 26.

99 <

Table 26. Allowable operations within a SERIES_EQUATION block.

[dd/mm/yyyy hh:nn:ss,where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy
represents the year; hh:nn:ss, where hh is the number of digits representing the hour, nn represents minutes, and ss represents
seconds]

Operator Description

(x +y) Grouping.
x Ny x raised to the power of y.
X ** y x raised to the power of'y.
x *y Multiplication.
x /'y Division.
X -y Subtraction.
X + vy Addition.

Trigonometric functions Description
cos (x) Cosine.
sin (x) Sine.
tan (x) Tangent.
acos (x) Arc cosine.
asin (x) Arc sine.
atan (x) Arc tangent.
cosh (x) Hyperbolic cosine.
sinh (x) Hyperbolic sine.
tanh (x) Hyperbolic tangent.

Miscellaneous functions Description
abs (x) Absolute value of x.
exp (x) Exponential of x: e"x.
log (x) Logarithm base e of x.
1loglO0 (x) Logarithm base 10 of x.

@ days start year

@ days_ ”“mm/dd/yyyy hh:nn:ss”

Accepts no arguments, returns the days since start of year for each
date represented in other time series in the equation.

Accepts no arguments, returns the days since
“mm/dd/yyyy_hh:nn:ss” for each date represented in other time

series in the equation.
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An equation supplied in the SERIES EQUATION block can include most of the commonly used mathematical functions:
abs, acos, asin, atan, cos, cosh, exp, log, log10, sin, sinh, sqrt, tan, and tanh. Note the following standards for functions.

1. The log function is to base e; to calculate logs to base 10, use the log10 function.
2. The arguments to trigonometric functions must be supplied in radians.

3. When some of these functions are used, their arguments must lie within the proper numerical range for that function. For
example, if any of the terms of a series upon which a log operation is performed are zero or negative, a numerical error
results. TSPROC detects this error and displays an error message before ceasing execution. When the / operator is used, a
divide-by-zero condition must not encountered. If this occurs, TSPROC issues an error message before ceasing execution.

In addition to the above functions, TSPROC defines two other specialized functions for use in a series equation; these are
the @_days_start year and the @ _days “mm/dd/yyyy hh:nn:ss” functions. The “@_” string indicates to the subroutine that
parses this equation that the term represents neither a series, a number, nor one of the mathematical functions discussed above.
Minutes in the SERIES EQUATION block functions are represented by nn, rather than mm.

When the @ _days_start year term is encountered in a series equation, the days since the start of the year pertaining to
the current series term are substituted for the string. Where a sample does not occur at midnight, fractional days are used in the
calculation of the @_days_start year function, whose outcome is a real number.

When the @_days "mm/dd/yyyy hh:nn:ss” term is encountered, TSPROC calculates the days (as a real number, fractional
if necessary) since the indicated date and time. Note that the date and time strings must be collectively enclosed in quotes (*‘)
and must be separated by an underscore. In addition, the correct format for expressing the date (mm/dd/yyyy or dd/mm/yyyy) is
determined by the DATE FORMAT keyword in the SETTINGS block.

An equation may be as simple as the first of the equations as shown in figure 35. Although this equation is not terribly use-
ful, applying it would result in a new series created by use of the unaltered terms of the existing series outflow.

outflow

loglO (outflow) + 3.456 * sediment ~ 3.23

34.5 / (interflow + 3.432)

0.0 * seriesl + @_days_start_year

3.495 + sin( (@ days start year + 124.5)*6.284/365.25)
1.0/sqrt (@ _days_"1/21/1978_12:00:00")

Figure 35. Examples of valid EQUATION arguments.

In the fourth of the above equations, the time series named series1 is multiplied by zero. In this case, the series is included
in the equation because each equation must cite at least one time series to set the }Time base of the resultant time series. In the
fifth of the above equations, the argument of the sine function is multiplied by 5555 to achieve periodicity of one year.

For those unfamiliar with programming, the equation a/b*c is evaluated as (a/b)*c. To divide a by b*c, formulate the equa-
tion as: a/(b*c) or a/bl/c.
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SERIES_STATISTICS

The SERIES STATISTICS block is used to calculate simple statistics from the terms of a time series. Optionally, the terms
of the series upon which statistical calculations are based can be limited to those within a specified date/time interval. Another
option provided by the SERIES STATISTICS block is for calculation of statistics on the basis of the log (to base 10) of the
terms of the time series or on the terms of the series raised to an arbitrary power. If it is desired that statistics be calculated on the
basis of more complex functions of the terms of a time series, this can be easily achieved by first calculating a new time series
using the SERIES EQUATION block, and then undertaking statistical calculations on the basis of this new time series.

Currently nine statistical measures can be calculated using the SERIES STATISTICS block: the mean, median, standard
deviation, sum, maximum, minimum, range, the minimum n-point mean, and the maximum n-point mean. If the user intends to
use any statistics in a calibration exercise undertaken by PEST, then only those statistics that are actually involved in the param-
eter-estimation process should be calculated in a SERIES STATISTICS block. This limits the output from the LIST OUTPUT
block to only those statistics.

TSPROC stores the outcomes of statistical calculations carried out by the SERIES STATISTICS block in an S TABLE.
Like other TSPROC entities, each S TABLE must be provided with a name so that it can be referenced by other TSPROC pro-
cessing blocks. This name must be 18 or fewer characters and must not include a space character.

Keywords featured in the SERIES STATISTICS block are listed in table 27. An example of a SERIES STATISTICS block
is given in figure 36.

Table 27. Keywords in a SERIES_STATISTICS block.—Continued

[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,
where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Key word Role Specifications
CONTEXT At least one CONTEXT keyword must be supplied; ~ Any string without internal spaces of 20 or fewer char-
up to five are permitted. If one of the CONTEXT acters. The CONTEXT keyword(s) must precede all
strings matches the CONTEXT string in the other keywords.

SETTINGS block, or if one of the CONTEXT
strings is “all,” the SERIES_STATISTICS block
will be processed.

SERIES NAME Mandatory. The name of the time series on which A name of 18 or fewer characters referencing a time
statistical calculations will be carried out. series stored within TSPROC’s memory.

NEW_S TABLE NAME Mandatory. The name of the new S TABLE used to ~ Any character string without internal spaces up to
store the outcomes of statistical calculations. 18 characters.

SUM Optional. Requests calculation of the sum of the “yes” or “no” Default is “no.”

terms of the time series.

MEAN Optional. Requests calculation of the mean of the “yes” or “no” Default is “no.”
terms of the time series.

MEDIAN Optional. Requests calculation of the median of the "yes" or "no" Default is "no."
terms of the time series.

MINMEAN n Optional. Requests calculation of the minimum —n- “yes” or “no” Default is “no.”
count mean of terms of the series.

MAXMEAN_n Optional. Requests calculation of the maximum —n-  “yes” or “no” Default is “no.”
count mean of terms of the series.

STD_DEV Optional. Requests calculation of the standard devia-  “yes” or “no” Default is “no.”
tion of the terms of the time series.

MAXIMUM Optional. Requests calculation of the maximum of “yes” or “no” Default is “no.”
the terms of the time series.

MINIMUM Optional. Requests calculation of the minimum of the “yes” or “no” Default is “no.”
terms of the time series.

RANGE Optional. Requests calculation of the difference “yes” or “no” Default is “no.”
between the maximum and minimum of the terms
of the time series.
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The use of the POWER and LOG keywords may have unintended consequences. It is illegal for both of these keywords to
be present within the same SERIES STATISTICS block. Furthermore, the use of these keywords may cause numerical errors.
In particular, if LOG is set to “yes” and if any of the terms of the time series are zero or negative, then TSPROC displays an
error message and ceases execution. In addition, if a POWER with an absolute value of less than 1 is supplied and if any of the
terms of the time series are negative, or if the POWER is negative and any of the terms of the time series are zero, then TSPROC
likewise ceases execution and displays an error message instead of attempting this impossible calculation.

The MINMEAN n and MAXMEAN n statistics require further explanation. As is apparent from the above example, the
user must supply an appropriate value for n. For example, if MINMEAN 5 is set to “yes,” TSPROC calculates the minimum
value of the running mean of five consecutive values of the series, and this calculation takes place over the length of the series
or between the user-provided beginning and end dates. If both the MINMEAN n and MAXMEAN n keywords are supplied in
the same SERIES STATISTICS block, then n must be the same for both of these keywords. In addition, the LOG and POWER
keywords must not be supplied in the same block as the MINMEAN n and MAXMEAN n keywords; if this is a problem, use
the SERIES EQUATION block to transform the series prior to use of the SERIES STATISTICS block.

Table 27. Keywords in a SERIES_STATISTICS block.—Continued

[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,
where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Key word Role Specifications

LOG Optional. Requests that statistics be calculated based  “yes” or “no.” Default is “no.” The LOG keyword
on the logs (to base 10) of the terms of the time cannot be used if the POWER keyword is used.
series.

POWER Optional. Requests that statistics be calculated based A real number other than zero. Default is 1. The
on the terms of the time series raised to the nomi- POWER keyword cannot be used if the LOG key-
nated power. word is used.

DATE_1 Optional. Terms of the time series before TIME 1 on  Either dd/mm/yyyy or mm/dd/yy, depending on the
this date are not used in statistics calculations. DATE FORMAT setting in the SETTINGS block.

TIME 1 Optional. Terms of the time series before this time on  hh:mm:ss .
DATE 1 are not used in statistical calculations.

DATE_2 Optional. Terms of the time series after TIME 2 on Either dd/mm/yyyy or mm/dd/yy, depending on the
this date are not used in statistical calculations. DATE FORMAT setting in the SETTINGS block.

TIME_2 Optional. Terms of the time series after this time on ~ hh:mm:ss .

DATE 2 are not used in statistical calculations.

START SERIES STATISTICS
CONTEXT all

SERIES NAME outflow
NEW S TABLE NAME outflow
MEAN yes

STANDARD DEVIATION yes
SUM yes

MAXIMUM yes

MINIMUM yes

MINMEAN 5 yes
MAXMEAN 5 yes

POWER 0.5

DATE 1 3/1/1976

TIME 1 00:00:00

DATE 2 3/3/1976

TIME 2 00:00:00
END SERIES STATISTICS

Figure 36. Example of a SERIES_DIFFERENCE block.
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SETTINGS

The SETTINGS block differs from the other blocks in a TSPROC input file in that it must be the first block listed in this file
and cannot be repeated. Two keywords, DATE and CONTEXT, must be used in a SETTINGS block. Table 28 lists the allowable
keywords within a SETTINGS block. Figure 37 shows an example SETTINGS block.

Table 28. Keywords within a SETTINGS block.

[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the years]

Keyword Role Specifications

DATE FORMAT Mandatory. Determines the format with which dates are Either dd/mm/yyyy or mm/dd/yyyy.
represented in TSPROC input and output files.

CONTEXT Mandatory. Sets the context for the current TSPROC run,  Any character string without internal spaces of 20 or fewer
thus determining which blocks in the TSPROC input file characters.
are processed.

START SETTINGS

DATE FORMAT mm/dd/yyyy
CONTEXT pest input

END SETTINGS

Figure 37. Example of a SETTINGS block.

The DATE FORMAT setting allows TSPROC to adapt to the different methods for representing the date in different coun-
tries. Currently, TSPROC understands two date formats: mm/dd/yyyy and dd/mm/yyyy.

A SETTINGS block can contain only one CONTEXT keyword. Through the use of various context arguments, the user
may activate or inactivate combinations of TSPROC blocks as needed. Every other block used in a TSPROC input file must
contain a minimum of one CONTEXT keyword, and a maximum of five, followed by a character string of 20 characters or less
and without internal spaces. If any of these character strings match the CONTEXT character string provided in the SETTINGS
block, or if any of these strings is supplied as “all,” then that block is processed.

TSPROC blocks may be activated or inactivated by choosing the argument given for the CONTEXT keyword. This can be
particularly useful when using TSPROC with PEST. In preparing for a PEST run, a user can set up a complex TSPROC input
file that processes measured and model-generated time series, and then generates a PEST input dataset in which the terms of the
processed measured time series act as “calibration targets” to which the terms of the processed model-generated time series are
matched. If CONTEXT settings in the various TSPROC processing blocks are carefully selected, then the same TSPROC input
file can be used by TSPROC in its capacity as a model post-processor simply by altering the run CONTEXT in the SETTINGS
block. Note that the context contained in the SETTINGS block may be overridden at the command line, as discussed in the sec-
tion “The SETTINGS Block.”
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The USGS_HYSEP block can be used to separate baseflow from total flow for specific periods within a time series. The
user may select one of three different baseflow separation methods for application within this block.

TSPROC stores the outcomes of baseflow separation performed by the USGS _HYSEP block in a new time series. Like
other TSPROC entities, the new time series must be provided with a name so that it can be referenced by other TSPROC pro-
cessing blocks. This name must be 18 or fewer characters and must not include a space character.

Keywords featured in the USGS_HYSEP block are listed in table 29. An example of a USGS_HYSEP block is given in

figure 38.

Table 29. Keywords within a USGS_HYSEP block.

[dd/mm/yyyy or mm/dd/yy, where dd is the number of digits for representing the day, mm represents the month, and yyyy or yy represents the year; hh:mm:ss,
where hh is the number of digits representing the hour, mm represents minutes, and ss represents seconds]

Keyword

Role

Specifications

CONTEXT

SERIES NAME

NEW SERIES NAME

HYSEP TYPE

TIME INTERVAL

DATE 1

TIME 1

DATE 2

TIME 2

At least one CONTEXT keyword must be supplied; up
to five are permitted. If one of the CONTEXT strings
matches the CONTEXT string in the SETTINGS
block, or if one of the CONTEXT strings is “all.” the
PERIOD_STATISTICS block will be processed.

Mandatory. The name of the time series on which base-
flow separations will be carried out.

Mandatory. The name of the new time series used to
store the outcome of baseflow separation.

Mandatory. Keyword indicating the method to be used
for baseflow separation.

Mandatory. Time interval to be used for baseflow sepa-
ration, in days.

Optional. Terms of the time series before TIME 1 on
this date are not used in peak extraction.

Optional. Terms of the time series before this time on
DATE 1 are not used in peak extraction.

Optional. Terms of the time series after TIME 2 on this
date are not used in peak extraction.

Optional. Terms of the time series after this time on
DATE 2 are not used in peak extraction.

Any string without internal spaces of 20 pr fewer char-
acters . The CONTEXT keyword(s) must precede all
other keywords.

A name of 18 or fewer characters referencing a time
series stored within TSPROC’s memory.

Any character string without internal spaces up to
18 characters.

“fixed_interval,” “sliding_interval,” or “local_minimum”
A non-negative odd number.

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE FORMAT setting in the SETTINGS block.

hh:mm:ss .

Either dd/mm/yyyy or mm/dd/yy, depending on the
DATE FORMAT setting in the SETTINGS block.

hh:mm:ss .

START USGS_ HYSEP

CONTEXT obs prep

SERIES NAME o 001 d

NEW SERIES NAME o 001 bf
HYSEP TYPE local minimum
TIME INTERVAL 3

DATE_1 10/05/1991

TIME 1 0:00:00

DATE_2 09/30/1999

TIME 2 0:00:00
END USGS_HYSEP

Figure 38.

Example of a USGS_HYSEP block.
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The techniques used for baseflow separation are described in Sloto and Crouse (1996). Each technique uses a time interval
to perform the separation, which is usually based on the following formula for time of concentration (time interval following
cessation of rainfall where surface runoff occurs):

t,=A4" (11)

where ¢ is time of concentration in days, and 4 is drainage area in mi*. In general, the interval used should be twice the width of
the time of concentration, rounded to the nearest odd integer, although any odd integer can be entered for the TIME INTERVAL
keyword.
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The V_.TABLE TO SERIES block copies information stored in a V. TABLE to a new time series. Information stored in
time-series format has access to more processing functionality than that available for V. TABLEs, including calculation of com-
parison statistics with other series, digital filtering, time interpolation, and other operations.

Keywords associated with the V. TABLE TO_ SERIES block are listed in table 30. An example ofa V_TABLE TO _

SERIES block is given in figure 39.

Table 30. Keywords in a V_TABLE_TO_SERIES block.
Keyword Role Specifications
CONTEXT At least one CONTEXT keyword must be supplied; up Any string without internal spaces of 20 or fewer charac-

to five are permitted. If one of the CONTEXT strings
matches the CONTEXT string in the SETTINGS
block, or if one of the CONTEXT strings is “all,” the
V_TABLE_TO_SERIES block will be processed.

Mandatory. The name of the new time series formed
through copying entries from a V_.TABLE.

Mandatory. The name of a V. TABLE from which en-
tries are to be copied to the new time series.

Mandatory. Informs TSPROC whether the date and time
corresponding to each new time series entry pertains
to the beginning, middle, or end of the corresponding
V_TABLE interval.

NEW_ SERIES NAME

V_TABLE NAME

TIME ABSCISSA

ters. The CONTEXT keyword(s) must precede all other
keywords.

Any character string without internal spaces up to
18 characters.

A name of 18 or fewer characters a V. TABLE stored
within TSPROC’s memory.

29

“start,” “center,” or “end” .

START V_TABLE TO SERIES
CONTEXT all
V_TABLE NAME volume
NEW_SERIES NAME ssvol
TIME ABSCISSA end
END V_TABLE TO SERIES

Figure 39. Example of a SETTINGS block.

Although two dates and times are associated with every term of a V_TABLE (corresponding to the interval over which
volume is accumulated), only one date and time is associated with every time-series entry. In the process of converting from a
table to a series, the user must inform TSPROC how time-series dates and times are calculated from V_TABLE dates and times.

Three options are available:

1. Time-series dates and times can correspond to the beginnings of respective volume accumulation intervals of the

V_TABLE from which they are derived;

2. Time-series dates and times can correspond to the ends of respective volume accumulation intervals of the V.TABLE

from which they are derived;

3. Time-series dates and times can correspond to the centers of respective volume accumulation intervals of the

V_TABLE from which they are derived.

Select the appropriate option by providing the character string “start,” “end,” or “center” (or “centre”) with the TIME _

ABSCISSA keyword of a V_.TABLE TO SERIES block.
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VOLUME_CALCULATION

The VOLUME CALCULATION block instructs TSPROC to integrate a time series with respect to time over the time span
bracketed by two dates and times. Although the most obvious application of this functionality is in volume calculation, it can
also be used for mass calculation if the integration is carried out on a time series that represents the mass flux of some constitu-

ent. A mass flux time series can be calculated from time series representing concentration and flow by use of the SERIES

EQUATION block.

Integration can be carried out over one or multiple time spans defined in a dates file; the format of a dates file is shown in
figure 40. Dates and times are supplied in a dates file rather than as part of the VOLUME CALCULATION block, because a
large number of volumes or constituent masses may often be used in the calibration process. Integration may take place over
regularly spaced (for example monthly) time intervals or over a number of discrete, significant events.

03/12/1976 11:23:53
04/30/1976 12:43:00
04/30/1976 12:43:00

04/03/1976 03:00:00
09/02/1976 23:59:59
04/30/1976 23:59:59

Figure 40.

Example of a dates file.

A dates file can be of any length. Each line must contain four entries: the date and time defining the beginning of the inte-
gration interval, and the date and time defining the end of the interval. The date format must be dd/mm/yyyy or mm/dd/yyyy,
and it must be consistent with the DATE_ FORMAT setting in the TSPROC SETTINGS block.

The outcomes of TSPROC’s volume calculations are stored in a V_TABLE. Like other TSPROC entities, each V_.TABLE
must be given a name, supplied through the NEW_V_TABLE NAME keyword. This and other keywords associated with
a VOLUME CALCULATION block are listed in table 31. An example of a VOLUME_CALCULATION block is given in

figure 41.

Table 31.

[ min, minutes; sec, seconds]

Keywords in a VOLUME_CALCULATION block.

Keyword

Role

Specifications

CONTEXT

SERIES NAME

NEW V_TABLE NAME

DATE FILE

FLOW TIME UNITS

FACTOR

At least one CONTEXT keyword must be supplied,
up to five are permitted. If one of the CONTEXT
strings matches the CONTEXT string in the SET-
TINGS block, or if one of the CONTEXT strings is
“all,” the VOLUME CALCULATION block will be
processed.

Mandatory. The name of the time series on which time
integration will be carried out.

Mandatory. The name of a new V_TABLE used to
store the outcomes of time-integration carried out by
TSPROC.

Mandatory. The name of the dates file containing the
time spans over which time series integration will
take place.

Mandatory. The time units of flow employed by the
time series.

Optional. Factor by which integrated volumes or
masses are multiplied before storage

Any string without internal spaces of 20 or fewer char-
acters. The CONTEXT keyword(s) must precede all
other keywords.

A name of 18 or fewer characters referencing a time
series stored within TSPROC’s memory.

Any character string without internal spaces up to
18 characters.

Any filename up to 120 characters. Use quotes if the
filename contains spaces.

“year,” “month,” “day,” “hour,” “min,” or “sec”.

A real number. Default is 1.0.




Parameter Estimation and TSPROC 69

START VOLUME CALCULATION
CONTEXT all

SERIES NAME outflow

NEW V_TABLE NAME volout
FLOW _TIME UNITS days

DATE FILE "volume dates.dat"
FACTOR 3.4953

END VOLUME CALCULATION

Figure 41. Example of a VOLUME_CALCULATION block.

Two VOLUME CALCULATION keywords require further explanation. By use of the required FLOW_TIME UNITS
keyword, the user supplies the time units employed by the flow time series. For example, if flow is recorded in cubic feet per
second, then FLOW_TIME_UNITS should be provided as “sec.” By use of the optional FACTOR keyword, the user supplies a
multiplier that TSPROC applies to each integrated volume or mass that it calculates. The predominant use of this multiplier is
in units conversion. For example, if the volume in cubic feet calculated in the above example is to be stored in units of acre feet,
gallons, megalitres, or some other volumetric unit, then the appropriate conversion factor should be supplied.
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WRITE_PEST_FILES

The WRITE _PEST_ FILES block instructs TSPROC to generate PEST input files for a parameter-estimation run. The
CONTEXT keyword in the SETTINGS block should be used to activate the WRITE PEST FILES block during PEST control
file generation, and it is also used to deactivate this block when TSPROC is used as part of a composite model.

It is beyond the scope of this publication to discuss parameter estimation using PEST software on more than a superficial
basis; readers should consult PEST documentation (Doherty, 2010a, b) for more detail on the use and application of PEST.

Position within a TSPROC Input File

If present, a WRITE PEST FILES block must immediately follow a LIST OUTPUT block in a TSPROC input file. In
writing the PEST input dataset, TSPROC assumes that the LIST OUTPUT block that immediately precedes the WRITE PEST
FILES block is exactly the same as that which it uses to generate model output files when run as a model post-processor during
a calibration run. The time series and tables cited in the LIST OUTPUT block are generated by the model under calibration. For
each of these model-generated entities, a corresponding observation entity must be supplied. Like the model entities to which
they are matched, the observation entities must have been generated, or simply imported, during the current TSPROC run.

Model and Observation Entities

Model-generated and observed time series and tables must be comparable; they must contain the same number of values
and cover identical date and time ranges. Should TSPROC detect any inconsistencies in such paired entities, it displays an
appropriate error message before ceasing execution.

Time interpolation of model-generated series to the times and dates of their corresponding observation time series is
advisable before any further analyses are performed, especially if observations are intermittent and irregular. By doing this, any
bias or miscalculation of the quantities stored within the various TSPROC entities is “cancelled out” in the calibration process,
because both the model and observation quantities are subject to exactly the same error caused by limitations in the time base on
which they were calculated.

Keywords

Table 32 describes the keywords associated with a WRITE PEST FILES block.
An example of a WRITE PEST FILES block is given in figure 42. Note that the WRITE PEST FILES block may include
an almost unlimited number of paired comparisons between model-generated and observed series and tables.
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Keyword

Role

Specifications

CONTEXT

TEMPLATE FILE

MODEL INPUT FILE

PARAMETER DATA FILE

PARAMETER GROUP FILE

OBSERVATION SERIES NAME

MODEL SERIES NAME

SERIES WEIGHTS EQUATION

SERIES WEIGHTS MIN MAX

OBSERVATION S TABLE NAME

MODEL_ S _TABLE NAME

S TABLE WEIGHTS EQUATION

S TABLE WEIGHTS MIN MAX

OBSERVATION V TABLE NAME

At least one CONTEXT keyword must be sup-
plied; up to five are permitted. If one of the
CONTEXT strings matches the CONTEXT
string in the SETTINGS block, or if one of the
CONTEXT strings is “all,” the WRITE PEST
FILES block will be processed.

Mandatory. The name of a PEST template file.
Use as many TEMPLATE FILE entries as there
are template files involved in the parameter
estimation process.

Optional. If present, this keyword must immedi-
ately follow a TEMPLATE FILE keyword.

Optional. The name of a file containing data nor-
mally found in the “parameter data” section of a
PEST control file.

Optional. The name of a file containing data nor-
mally found in the “parameter groups” section
of'a PEST control file.

Optional. The name of a time series contain-
ing measurement data. Must be followed by a
MODEL_SERIES NAME keyword.

Mandatory for every OBSERVATION_SERIES
NAME keyword. Model-generated time series
corresponding to an observation time series.
Must follow an OBSERVATION_SERIES
NAME keyword.

Mandatory for every OBSERVATION_ SERIES
NAME keyword. Equation by which observa-
tion weights are calculated. Must follow a
MODEL_SERIES_NAME keyword.

Optional. The minimum and maximum weights
for observations pertaining to the previous
OBSERVATION_SERIES_NAME keyword. If
present, must immediately follow a SERIES
WEIGHTS EQUATION keyword.

Optional. The name of an S_ TABLE containing
processed measurement data. Must be followed
by a MODEL S TABLE NAME keyword.

Mandatory for every OBSERVATION S
TABLE NAME keyword. Model-gen-
erated S TABLE corresponding to an
observation S_TABLE. Must follow an
OBSERVATION_S TABLE NAME keyword.

Mandatory for every OBSERVATION_S
TABLE_NAME keyword. Equation by which
observation weights are calculated. Must follow
a MODEL_S_TABLE_NAME keyword.

Optional. The minimum and maximum weights
for observations pertaining to the previous
OBSERVATION_S TABLE_NAME key-
word. If present, must immediately follow an
S TABLE WEIGHTS EQUATION keyword.

Optional. The name of a V_TABLE containing
processed measurement data. Must be followed
by a MODEL V_TABLE NAME keyword.

Any string without internal spaces of 20 or fewer
characters. The CONTEXT keyword(s) must
precede all other keywords.

Any filename up to 120 characters. Use quotes if
the filename contains spaces.

Any filename up to 120 characters. Use quotes if
the filename contains spaces.

Any filename up to 120 characters. Use quotes if
the filename contains spaces.

Any filename up to 120 characters. Use quotes if
the filename contains spaces.

A name of 18 or fewer characters referencing a
time series stored within TSPROC’s memory.

A name of 18 or fewer characters referencing a
time series stored within TSPROC’s memory.

An equation, optionally enclosed in quotes.

Two real nonnegative numbers separated by a
space. First the minimum weight, then the
maximum weight.

A name of 18 or fewer characters referencing an
S TABLE stored within TSPROC’s memory.

A name of 18 or fewer characters referencing an
S TABLE stored within TSPROC’s memory.

An equation, optionally enclosed in quotes.

Two real nonnegative numbers separated by a
space. First the minimum weight, then the
maximum weight.

A name of 18 or fewer characters referencing a
V_TABLE stored within TSPROC’s memory.
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Table 32. Keywords in a WRITE_PEST_FILES block.—Continued

Keyword

Role

Specifications

MODEL_V_TABLE NAME

V_TABLE WEIGHTS EQUATION

V_TABLE WEIGHTS MIN MAX

OBSERVATION E TABLE NAME

MODEL_E_TABLE NAME

E TABLE WEIGHTS EQUATION

E_TABLE WEIGHTS MIN MAX

OBSERVATION G TABLE NAME

MODEL G TABLE NAME

G TABLE WEIGHTS EQUATION

G_TABLE WEIGHTS MIN MAX

NEW_PEST CONTROL FILE

Mandatory for every OBSERVATION_V_
TABLE NAME keyword. Model-gen-
erated V_TABLE corresponding to an
observation V. TABLE. Must follow an
OBSERVATION V_TABLE NAME keyword.

Mandatory for every OBSERVATION V
TABLE_NAME keyword. Equation by which
observation weights are calculated. Must follow
a MODEL V_TABLE NAME keyword.

Optional. The minimum and maximum weights
for observations pertaining to the previous
OBSERVATION_V_TABLE NAME key-
word. If present, must immediately follow a
V_TABLE_WEIGHTS_EQUATION keyword.

Optional. The name of an E TABLE containing
processed measurement data. Must be followed
by a MODEL_E TABLE NAME keyword.

Mandatory for every OBSERVATION_E
TABLE NAME keyword. Model-gen-
erated E_ TABLE corresponding to an
observation E. TABLE. Must follow an
OBSERVATION E TABLE NAME keyword.

Mandatory for every OBSERVATION E
TABLE_NAME keyword. Equation by which
observation weights are calculated. Must follow
a MODEL E TABLE NAME keyword.

Optional. The minimum and maximum weights
for observations pertaining to the previous
OBSERVATION_E TABLE NAME keyword.
If present, must immediately follow an E
TABLE_WEIGHTS_EQUATION keyword.

Optional. The name of an G_TABLE containing
processed measurement data. Must be followed
by a MODEL_G_TABLE_NAME keyword.

Mandatory for every OBSERVATION_G
TABLE NAME keyword. Model-gen-
erated G_ TABLE corresponding to an
observation G_TABLE. Must follow an
OBSERVATION G TABLE NAME keyword.

Mandatory for every OBSERVATION G
TABLE NAME keyword. Equation by which
observation weights are calculated. Must follow
a MODEL G_TABLE NAME keyword.

Optional. The minimum and maximum weights
for observations pertaining to the previous
OBSERVATION G TABLE NAME key-
word. If present, must immediately follow an
G_TABLE_WEIGHTS_EQUATION keyword.

Mandatory. The name of the PEST control file to
be written by TSPROC.

A name of 18 or fewer characters referencing a
V_TABLE stored within TSPROC’s memory.

An equation, optionally enclosed in quotes.

Two real nonnegative numbers separated by a
space. First the minimum weight, then the
maximum weight.

A name of 18 or fewer characters referencing an
E_TABLE stored within TSPROC’s memory.

A name of 18 or fewer characters referencing an
E_TABLE stored within TSPROC’s memory.

An equation, optionally enclosed in quotes.

Two real nonnegative numbers separated by a
space. First the minimum weight, then the
maximum weight.

A name of 18 or fewer characters referencing a
G_TABLE stored within TSPROC’s memory.

A name of 18 or fewer characters referencing a
G_TABLE stored within TSPROC’s memory.

An equation, optionally enclosed in quotes.

Two real nonnegative numbers separated by a
space. First the minimum weight, then the
maximum weight.

Any filename up to 120 characters. Use quotes if
the filename contains spaces.
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Keyword Role Specifications

AUTOMATIC USER_ INTERVEN- Optional. Determines the “automatic user inter- “yes” or “no” .

TION vention” setting in the PEST control file written
by TSPROC.

TRUNCATED_SVD Optional. Determines whether truncated singular A real number greater than zero—the PEST
value decomposition will be employed as a EIGTHRESH variable. Normally about
stabilization device in the PEST control file 2.0E-7.
written by TSPROC.

NEW_INSTRUCTION FILE Mandatory. The name of the instruction file to be ~ Any filename up to 120 characters. Use quotes if
written by TSPROC. the filename contains spaces.

MODEL_COMMAND LINE Optional. The model command line to be recorded A command line that satisfies the requirements
in the “model command line” section of the of the operating system, in the present case the
PEST control file. name of a batch or script file.

START WRITE PEST FILES

CONTEXT pest input

NEW PEST CONTROL FILE case.pst
AUTOMATIC USER INTERVENTION yes
TEMPLATE FILE catchment.tpl

MODEL INPUT FILE catchment.uci
NEW_INSTRUCTION FILE observation.ins

OBSERVATION SERIES NAME flow obs

MODEL_ SERIES NAME i flow mod

SERIES WEIGHTS EQUATION 1.0/@ abs value
SERIES WEIGHTS MIN MAX 1.0 1000.0

OBSERVATION V_TABLE NAME vol obs
MODEL V_TABLE NAME vol mod
V_TABLE WEIGHTS EQUATION 5.0

OBSERVATION S TABLE NAME stat obs
MODEL S TABLE NAME stat mod
S_TABLE WEIGHTS EQUATION 1.0/@ abs value

OBSERVATION E TABLE NAME time obs
MODEL_E_TABLE NAME time mod

E _TABLE WEIGHTS EQUATION log(2.0/@ abs value) + 2.0
E_TABLE WEIGHTS MIN MAX 0 1000

PARAMETER DATA FILE param.dat
PARAMETER GROUP FILE pargroup.dat
MODEL COMMAND LINE model.bat

END WRITE PEST FILES

Figure 42. Example of a WRITE_PEST_FILES block.
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Tasks Undertaken by TSPROC in Generating a PEST Input Dataset
In processing the entries contained within a WRITE PEST FILES block, TSPROC performs the following tasks.

1. TSPROC reads all template files cited in the WRITE_PEST FILES block, accumulating the names of all parameters
cited in those files.

2. IfaPARAMETER DATA FILE keyword is present within the WRITE PEST FILES block, TSPROC reads that file
and stores the data for later use.

3. IfaPARAMETER GROUP FILE keyword is present within the WRITE PEST FILES block, TSPROC reads that file
and stores the data for later use.

4. TSPROC checks that all model series and tables cited in the WRITE PEST FILES block are also cited in the LIST _
OUTPUT block that should immediately precede it in the TSPROC input file.

5. TSPROC checks that each observation entity that is matched to a model entity is comparable; in other words, it checks
to ensure that table comparisons are being made between identical table types and that series contain identical numbers
of values and cover identical time and date ranges.

6. TSPROC then generates names for all observations featured in the parameter-estimation process.

7. TSPROC writes an instruction file by which the model-generated data written by the previous LIST OUTPUT block
can be read by PEST.

8. TSPROC then writes the “control data,” “parameter group,” and “parameter data” sections of the new PEST control
file. Included in this file are all parameters referenced in the template files cited in the WRITE PEST FILES block.
Information contained within the parameter data and parameter group files is included in the pertinent sections of the
PEST control file where appropriate. Default values are used for all other PEST variables.

9. TSPROC then writes the “observation group” and “observation data” sections of the new PEST control file. Observa-
tion weights are calculated according to formulae supplied through various WEIGHTS EQUATION keywords.

10. TSPROC writes the “model command line” and “model input/output” sections of the new PEST control file.

These tasks are now discussed in greater detail.

Parameter Data and Parameter Group

TSPROC accumulates the names of the parameters that it must include in the PEST control file by reading all template files
cited in the WRITE PEST FILES block. Any number of TEMPLATE FILE keywords can be included in a WRITE PEST
FILES block ; each TEMPLATE FILE keyword should be followed by a MODEL INPUT FILE keyword. PEST links the
model input file to the preceding template file when writing the “* model input/output” section of the PEST control file. If a
MODEL _INPUT FILE keyword is not associated with a particular TEMPLATE_ FILE keyword, PEST supplies a default model
input filename to correspond to the template file; this filename must be altered to the correct filename in the PEST control file
before running PEST.

In writing a PEST control file, TSPROC must supply each parameter with an initial value, an upper and lower bound, and
all of the other information contained within the “parameter data” section of a PEST control file. It must also assign each param-
eter to a parameter group. Recall that variables that govern the calculation of derivatives are assigned to parameter groups rather
than to individual parameters. For some parameter types, the values assigned to these derivative-calculation variables can be
crucial to the success of the parameter-estimation process.

If desired, default TSPROC parameter data can be overridden by supplying the values for parameter variables and param-
eter group variables through a “parameter data file” and a “parameter group file,” respectively. The names of these files are sup-
plied following optional keywords of the same name in the WRITE PEST FILES block.

If no PARAMETER DATA FILE keyword is present within a WRITE PEST FILES block, PEST assigns default values
to all parameter variables. It assigns each parameter to a group of its own and supplies default values to the derivatives-calcula-
tion variables pertaining to each such group. The user should carefully inspect all of these variables, altering them as necessary
to suit the calibration problem at hand.

An example of a parameter data file is given in figure 43.
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rol fixed factor 0.5 .1 10 ro 1.0 0.0
ro2 log factor 5.0 .1 10 ro 1.0 0.0
ro3 tied rol factor 0.5 .1 10 ro 1.0 0.0
hl none factor 2.0 .05 100 h 1.0 0.0
h2 none factor 5.0 .05 100 h 1.0 0.0

Figure 43. Example of a parameter data file.

A parameter data file is nearly identical to the “* parameter data” section of a PEST control file, containing the same vari-
ables in the same order. Differences between the parameter data file formats used by TSPROC and PEST include:

1. A value need not be supplied for the DERCOM variable, which is the command line number for derivatives calculation
and the 10th variable on each line of the “parameter data” section of a PEST control file. TSPROC always provides a
default value of 1 for this variable when it writes a PEST control file.

2. Not all parameters cited in template files need to be cited in a parameter data file. TSPROC provides default data for
parameters that are absent from the latter file.

3. If a parameter is tied to another parameter, the name of the parent parameter must be attached to the “tied” string fol-
lowing an underscore, as illustrated in figure 43.

4. If a parameter is assigned to a particular parameter group, and if a parameter group file is not cited in the WRITE _
PEST FILES block, or if the name of the group is not included in a cited parameter group file, then TSPROC supplies
default values for variables governing derivatives calculation for that group when it writes the PEST control file.

The contents of a parameter group file emulate those of the “parameter groups” section of a PEST control file. An example
of a parameter group file is given in figure 44.

ro relative 0.01 0.00 switch 1.5 parabolic
h relative 0.01 1.0e-4 switch 2.0 parabolic

Figure 44. Example of a parameter group file.
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Time Series Observations

For every time series involved in the parameter-estimation process, at least three, and up to four, keywords must be sup-
plied in the WRITE PEST FILES block. These keywords must be provided in the order presented in table 32.

The time series associated with the OBSERVATION SERIES NAME keyword should contain observation data. TSPROC
writes the terms of this series to the PEST control file. The goal of the parameter-estimation process is to minimize the dis-
crepancies between these terms and those of a corresponding model-generated time series. The model-generated time series is
produced by TSPROC in its role as a model post-processor; as mentioned above, when TSPROC acts in this latter role, CON-
TEXT settings should be such that a PEST input dataset is NOT generated, and any unnecessary processing of observation data
is avoided.

The name of the model time series that forms the model-generated counterpart to the observation time series must be
supplied with the MODEL SERIES NAME keyword directly following the OBSERVATION SERIES NAME keyword. It is
important that this same series is featured in the LIST OUTPUT block immediately preceding the WRITE PEST FILES block.
This LIST OUTPUT block, and all calculations and data importations giving rise to the time series and tables cited in that
block, must be retained when TSPROC is run as a model post-processor during the parameter-estimation process.

When writing a PEST input file, TSPROC assigns all observations comprised of the terms of an observation time series
to a single observation group. This group is given the same name as the model time series to which the observation time series
corresponds. Individual observation names are generated by affixing the string “n..n” to a contraction of the group name, where
“n..n” is the term number of the time series. If for some reason this process does not result in unique observation names, which
can occur under some circumstances if time series names are too similar, then TSPROC displays an error message and ceases
execution.

When writing the “observation data” section of a PEST control file, TSPROC must assign a weight to each observa-
tion. Observation weights are calculated by TSPROC on the basis of the equation supplied by the user with the WEIGHTS _
EQUATION keyword. The format of the weights equation is the same as that described in the SERIES EQUATION block,
except for two important differences.

1. Ifaseries name is cited in a weights equation, that series must have the same time base (same number of terms and
same date/time pertaining to each term) as the observation time series for which weights are being calculated. In imple-
menting the equation for weights calculation, series are matched on a term-by-term basis.

2. An extra TSPROC-specific function, the @ _abs val function , is provided for use in a weights equation, but it is not
available for use in a series equation. This function returns the absolute values of the terms of the observation time
series for which a weight is currently being calculated.

Some example weights equations are given in figure 45.

wt_ series

1.0/sqgrt (@ _abs val)

4.0

1.0 + 0.5 * sin((@ days start year + 124.5)%*6.284/365.25)
sqgrt (@ days "1/1/1989 00:00:00")

Figure 45. Example of valid weights equations.

In the first of the above equations, weights are simply set to the values of an existing time series. In the second of the above
equations, observation weights are calculated as the inverse of the square root of the absolute value of each observation. In the
third example, a uniform weight of 4.0 is assigned to all observations comprising the observation time series, while in the fourth
example, weights show a seasonal dependance, being a function of time of year (note the factor of ﬁ in the argument to
the sine function). Recall that the argument to the sin, cos, and tan functions must be supplied in radians; 2z radians is the same
as 360 degrees. In the fifth of the above equations, weights increase as the square root of the number of days that have elapsed
since the first moment of 1989.

If a negative observation weight is calculated , TSPROC raises the weight to zero. However, the user has the option of sup-
plying upper and lower bounds to the weights through a SERIES WEIGHTS MIN MAX keyword; if a user requests a mini-

mum weight of less than 0.0, TSPROC overrides this with a minimum weight of zero.
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S_TABLE Observations

The mechanism by which S TABLE observations are included in a calibration dataset is very similar to that for including
series observations in this dataset. The name of an observation S TABLE must be provided through the OBSERVATION S
TABLE keyword. This keyword must be immediately followed by a MODEL S TABLE keyword that provides the name
of a corresponding model S_ TABLE. This S TABLE must contain the same statistics as those contained within the observa-
tion S TABLE (statistics for inclusion in an S TABLE are requested through the SERIES STATISTICS block). This same
S_TABLE must also be featured in the LIST OUTPUT block immediately preceding the WRITE PEST FILES block.

TSPROC assigns all observations pertaining to a particular S TABLE to a single observation group whose name is the
same as that of the model S TABLE. Individual members of the S TABLE are provided with observation names by contracting
the name of the observation group and appending a shortened form of the name of the statistic that each represents.

Weights for S TABLE observations are generated by use of a weights equation. Unlike the weights equation used in the
generation of weights for time series observations, the weights equation used for the generation of S TABLE observation
weights cannot cite a series name, nor can it use the @_days_start year or @ _days "mm/dd/yyyy hh:nn:ss” functions. How-
ever, it can use the @_abs _val function; in this case, the value refers to the particular statistical entity contained in the S TABLE
to which the weight is assigned.

V_TABLE Observations

V_TABLE observations are included in a calibration dataset in the same way that S TABLE observations are included.
The only difference is that individual observations are named by affixing a number (rather than a contracted form of the name
of a statistical measure) to a contracted form of the observation group name. V_TABLE observations are named after the model
V_TABLE to which the observation V_TABLE is matched in the WRITE PEST FILES block.

G_TABLE and E_TABLE Observations

Inclusion of G_ TABLE or E_ TABLE observations in the calibration process follows the same procedure as that used for
inclusion of V_TABLE observations.

C_TABLE Observations

Data contained within C_ TABLESs cannot be included in the model-calibration process. If the name of a C_TABLE is cited
in a WRITE PEST FILES block, TSPROC displays an error message before ceasing execution.

The PEST Control File

The PEST control file written by TSPROC will likely need to be edited by the user to ensure that it is compatible with the
optimization problem at hand. In the PEST control file written by TSPROC, PEST is asked to run in parameter-estimation mode.
Default values are provided for all PEST control variables; these values are suitable for most occasions. If you would like PEST
to run in regularization mode, you must also add a set of regularization observations and/or prior information equations to the
TSPROC-generated PEST control file.

Ifa MODEL COMMAND LINE keyword is provided in a WRITE PEST FILES block, the user-supplied command line
argument is transferred to the “model command line” section of the PEST control file written by TSPROC. Otherwise a default
command line is supplied; it probably will need to be altered by the user before running PEST. Note that the model command
line is the name of the composite model: the name of the batch or script file that runs the model or models along with PAR2PAR,
TSPROC and any other glue code. Commands cited in this file will include the name of a model executable, as well as the com-
mand to run TSPROC.

The AUTOMATIC USER INTERVENTION keyword is used to set the DOAUI variable in the “control data” section of
the PEST control file written by TSPROC. If this is set to “yes,” then DOAUI is set to “aui”’; PEST will implement automatic
user intervention as necessary when implementing the inversion process. [f AUTOMATIC USER INTERVENTION is set to
“no,” or if it is omitted, then DOAUI is set to “noaui.” Regardless of the setting of this variable, TSPROC does not add an “auto-
matic user intervention” section to the PEST control file that it writes. Thus, if automatic user intervention is implemented, it is
done on the basis of default values for variables that control its implementation.

An alternative numerical stabilization device is truncated singular value decomposition (“truncated SVD”). This is invoked
by supplying a TRUNCATED_SVD keyword, followed by the value of the truncation threshold (PEST variable EIGTHRESH),
which is normally between 10 and 10”7. TSPROC objects if both a TRUNCATED SVD and an AUTOMATIC USER
INTERVENTION keyword are supplied, because only one of these stabilization devices can be employed at the same time.
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In addition, if truncated SVD is selected as a numerical stabilization device, then the initial lambda (RLAMBDA1 variable) is
set to zero and the number of tested lambdas per iteration (NUMLAM variable) is set to 1 in the PEST control file written by
TSPROC.

Although it may require some alterations before being used by PEST, a PEST control file written by TSPROC is complete
enough to withstand the scrutiny of PESTCHEK. As is described in the PEST manual (Doherty, 2010a, b), PESTCHEK checks
the PEST control file, whose name is provided on its command line, as well as all template and instruction files cited within the
PEST control file.

Calibration by Using Patterns

The matching of raw or processed observation data to corresponding raw or processed model-generated data sometimes
might not work as well as other strategies for at least some of the data types that may be included in the model-calibration
process. For certain types of data , a better calibration strategy may be to attempt to match some relationship between flows and
constituent observations (calculated on the basis of observations and model outputs, respectively), rather than the individual
constituent concentrations themselves. For example, the calibration process may attempt to ensure that a regression relationship
involving flows, constituent data, and, possibly, other factors, such as time of year, is respected by the model, even if the model
is incapable of replicating individual constituent observations due to the erratic and noisy nature of these observations.

As an example of the application of this principal, consider that it is “known” that a certain regression relationship exists
between flow and constituent concentrations. The coefficients in such a relationship may have been determined through using a
model such as the USGS program ESTIMATOR, or they may even have been determined using PEST with TSPROC, with the
SERIES EQUATION block of TSPROC comprising the “model.” As part of TSPROC’s model post-processing duties, model-
generated flows and constituent concentrations could be time interpolated to the dates and times when constituent observa-
tions were made. By use of the SERIES  EQUATION block, the difference between model-calculated concentrations and those
“predicted” using the regression equation applied to model-generated flows could be evaluated. The closer that the difference
between these two quantities is to zero, the closer does the “constituent pattern” generated by the model match the observed
“constituent pattern.” Other factors come into play here, such as the average and standard deviation of the constituent observa-
tions that, as discussed above, are also easily incorporated into the parameter-estimation process.

To incorporate “pattern matching” of this type into the parameter-estimation process, a time series expressing the difference
between modeled constituent concentrations and those calculated from modeled flows using the “known” regression equation
can be supplied as a model time series in the WRITE PEST FILES block (and the LIST OUTPUT block preceding it). For
consistency, dates and times for this time series should correspond only to constituent observation times. The corresponding
observation time series would be one with an identical time base, but with all terms equal to zero. Weights assigned to these
“observations” could be uniform; alternatively, they could be a function of the actual observed constituent concentrations, calcu-
lated by use of a SERIES EQUATION block and supplied through the SERIES WEIGHTS EQUATION keyword.
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Appendix 1: File Format Details

Site Sample File (SSF)

The “site sample file” is fundamental to the operation of many of the Surface Water Utilities; it holds time series data gath-
ered at one or more sites. The data stored in this file can be of any type.

A site sample file records data, for example, water levels or chemical concentrations, gathered through sampling programs
at discrete sample times at a number of specific locations. Each line of a site sample file has four (or possibly five) entries, each
of which must be separated from its neighboring entry by one or more white space (including tab) characters. Typically a site
sample file holds data extracted from a database. Part of a site sample file is shown in fig. 1-1 below.

135000022 25/09/1991 12:00:00 12.00
135000022 02/01/1992 12:00:00 11.83
135000022 24/03/1992 12:00:00 12.81
135000022 29/06/1992 12:00:00 13.54
135000022 22/09/1992 12:00:00 13.24
13500002A 17/12/1992 12:00:00 12.84
135000022 22/03/1993 12:00:00 12.38
135000022 21/06/1993 12:00:00 11.83
135000022 27/09/1993 12:00:00 11.61
135000022 16/12/1993 12:00:00 12.35
135000022 01/03/1994 12:00:00 11.79
135000022 22/03/1994 12:00:00 11.89
1351235A 19/02/1959 12:00:00 29.84
1351235A 05/03/1959 12:00:00 30.33
1351235A 20/03/1959 12:00:00 30.76
1351235A 06/04/1959 12:00:00 31.19
1351235A 17/04/1959 12:00:00 31.45
1351235A 01/05/1959 12:00:00 31.65
site a 15/05/1959 12:00:00 31.65

site a 29/05/1959 12:00:00 31.65

site a 12/06/1959 12:00:00 31.65

site a 26/06/1959 12:00:00 31.46

site a 10/07/1959 12:00:00 31.34

Figure 1-1. Extract from a site sample file.

The first item on each line of a site sample file is a site identifier. This identifier must be of 18 or fewer characters. When
used with programs of the Surface Water Ultilities, the site identifier is case insensitive. The second item is the date; depending
on the contents of the settings file settings; this must be expressed either in the format dd/mm/yyyy or mm/dd/yyyy (see figure 9
in the previous section of this publication). The observation time (in the format hh:mm:ss) and the observation value come third
and fourth in each line. An optional fifth item may be present on any line; if present, this item must consist solely of the single
character “x” to indicate that the previous data element lacks integrity.

The following rules must be observed when generating a site sample file.

» For any one site, dates and times must be listed in increasing order.

 All entries for the same site must be in juxtaposition; in other words, it is not permitted to list some of the entries for a
particular site in one part of a site sample file and the remainder of the entries in another part of the same file, with data
pertaining to one or more other sites in between.

* A time entry of 24:00:00 is not permitted; this must be represented as 00:00:00 on the following day.
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Statvar File (PRMS Output)

A STATVAR file begins with the number of series N represented in the file. Following that are N lines, each containing a
variable name followed by a location identifier, which generally corresponds to a particular hydrologic response unit (HRU),
Muskingum stream node, or other reservoir. Taken together, these uniquely identify a series. Following these N lines are the data
comprising the time series themselves. The first entry on each such line is the model simulation day. Following that is the year,
month, day, hour, minute, and second, respectively, corresponding to series entries on that line followed by the entries them-
selves. Entries are in the same order as variable name and location identification entries provided in the header to the file.

Modflow/GSFLOW Gage Package Output (*.ggo)

GSFLOW and MODFLOW produce two types of gage file, each with a slightly different header format. One of these lists
model-calculated quantities pertaining to surface-water features including lakes and rivers as generated by the MODFLOW
streamflow routing (SFR2) process (Niswonger and Prudic, 2005) . The other lists model-calculated quantities computed by the
MODFLOW unsaturated zone flow (UZF) process (Niswonger and others, 2006). Both files begin with two headers. The first
identifies the gage and, if from the SFR package, the stream segment and reach number. The second header line provides column
names. In either case, the file is comprised of multiple columns, each associated with the second header that specifies the infor-
mation recorded in the column (fig.1-2). One of these columns is elapsed simulation time. Data associated with any of the other
columns can be extracted by providing the name of its header.

"GAGE No. 9: K,I,J Coord. = 1,162,259; STREAM SEGMENT = 3; REACH = 26 "

"DATA: Time Stage Flow Depth Width MP-Flow Precip.
ET SFR-Runoff UZF-Runoff"

1.0000000E+00 9.0975195E+02 1.1160049E+05 3.5192147E-01 6.1409826E+00
1.0862639E+05 0.0000000E+00 0.0000000E+00 0.0000000E+00 1.7551230E+02

2.0000000E+00 9.0980646E+02 1.4214981E+05 4.0646315E-01 6.1409826E+00
1.3852216E+05 0.0000000E+00 0.0000000E+00 1.5665702E+03 0.0000000E+00

3.0000000E+00 9.0992102E+02 2.1525652E+05 5.2100694E-01 6.1409826E+00
2.1028977E+05 0.0000000E+00 0.0000000E+00 4.4122778E+03 0.0000000E+00

Figure 1-2. Extract from a MODFLOW gage package output file.
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Appendix 2: Python Module Use

The version of TSPROC documented in this report can be compiled as a traditional Fortran program or as a Fortran library
with bindings to Python. Many new ways of using and extending TSPROC are possible through the use of the Python module
and Fortran library. This is a capability that will likely continue to evolve long after the publication of this report; users should
check online documentation for the most current information regarding the capabilities of the Python TSPROC module.

The Fortran wrapping package f2py (Peterson, 2009) has been used to assist in creating entry points to the Fortran code
from within Python. The TSPROC code may be used in several different ways from within a Python script. The simplest appli-
cation invokes TSPROC from within a Python script as opposed to from the command line. A more complex Python script can
create TSPROC input blocks in memory, obviating the need for a control file. Lastly, the TSPROC module may be used in such
a way that the Python script simply monitors the block currently being processed; this allows the user the option to override or
extend current TSPROC functionality. The basic Python module methods are listed in table 2—1.



Table 2-1.

[—, not applicable]

Basic Python module methods.
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Python script process
function name

Arguments Return values

Description

Work independently of TSPROC control file

newblock block name - Deletes any previous in-memory blocks and creates a
new block with the name as given by block name.
addtoblock block text - Adds the text given in block_text to the in-memory
block.
processblock - Processes the current block (either in-memory, or in an
open TSPROC control file).
Require use of a TSPROC control file
inittsproc control filename, - Sets the name for the control filename and the record
record filename filename.
context context name - Overrides any context setting present in the TSPROC
control file.
getnextblockname [block name]
getnextblock [block_keywords], Returns the block name and all keyword/argument
[block arguments] pairs for the next block; a TSPROC control file must
already have been initialized to use this function.
runtsproc - Starts a TSPROC run. Assumes all input will be pro-
vided by the TSPROC control file, which must be
specified by a previous call to inittsproc.
Work with or without an active TSPROC control file
listtables [table_names] Returns a list of all TSPROC tables currently resident in
memory.
listseries [series_names] Returns a list of all TSPROC series currently resident in
memory.
gettable table_name [table fieldnames], Returns a list of table fieldnames, and a list of table
[table values] values.
getseries series_name [series_date- Returns a list of series datetimes and a list of series
times], values.
[series values]
maketable table name, - Creates and adds a G_TABLE to the list of active tables
table fieldnames, within TSPROC.
table values
makeseries series name, - Creates and adds a series to the list of active series

series datetimes,
series values

within TSPROC.
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Figure 2—1 shows a Python script that initializes the TSPROC library and then starts a TSPROC run without further pro-
cessing from the Python script. This could be of value if Python were used as the scripting language to make up the composite
model, rather than as a batch file or shell script.

import pytsproc.main loop as tsp

tsp.context (Yall”)
tsp.inittsproc(™my tsproc file.ctl”, “my tsproc recfile.txt”)
tsp.runtsproc()

# other executables could be launched before or after TSPROC
# is invoked

Figure 2-1. Example of simply starting TSPROC from witin a Python script.

Figure 2-2 shows a Python script that relies on the traditional TSPROC control file for direction, but compares the current
block name to the name of a routine implemented in Python. If the appropriate block name is found, it is executed within the
Python script, a new series or table is created and added to the list of series or tables in TSPROC memory, and processing of the
control file resumes.

import pytsproc.main loop as tsp

tsp.context (Y“all”)
tsp.inittsproc(“my tsproc file.ctl”, “my tsproc recfile.txt”)

blockname = tsp.getnextblockname ()
while blockname.strip() .upper () !'= “EOF”:

if (blockname.strip() .upper () == “MY NEW TSPROC FUNCTION”:
(keywords, arguments) = tsp.getblock()

# make a call to a new, custom function

# custom function must:

- process keywords and arguments

- call tsp.getseries or tsp.gettable in order to obtain
locally modifiable copies of the series or table
process the series or table accordingly

- call tsp.makeseries or tsp.maketable to add the newly
created series or table to the series or tables that
the TSPROC Fortran module holds in memory
myNewTSPROCFunction (keywords, arguments)

e o S S S o
|

else:

# this is a block that presumably can be dealt with by the
# Fortran modules..send control back
tsp.processblock ()

Figure 2-2. Example Python script that scans blocks in a TSPROC control file, processing the block for which it has a routine.
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Figure 2-3 shows an example of a Python script that does not need a TSPROC control file to direct its processing. Instead,

the script creates “in-memory” TSPROC blocks on-the-fly and causes them to be processed by TSPROC as though they origi-

nated within a control file.

tsp.

tsp.
tsp.
tsp.
tsp.

tsp.
tsp.
tsp.
tsp
tsp.

import pytsproc.main loop as tsp

context (Yall”)

# assemble a TSPROC block to read a series from an

newblock ("GET MUL SERIES SSF”)
addtoblock (WCONTEXT all”)

addtoblock (“"FILE 05406500.ssf”)
addtoblock ("NEW_ SERIES g65001i”)

# now that the block has been created, make TSPROC
tsp.processblock ()

# assemble a TSPROC block to process a time series
# USGS HYSEP routines

newblock ("USGS HYSEP”)
addtoblock (WCONTEXT all”)
addtoblock (WSERIES g6500i”)

(
.addtoblock ("NEW_ SERIES g6500 hysp”)
(

addtoblock ("HYSEP TYPE sliding interval”)

# now that the block has been created, make TSPROC
# TSPROC routine
tsp.processblock ()

SSF file

act on it

using the

act on it

Figure 2-3. Example of a Python script that creates TSPROC block on-the-fly (in memory).
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From within a Python script, a block may be built up by calling the “newblock” method first, specifying the name of the
block to be created, followed by repeated calls to the “addtoblock” method. The block keywords and arguments should be given
exactly as specified in the main body of this report. Finally, the “processblock” method should be called; this hands control back

to the Fortran TSPROC library, with the appropriate TSPROC routines called as usual.

At first it may not appear useful to be able to piece together the bits of a TSPROC block inside a Python script before hav-
ing TSPROC act on it. What makes this useful is that it is relatively easy to have Python repeat the same actions for any number
of files or time series with almost no additional lines of code. Figure 2—4 gives an example of a Python script that makes a list
of all site sample files (SSF) within the current directory, reads and creates a TSPROC time series for each, and then performs a

hydrograph separation for each.

The concept employed in figure 2—4 may be used to process an almost unlimited number of files without increasing the size
of the script; a dozen or mode more lines of TSPROC keyword and argument pairs might be needed for each additional SSF file

processed by means of the traditional control file approach.

import os
import pytsproc.main loop as tsp

def getmulseriesssf (filename, series):
tsp.newblock ("GET MUL SERIES SSF”)
tsp.addtoblock (WCONTEXT all”)
tsp.addtoblock ("FILE “ + filename)
tsp.addtoblock ("NEW SERIES ”“+ series)
tsp.processblock ()

# define a function that creates a USGS HYSEP block
def usgshysep (series) :

tsp.newblock ("USGS HYSEP”)

tsp.addtoblock (WCONTEXT all”)

tsp.addtoblock ("SERIES “ + series)
tsp.addtoblock ("NEW SERIES “ + series + “ sep”)
tsp.addtoblock ("HYSEP TYPE sliding interval”)
tsp.processblock ()

# get a list of all files in current directory
filenames = os.listdir (os.curdir)

for filename in filenames:
if ‘ssf’ in filename:

series = filename.split (“.”) [0]

# read the SSF file, create the series
getmulseriesssf (filename, series)

# run hydrograph separation on the series
usgshysep (series)

# define a function that creates a GET MUL SERIES SSF block

# for all *.ssf files in the current directory, read in the
# file and process the series using the USGS Hysep methods

# split the filename; name the series after the file prefix

Figure 2-4. Example of Python script that processes all SSF files in the current directory.
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Appendix 3: Complete List of Indices Calculated in a HYDROLOGIC_INDICES
Block

The following information for the 171 hydrologic indices is adapted from information given in Henrickson and others
(2006), which in turn is based on information in Olden and Poff (2003). These definitions, taken from Henrickson and others
(20006), differ slightly, but insignificantly, from the indices presented in Olden and Poff (2003).

The alphanumeric code preceding each definition refers to the category of the flow regime (M, magnitude; F, frequency;

D, duration; T, timing, RA, rate of change) and type of flow event (A, average; L, low; H, high) that the hydrologic index was
developed to describe. Indices are numbered successively within each category. For example, MA1 is the first index describing
magnitude of the average flow condition. Table 3—1 lists the 11 general index classes developed originally in Olden and Poff
(2003).

Table 3-2 gives the definition of each of the indices available in the TSPROC HYDROLOGIC INDICES block. Following
each definition, in parentheses, are (1) the units of the index, and (2) the type of data, temporal or spatial data, from which the
upper and lower percentiles limits (for example, 75/25) are derived. Temporal data are from a multiyear daily flow record from a
single stream gage. For example, index MA1—mean for the entire flow record—uses 365 mean daily flow values for each year
in the flow record to calculate the mean for the entire flow record. Consequently, 365 values for each year are used to calculate
upper and lower percentile limits. However, formulas for 60 of the indices do not produce a range of values from which percen-
tile limits can be calculated. Calculation of MAS (skewness), for example, involves taking the mean for the entire flow record
divided by the median for the entire record and results in a single value; upper and lower percentile limits cannot be calculated.
This is not of great concern, because the TSPROC HYDROLOGIC INDICES block is not set up currently to report these upper
and lower percentile limits.

Exceedance and percentile are used in the calculation for a number of indices. Note the difference—a 90-percent exceed-
ance means that 90 percent of the values are equal to or greater than the 90-percent exceedance value, while a 90th percentile
means that 10 percent of the values are equal to or greater than the 90th percentile value.

Table 3-1. The 11 general index classes developed originally in
Olden and Poff (2003).

Alphanumeric code

prefix Index class
MA# Magnitude, average-flow event
ML# Magnitude, low-flow event
MH# Magnitude, high-flow event
FL# Frequency, low-flow event
FH# Frequency, high-flow event
DL# Duration, low-flow event
DH# Duration, high-flow event
TA# Timing, average-flow event
TL# Timing, low-flow event
TH# Timing, high- flow event

RA# Rate of change, average event




Processor

1es

-Seri

TSPROC, a General T

Approaches in Highly Parameterized Inversion

90

[eneds

—SSO[UOISUdWIP 'sonuadrad yig/ pue yigz oy Sursn 3dooxo ‘@A o1 pamndwoo st smoy Afrep ur peardg 1TVIN
[eneds
—SSO[UOISUdWIP ‘sopnuadrad ypg pue Yoz oy Sursn 3dooxa ‘@A o1 paindwoo st smoy Afrep ur peardg 0IVIN
(TVIN)OT301/ (POT— WO6) S 6VIN anduwo)
‘son[eA MOl 9y} JO s30[ (Surpudose) pa1oplo Ay uedamiaq Sunejodioul Aq paIndwiod aJe SA[IIUSIIIJ "PI0ISI MOY JIUD AU} JO
s50] oy} 10§ sa[nua01ad Yige PUL WOE WSS ‘YOS WSL WOL “WSY “WO9 WSS “WOS “WSH WY WSE “WOE “WST WOT ‘WS T
Teneds WOT “PS Ay anduwo)) “pIooa1 2Mud Y] 103 SMO[ AJTep oy Jo (130] oyl andwio)) ‘pI092I MOY dINUD dY) JO URIPIUL Y] JO
—SSO[UOISUQWIP So[ oy 03 ByEp MOJ 9} JO S30] 9y} JO NI YIQ] PUE Y))6 AU USOMIOq SOUIIIIP o) JO O13el A} SI SMmoy A[rep ul peardg 6VIN
[eneds ‘onjeA JuadIad-G/ oY) Aq onfeA 90UBPaAIX? Jud01d-G7
—SSO[UOISUAWIP JY) OPIAL( "SoNJBA 90UBPIIIX Juao1ad-¢/ pue Juddrad-¢z oyp Sursn 3dooxd ‘Qy A o1 paIndwod st smop Arep ur auey SVIN
[eneds -onjea juadiad ()8 oy Aq anjeA 9ouBPILIXD JUddId ()7
—SS[UOISUAWIP ) OPIAI( "SoNJeA 20UBPAIXI Juao1dd (g pue Jussiad (g oy Sursn 3dooxa QYA 1 pAandwod st smoy Ajrep ur oguey LVIN
‘anjea Jud19d-()6 oy} Aq aNnJeA 90UBPIAIXD Ju01dd-()] Y} IPIAI( “SonJeA MOY (SUIpUISIP) PaIdPIO
[enyeds oy} usamjaq Junejodiour Aq paynduiod s 90UBPIVOXF PI0IAI MO INUD O} 10J SIN[BA JOUBPIIIXD JU31dd-Gg 0 Juadiad-g
—SSo[uoISUSWIP oy} andwo)) "PI0I2I MO JINUD Y} 10J SIN[BA IOUBPIIIXD JU21d-(g 01 Jud19d-( | oY1 JO O1IRI U} SI SMOY A[Iep Ul ofuey 9VIN
Teneds “PI022I MOJJ 2INUR Y} 10} (ZVIN)
—SSa[uoISUAWIP ueIpaw oy} Aq papIAIP ([ VIA) PI099I MOY SIIIUD dU) 10J UBIW A} S pajnduiod ST p10991 MOY dIIUD O} JO SSOUMAYS Y[, SVIN
"ueawW 9y} AQq UONBIADD PIBPUB]S A} IPIAL( "SIN[eA d[1UddIad oy} 10J UBdW
pUe UOIBIAID prepuels oy 9yndwo)) "sonjea Mo ) Jo s30] (Surpudose) paIopIo Ayl usamjaq sunejodiojur £q poyndwos are
SO[1USOIOJ "PIOIAI MO IS Y} JO $T0] Ay} 10J $9[1UL0IAd YISE PUE YOG WSS WOS “WISL ‘WL “UISY ‘U9 “WISS ‘WIS
WS WOy WSE WOE WST “WOT “WST “WOT “Yrs oy anduwio) "pI0oal 211U ay) 10J smofy A[rep oys Jo (150] ayp andwo)
Teneds—uodiad 's30] oy} Jo so[nuaoIad Jo uedw oY) Aq PIPIAIP PI0IAI MOY IIUD dY) JO SSO] Y} JO So[IIU2Id Y] JO UONBIAIP pIepurlS PVIN
"UONIEBLIBA JO SJUSIOYJO00 [BNUUE YY) JO UedW A} Aindwio)) “smopf AJrep Jo 1eak yoed 1o
A [erodwo}—uodiod  uoneLIRA JO JUAIOYIR09 Ay} Andwo)) Tedk yoea 10J (UBIW/UONEBIASD PIBPUE)S) UONBLIBA JO SJUIILFA0I AU} JO (URIPAUL 10) UBIIA SVIN
Terodwo)}—puodas
10d 3097 o1qN0 “PI0OAI MOJJ QINUD Y] 10J SIN[BA MOJJ UBIW A[IEP A} JO UBIPIA IVIN
[eroduwo}—puodas
1o0d 3093 o1qno “PI0OAI MO} SINUD AU} JOJ SONJBA MOY UBdW A[TEP dU) JO UBDIA IVIN
(VIN) 3uana moj-abetane ‘spnyubelp
ip1omAay
z<_m“§amm: spun uoniuyaq xapuj

paiayje uonuyaq

[paaLIop are sy sa[nuad1ad 1amof pue soddn ayp yorym wody ‘[eneds 1o jeroduwo)
‘erep Jo 2dA) oY) pue Xopul [ora J0J JUAWINSEIUI JO SIUN J) AQLIISIP UWN[OI  SIU[,, AY) UI JX3) SIIPUI A} JO S9p0d dLownueyd(e y) 10J [—¢ 9[qe) 03 1921 $(90(7) SIOYIO PUL UOSYOLIUIH WOILJ PAYIPOIA]

9019 SIIANI IID0TOHAAH I0HJSL Y3 Ul B|qejieAR $82Ipul J0 SUORIULS(

‘¢-€9lqel



91

Appendix 2: Python Module Use

Teneds "SUBOW [BNUUE QY] JO UBIPAW I}
— SSo[uOISUaWIp AQ PIPIAIP SUBSW [BNUUE dY) JO UBIPAUI 9} SNUIW SUBSW MO} [BNUUE () JO UBIW A} ST G VA "SMOY [BNUUR I} UI SSOUMIYS SHVIN
‘SUBOW [BNUUE Y] JO URIPAW A} £q PIPIAIP
[eneds omuooxdd yiQ | oy snurw A[1udIdd Y6 O SI HHVIA “(PI0991 MOY 9y} Ul JBIA AI9AQ) SUBOW [BNUUE ) 10J So[uadtad
—sso[uoIsuauiIp 106 pue Y| o3 pue so[ntenb (enuoorad g, ) pays pue (synuodtad yigz) 1s1g oyp 9ndwo)) ‘SMOY [enuue sso1de AJ[Iqeriep PVIN
‘SUBOW [eNUUE Y} JO URIPIW Y} £q
eneds PopIAIp dnaenb js1y oy snurw dpnrenb pIIyl oyl 1 ¢HVIA (PI09I MO Y} Ul JBIA AIOAD) SUBdW [enuUe ) 10§ S9[1uadIad
—SSO[UOISUWIP 106 Pue Y30 2yl pue sajnrenb (snuaoied yig,) paiy) pue (o[nuadrad yigz) 151y 3 Andwo)) "Smoy [enuue sso1oe A)[IqeLies SYVIN
eneds ‘MO [enUUR
—SSo[uoISuWIP UBIPOW 9y} Aq POPIAIP MOJJ [BNUUE WNUIUIW dY} SNUIW MO} [ENUUER WNWIXLW J) ST 7 VA "SMO[J [BNUUR SSOIOR AN[IqRLIBA WVIN
[ezodwoy
—o[u o1enbs
/puooas 10d 3095 01qn0 “eore oSeureIp oy} Aq POPIAIP SUBIW [BNUUE dU) JO UBDW oY} SI [HVIA "SMOJJ A[Tep uesw [enuue 9y 9yndwo)) ‘Jjouns [enuuy IPVIN
Teneds ‘suBow AJYIUOW Y} JO URIPIW Y} £q PIPIAIP
—SSO[UOISUSWIP sueow AJUHUOW JY} JO UBIPIW ) SNUIL SUBIW MO[ A[JIUOW dY) JO ULIWL Y} ST OF VA "SMOL ATYIUOW J) UI SSOUMYS 0FVIN
‘sueow AJYIUOW Ay} JO UBAW Y} Aq POPIAIP )] SOwI}
reneds—udorad UOIJRIADD PIBPUE]S O} ST GEVIA SUBIW A[Jjuow ) 10J UOIBIAJD pIepuels oy} indwo)) "Smop A[qjuowt sso1oe AI[IqeLieA 6EVIN
[eneds ‘sueow AJypuow oy} Jo ueIpaw Ay} £q papIaIp a[nuadiad yig| ayi snurw o[uadsad Y06 Ayl St §EVIA (p1odax
—SSO[UOISUSWIP MO 9U} Ul JJUOW AIOAQ) SUBdW AJyjuow 3 10} so[1uedrdd yige pue | 2y 2induwo)) ‘smopj A[ypuot sso1oe A)[IqeLiep SEVIN
[eeds ‘SuBoW AJyuow 9y} JO UeIpAW Ay £q papIAIp d[ntenb is1y oyy snurw o[nsenb piyy oy st £ EVIA ((PI0991 Moy Ay}
—SSo[uoISuAWIP ur ypuow K19A9) sanrenb (auedred yig,) paryy oy pue (a[nudorad y3g7) 1Sy Ay ainduwio)) ‘smop A[[puot sso1oe A)[IqeLies LEVIN
Teneds "MO[ A[JIuow UeIpawl 9y} Aq PAPIAIP MOY AJYIUOW WNWITUIW U} SNUTW MO A[(JUOW WNWIXEW ) ST 9E VN
—SSo[uoISuAWIpP “PI0OAT MO 2I1JUD A} UI YIUOUI [OBS I0J SMOY UBSW PUB “WNWIXBW ‘Wnwruru ay) 9indwo)) 'smoyg A[qIuow SSoI1de ANIqeLIBA 9EVIN
*SIBIA [[B SSOIOB JJUOW [[JBJ I0]
sonjeA 9saY} (JO UBIPIW 93E) J0) 9FBIOAY "YIUOUI YOBD I0J UBIW d) Aq UOHLIAIDP PIEPUR)S O} OPIAI( "PIOOAI MO QINUD d}
A [erodwo) —juoo1dd  I9A0 JBOA O8O Ul JJUOW [OBd 10J UONBIAP pIepue)s Y andwo)) ‘sonjeA Moy A[yauowt Jo (UONBLIBA JO JUSIOUJO0D) AN[IqRLIBA  $EVIN—TVIN
‘(Terodwd) —puosds 10d 399) 01qN0D) PIOOAI AINUD Y} JOAO SIN[BA MOY ATenue( [[e JO UBdW oy} SI Z[VIA
A ‘Qrdwexa 10,] ‘PIOJAI MO IIU A} JOAO JIUOW [OBd J0J suedw oy} dndwo)) ‘sanjea Mo A[qpuowt Jo (SUBIPIW 10) SUBSN  €ZVIN-CIVIN
iplomia)|
z<_m“§amm: suup Xapuj

paiayje uoniuyaq

[paaLIop are sy sa[nuad1ad 1amof pue soddn ayp yorym wody ‘[eneds 1o jeroduwo)
‘e1ep Jo 2dA) oY) pue Xopul [ora J0J JUAWINSEIUI JO SIUN J) dQLIISIP UWN[OI  SIU[,, AY) UI JX3) SIDIPUI A} JO S9P0I dLownueyd(e y) 10J [—¢ 9[qe) 03 1921 $(9007) SIOYIO pUL UOSYOLIUIH WOILJ PAYIPOIA]

panuRuod—m190(q SIJIANI IID0TOHAAH J0HdSL Y Ul 8|qe|IeAR SBIIPUI JO SuoRIuLBQ

‘¢-€9lqel



Approaches in Highly Parameterized Inversion: TSPROC, a General Time-Series Processor

92

Tesodwo)
—oqiw a1enbs

‘Bale

A /puo9as 1ad 3095 o1qnd oFeure1p ay) Aq POpIAIP SMOJ WNIUIUIW [BNUUER 3] JO (UBIPIW JO) UBIW U} SI 77 TN MO} WNWIUIW [ENUUE UBdW dGroadg TTIN
"ueawW oy} Aq POPIAIP ()0 SOWI) UONBIADD PIBpue)s d}
Teneds—juoorod SI [ZTINL “SMOJJ WNWIUIW [enUUe oy} 10J UOTJBIASP PIEPUE)S PUE UBW JY) 9indwo)) "SMO}J WNWIUIW [eNUUL SSOIO AJ[IQBLIEA 171N
"MO[J 9SBq [210} 0} MOJJ [£10) JO OT)EI dY) SI )T TIA "PIO93I 91U 9Y) 10J MOJJ OSEq [BI0} AU} puE
PI02I INJUD oY} 10] MO [€30} oy} dndwio)) ‘uorjeodiojur reaur] Suisn SanJeA 019Z Oy} Ul [[1] "0I9Z 0} 1 }3S OSIMIIYIQ "OPIS
Teneds JIOUIID UO SYO0[q d} JOJ SMOY WNWIUIW dY) UL} SSI] ST MOY WINWIUIW By} JO Judo1ad (6 JI }00[q JBY) 10J MO]J 9SEq B SB
—SSo[UOISUWIP MO} WNWIUIW Y} USISSY “}I0[q YorLd 10} MO WNWIUIW U} Pul,] ‘S}I0[q ABP-G 0JUI PI0I2I MOY A[Iep dU}) IPIAI(J "MOY seq 0ZTN
Terodwoy ‘001 Sow) Sonel IsAY) JO
A —SSo[uoISUWIP (uerpaw 10) uBAW A} SI TN TeA OB 10} MOY [ENUUL UBdW O} MOYJ [ENUUE WNWIUIW 3} JO sonel oy} andwo)) Mo} asegq 61 TN
*SO1IeI Y] JO UBAW A} AQ PAPIAIP () SAWI) UOHBIAIP PIEPUL]S oy} SI ] TIA “Te2A [ord 10
Teneds—juoorad SMOJJ [ENUUE UBIW 0] SMOJ} 95eIdAR Furaour Aep-/ JO SO1JBI 9y} 10 UONBIASD pIepurls ay ndwo)) ‘moy oseq ul AJI[IqeLiep STTN
"sorjel asoyy Jo (uondo
ezodwy 20UQI0J1d AU} SuIsn AQq J9SO0UAIJAIJ 9S)—UBIPIW JO) UBIW Y} ST £ [ TIN TeoK Jey} 10J MO [enuue Ueow oy} Aq Wy}
A —SSO[UOISUOWIP OPIAIP pPuE IedA Yoo 10 SMO[ 9Fe1oAe Surrow Aep-/ € Jo wnwiui oy} 9ynduwio)) 'smopj [enuue uedw 9y djnduwio)) "mop oseq LTTIN
[erodwoy 189K
—SSO[UOISUSWIP [OBD 10] MO]J URIPAW Y} 0} SMOJJ [ENUUE WNWIUIW JO SOIJEI U} JO UBIPIW U} SI 9 TAl "SMO[ WINWIUIW [ENUUL JO UBIPIA 91 TN
[erodwoy
—SSO[UOISUSWIP 129K 1[OBD 10} MO UBdW dU) 0} SMOY [ENUUE WNWIUIW JO SONEI 9} JO UBdW Y] SI G [ TIA "XOPUI MO[-MOT STTIN
resodway “TedA 98D 10} MOJJ
—SSo[UOISUWIP UBIPAW 3} 0} SMOJJ [BNUUE WNWIUIW JO SOIJRI AU} JO UBIW U} ST [ TIA 1A OB 10} MO} [EnuUUL Wwnuuiw 3y aynduio)) $1ITN
"SIBAA [ 10J MO A[JIUOW WNWIUTU
UBdW Y} AQ PIPIAIP )] SIWI} UOHBIAIP PIepUe)S Y] SI ¢ [ TIA "PI0I2I MOY dIIUD dY} JOAO SMOY ATYIUO WINWITUIW [}
Teneds—juoorad 10J UOTJBIAQD PIBpUE)S PUB Ueaw oy} andwo)) saneA MOp A[YIUOUI WNIUIUIW SSOIO (UONEBLIBA JO JUIIOLFA0J) AN[IqRLIBA SITIN
Terodwo) —puooos *PIOJI AITHUD A} JOAO SONJBA MO AIenue( [[& JO SWNWIUIW Y} JO UBdW Y} ST [N Q[dwexa 10, "pI032I MO
A 1od 3095 o1qno QI1)Ud O} I9A0 YHUOW [OLd J0J Swnururw 9y 93nduwo)) “s1edk [[e SS0Ioe JIuouw Yoed J0j SMOp WNWIUIW JO (UBIPOW 10) UBIA TITN-TTIN
(7IN1) 3uBna mojy-mo| ‘apnuubelp
ip1omAay
z<_m“§ﬁ_mm: spun uoniuyaq xapuj

paiayje uoniuyaq

[paaLop are sy sa[nnuad1ad 1amof pue soddn ayp yorym wody ‘[eneds 1o jeroduwo)
‘erep Jo 2dA) 9y} pue Xopul [ora J0J JUAWINSEIUL JO SIUN I} dQLIISIP UWN[0I  SIU[,, AY) UI JX3) SIDIPUI A} JO S9p0d dLownueyd(e y) 10J [—¢ 9[qe) 03 1921 $(90(7) SIOYIO pUL UOSYOLIUIH WOLJ PAYIPOIA]

panuRuod—m190(q SIJIANI IID0TOHAAH J0HdSL 8Y Ul 8|qe|ieAR SBIIpUl JO suoniuleq  'Z-€ 3|qeL



93

Appendix 2: Python Module Use

[erodwoy—sAep

[erodwoy
—oqu a1enbs
A /pu093s 10d 3995 01qN0

eneds
—SSO[UOISUSWIP

[eneds—juoorad

[eneds
—SSO[UOISUSWIP

[eneds
—SSO[UOISUSWIP

[eneds
—SSO[UOISUSWIP

resodway
—SSo[uUOISUWIP

reneds—juoorad

Terodwo}—puooas

"PI0O3I QINUS O} 10J MO UBIPIW 9} AQ POPIAIP SWIN[OA OFLIOAR Y} SI [ZHIA ‘PIOJ9I Q11U

91} 10J MO} UBIPAW Y} 0] [eNb PIOYSAIY) B 9A0QE SIUIAD MO 10J dWN]OA dFeIoAR o) 1ndwo)) “Xopul duInjoA MOy Y31y TTHIN
‘eoIe
93eureIp oy} Aq PIPIAIP SMOY WNWIXEW [eNUUE JY) JO (UBIPAW JO) UBdW Y} SI OZHIA MO WNWIXEW [BNUUE Uedw oy10adg 0ZHIN

"SMOp WINWIIXBW [BNUUE Y} JO UOHBIAID PIBPUBIS = §
(smopy wnuwirxew [enuue)’'goy = wh
SIBAA JO IoqUINU = A

:0I0yM
_ %Aw|zwc|5\<s -
(P e+ BN N
:uonenbo oY) 9S() "'SMO[ WNWIXEW [BNUUEL Ul SSOUMINS 6THIN

"uBowW oy} Aq POPIAIP ()] SOWI} UOBIADP PIepue)s oY) ST § [HIA "SON[BA 9SOy} 10 UBIW PUB UOIBIADD
pIepue)s oY) pul,] 'SMO[ [enuue wnwixew oy} Jo (01507) sSof oy gndwo)) "SMoy WwnWIXew [eNUUE SSOI0E A)[IqELIBA STHIN

"PI0OAI QINUS OY) 10J MO UBIPIUW O} AQ POPIAIP ONJBA JOUBPIOIX
Ju0010d-G7 9y} ST L [HIA "PI0921 BIEp dIUS o) 10J dN[BA dOUBPIIIXD Juad1ad-¢z oy ondwo)) “xopur o3reyosip moy ySryg LTHN

"PI0O3I QITUS OY) 10J MOJ UBIPIUW O} AQ POPIAIP ONJBA JOUBPIOIX
JudIad-() [ oy ST Q[ HIA ‘PIOJ21 BIRp 21U Y} JOJ dN[BA J0UBPIIOX JudIad-() | oy 9yndwo)) “xopur o31eyosip Mo YSig 9THIN

"PI0O3I IS AY) 10J MO UBIPIW O} AQ POPIAIP N[BA IOUBPIOIX
Ju201ad-1 9y} ST GTHIA "PI0921 BIBP AINUD Y] J0J dN[BA dOUBPIIIXD Judd1ad-| gy ndwo)) xapur a31eyosip moy Y3y STHIN

"SOTJeI 9SAY) JO UBIPOW A} SI ] HIA T8 ok J0J MO [eNUUE URIPIW 0} MO WNWIXeW [Enuue
Jo oner oyy aindwo)) "smop wnwirxew AJYIUOW WOIJ SMOJ WNWIXeW [enuue A} Andwo)) "SMOp WNWIXEW [enuue JO UBIPIN YIHIN

"SIBAA [ 10J MOJJ A[JJUOW WNWITXEUW
ueawW ) Aq PAPIAIP (00 SAWI) UONBIAID pIepue)s o) SI ¢ [HIA "PI0I2I MO INUD ) JOAO SMOY A[IUOW WNIIXEU )
10} UOIJBIAQD pIEpUR)S PUB UBdW oY) dndwio)) "sanjea Mo} AJJIuoW WNWIXEUW $SOIoe (UOIRLIEA JO JUSIOYJ00) AN[IqRLIBA STHIN

"PIOJDI IUR I} IOAO SINJBA MOJJ ATenue( [[ JO SWNWIXLW Y} JO ULAW dY) SI [HIA ‘[dwexs J0,] ‘pI0dI MOY

A 10d 30973 o1qnO QI1UD JY} JOAO JIUOW YIBd J0J swnwrxew oy} dindwo)) ‘sreak [[e SS0I0. JJuow [oed J0J SMOY WhWIXew (UBIpaw 10) Ued]N  ZIHIN-THIN
(H) 3uana moyy-ybiy ‘apnyubey
ip1omAay
NVIQ3~3sn
s)u Xapu
o Aq )| pu|

paiayje uoniuyaq

[paaLIop are sy sa[nuad1ad 1amof pue soddn ayp yorym wody ‘[eneds 1o jeroduwo)

‘ejep Jo od4) o) pue Xopul Yo J0J JUSWIAINSLAW JO S)UN ) OQLIISIP UWN[OD  S)U[),, Y} UI 1X0) {SOdIPUT dY) JO Sopod oLownueydye ay) 10) [—¢ 9[qe) 03 10JaI {(9007) SIOYI0 PUL UOSNILIUSH WO} PAYIPOIA]

panuRuod—m120(q SIJIANI IID0TOHAAH J0HdSL 8Y Ul 8|qe|IeAR SBIIpUl JO suoniuleq  'Z-€ 3|qeL



Approaches in Highly Parameterized Inversion: TSPROC, a General Time-Series Processor

99

[erodwoy—iredk

"s1eA [[e 10J sAep JO JoqUINU [enUUE Y} JO (UBIPAW J0) UBIW O} SI ] "PIOII AINUD JU}) JOJ MO} UBIPIW ]}

paiayje uoniuyaq

A /sAep Jo Joqunu SO UdAdS 0} [enba poysaIy} B dA0qe ST MOY a3 Jey) Jeak 1ad sAep Jo soqunu d5eroAe ) ndwo)) Junod asynd pooy ysiy YHA
rerodwor—ieak ‘s1eaA [[& 10 SAep JO IoqUINU [ENUUE AU} JO (UBIPIW J0) UBIW A} SI CH{ "PIOII QINUD J} JOJ MOY URIPIW AU}
A /sAep Jo Joquinu sowi) o1y} 03 [enba proysaIyy e 9A0qe st Mo Y3 Jey) 1eak 1od sAep jo 1oqunu a3erdae oy 9ndwo)) Junoos asind pooy YSIyg ¢€HA
reneds—ieak Junod asynd uedw A} Aq POPIAIP UOHRIAID PIBPUR)S
/SIU9AD JO JoquNU ayy sawm Q[ St gHA “THA 10} sjunod asind [enuue ay) Ul uoneIAdp prepuels oy Andwo)) Junod asind ySiy ur Ayjiqerres THA
[eroduwo)—ieok *SJUSAD JO IoquInU (UBIPAW 10) 2FeIOAR QU] SI [ H,] "PIOII MO} 2IIUD Y] 10J dN[eA
A /SIU9AD JO JoquuNU 9[muadIad-,,G/, 9y} 01 [enba PIOYSAIY) B 9A0QR SMO YIIM SJUIAD MO JO Ioquinu oFeroAe Ay ndwo)) Junod asind pooy y3TH THA
(H4) 3uana moyy-ybiy ‘Aduanbai
resodwoy—ieak *SJUSAD JO Joquinu (UBIPAW J0) 9FBIOAL AU} SI €] "PIOOAI MO} AINUD I} J0J IN[BA MOY UBdW )
A /SIUDAD JO Joquinu Jojuoorad ¢ 01 Tenbo poysaIy) & MO[oq SMOY YIM SJUIAD MOJJ JO Joquinu dFe1oAe ay dindwo)) ‘s[jads asind mof jJo Aouonbarg €14
“Junod as[nd ueaw ayy £q PIPIAIP UOHBIAID PIEPUE)S
Teneds—juoorad o sawmn 0O St Z71d “171d 103 sjunoo asind [enuue oy} Ul UonLBIAAP pIepue)s ay) Andwo)) Junod asind mojf ur A)jiqerres 714
[erodwo)—ieok *SJUSAD JO JoquInu (UBIPAW J0) AFBIAR O] SI [T "PIOOAI MO} INUD Y] 10J dN[eA
A /SIU9AD JO JoquuNU 9[uadIad-,,Gz U 01 [enba ploYSaIy) B MO[oq SMOJ [}IM SIUIAD MO JO Joquinu 25e1dAL oy} andwo)) Junod asind pooy Mo 114
(74) 3uana mojj-mo| ‘Aouanbaiy
[erodwoy “PI0OOAI AIUD Y} JOJ MOJJ UBIPAW Y} AQ POPIAIP MOY Jedd oFesoae oy I LZHIN ‘PIOJ21 MOY 21U
—SSO[UOISUAWIP a1} 10J An[eA J[1uddIdd-,,G/ 01 [enba pPloysaIy) B 9A0GE SJUIAD MOYJ 10] anjeA Moy yead aFeroae ay) aindwo)) ‘moy yead ysSiH LTHN
Terodwoy “PI003I AINUD Y] 10} MO} URIPAW Y} £q PIPIAIP Moy ead 9Fe1oae oy s 9ZHIA "PI0I1 21U AU} 10
—SSo[uoISUAWIP MO} UBIPAW ) SAUIT} UIADS 0 [enb3 PIoysaIy} & 9A0qe SJUIAD MO 10J anjea mop yead aderoae ayy oyndwo)) “moy yead ySiy 9ZHN
Tetodwoy “PI0031 2INUD Y] 10} MOJJ URIPAW ) £q PIPIAIP Moy ead 9Fe1oAe o) ST GZHIA "PI091 211U AU} 10
—SSo[uOISUAWIP MO[J URIPAUI QY] SAUIT} 9911} 0] [enba ploysaIy) & 9A0qe SJUIAd MO[J 10J anjeA moff yead a8e1dAe o) andwo)) ‘moy yead Y3y STHIN
[erodway "PI0O3I 2I1UD Y] 10} MO URIpaW oY) Aq PapIAIPp mop yead aFeroae ay) SI yZHIA “PI093I 211U
—SSO[UOISUOWIP o) 10} MO} UBIPAW A} 0} [enbd PIOYSIY} B 9A0QE SJUIAD MO 10J onjea mop yead aferoae oy oyndwo)) “moy yead ySry PTHIN
"PI0OAI DIUD OY) 10J MOJ UBIPIW 3} AQ POPIAIP SWIN[OA 9T BIOAE U} ST CZHIN 'PIOJ9I AIUD A}
[erodwoy—sAep 10 MOJJ UBIPOW Y} SOWI} UIASS 0} [enbo PIOYSAIY} B 9AOQE SJUSAD MOJJ JOJ dWn[oA dFeI1dA. dY) 9ndwo)) "dwnjoA MO YSIH CTHIN
“PI0O3T DIUD OY) J0J MOJJ UBIPIUW O} AQ POPIAIP SWIN[OA dTBIOAE U} ST ZZHIA 'PIOJ9I AI1UD d}
[erodwo) —sAep J10J MO UBIPAW 9Y} saw) 931y} 0} [enba pjoysaIy) & 9A0qe SJUIA MO 10J dwn[oA d3eIoAe ay) andwo)) ownjoA moy Y3y TTHIN
ip1omAay
z<_m“§amm: spun uoniuyaq xapuj

[paaLop are sy sa[nnuad1ad 1amof pue soddn ayp yorym wody ‘[eneds 1o jeroduwo)
‘erep Jo 2dA) 9y} pue Xopul [ora J0J JUAWINSEIUL JO SIUN I} dQLIISIP UWN[0I  SIU[,, AY) UI JX3) SIDIPUI A} JO S9p0d dLownueyd(e y) 10J [—¢ 9[qe) 03 1921 $(90(7) SIOYIO pUL UOSYOLIUIH WOLJ PAYIPOIA]

panuRuod—-190(q SIJIANI IID0TOHAAH J0HJSL 8Y Ul 8|qe|IeAR SBIIU JO SuoRIuLBQ

‘¢-€9lqelL



95

Appendix 2: Python Module Use
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Appendix 2: Python Module Use
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Appendix 2: Python Module Use
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Appendix 2: Python Module Use
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