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Coastal Salinity Index Along the Southeastern Atlantic
Coast and the Gulf of Mexico, 1983 to 2018

By Matthew D. Petkewich,' Kirsten Lackstrom,? Bryan J. McCloskey,® Lauren F. Rouen,? and Paul A. Conrads*

Abstract

Coastal droughts have a different dynamic than upland
droughts, which are typically characterized by agricultural,
hydrologic, meteorological, and (or) socioeconomic effects.
Drought uniquely affects coastal ecosystems because of
changes in the salinity conditions of estuarine creeks and
rivers. The location of the freshwater-saltwater interface in
surface-water bodies is an important factor in the ecologi-
cal and socioeconomic dynamics of coastal communities. To
address the data and information gap for characterizing coastal
drought, the Coastal Salinity Index (CSI) was developed by
using salinity data. The CSI uses a computational approach
similar to the Standardized Precipitation Index. The CSI can
be computed for unique time intervals (for example 1-, 6-, 12-,
and 24-month intervals) to characterize short- and long-term
drought (saline) conditions, as well as wet (high freshwater
inflow) conditions.

To encourage the use of the CSI in current and future
research endeavors, this investigation addressed three activi-
ties to enhance the use and application of the CSI. First, a soft-
ware package was developed for the consistent computation
of the CSI that includes preprocessing of salinity data, filling
missing data, computing the CSI, post-processing, and gener-
ating the supporting metadata. This software package is avail-
able for download from the U.S. Geological Survey GitHub
repository. Second, the CSI has been computed at sites along
the southeastern Atlantic coast (Florida to North Carolina) and
the Gulf of Mexico (Texas to Florida) to increase the oppor-
tunity for linking the CSI to ecological response data. Third,
using telemetered salinity data, the real-time computation of
the CSI has been prototyped and disseminated on the web.

'U.S. Geological Survey.
Carolinas Integrated Sciences and Assessments.

3Cherokee Nation Technology Solutions, LLC, under contract to the U.S.
Geological Survey.

U.S. Geological Survey, deceased.

Introduction

Droughts in coastal areas have a different dynamic than
upland droughts. Commonly used drought indices typically
characterize agricultural, hydrologic, and meteorological
conditions; however, they do not incorporate salinity, a key
stressor associated with coastal drought, or changing salinity
dynamics, which can be affected by local or regional-scale
drought events. In part, motivation for a coastal drought index
came from the National Oceanic and Atmospheric Administra-
tion (NOAA) National Integrated Drought Information System
(NIDIS) Drought Early Warning System (DEWS) for coastal
North Carolina and South Carolina. The DEWS convenes
stakeholders from a broad range of agencies and sectors to
address drought monitoring, research, planning, and communi-
cation needs at the regional level (National Integrated Drought
Information System, 2017a). Launched in 2012, the Coastal
Carolinas DEWS has focused on (1) improving understand-
ing of the unique vulnerabilities and effects of drought on
coastal ecosystems and (2) developing tools, information,
and other resources to help managers and decision makers
integrate drought and coastal resource management activi-
ties. Stakeholders identified project areas and goals for the
Coastal Carolinas DEWS at a scoping workshop (Brennan
and others, 2012); a key priority was the development of a
drought index that would incorporate salinity. This tool would
be used to monitor changing salinities in coastal surface-water
bodies, as well as the associated effects on estuarine habitats
and freshwater availability for ecological, municipal, and
industrial needs.

In 2013, the NIDIS provided funding to the U.S. Geo-
logical Survey (USGS) to assess the feasibility of creating a
coastal drought index using salinity data. This initial effort
led to the development and assessment of the Coastal Salin-
ity Index (CSI) for two sites along the South Carolina coast
(Conrads, 2016; Conrads and Darby, 2017). The project dem-
onstrated that the index could be used to delineate short- and
long-term drought and wet conditions; however, to advance
the use of the CSI as a general drought monitoring tool, wider-
ranging CSI calculations need to be available to the scientific
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community. To build on the pilot study, the USGS and collabo-
rators from the Carolinas Integrated Sciences and Assessments
(CISA) team identified three general activities to refine and
further develop the CSI for applications in the Southeastern
and Southern United States. In 2017, the USGS in cooperation
with the NIDIS and CISA began a 2-year investigation to (1)
build a unified CSI calculation and visualization software plat-
form, (2) release CSI calculations for many coastal locations,
and (3) disseminate near real-time web-based CSI results.

In addition, CISA and the USGS established a CSI working
group for the Carolinas with the goal of obtaining feedback on
the CSI tool development.

Purpose

This report describes the tool created to calculate the CSI
and the efforts involved to disseminate CSI analytical results
for 97 coastal gaging stations in the Southeastern United
States and the Gulf of Mexico. Historic CSI results for all 97
stations are available through the USGS ScienceBase reposi-
tory (Petkewich and others, 2019; https://doi.org/10.5066/
POMQLNL?2). In this report, “historic CSI calculations”
refers to results that have been calculated once for a specific
site and specific time period and will not be updated. CSIs
are also available on a near real-time basis for 29 of those 97
stations—17 stations in the South Atlantic and 12 stations in
the Florida Everglades. The near real-time CSIs are calcu-
lated daily and include salinity data from the beginning of
the period of record through the previous day. For simplicity,
these calculations will be called “real-time” in this report. In
addition, this report provides information for consideration in
the use and interpretation of the CSI.

In support of the USGS Water Resources Mission Area
(https://www.usgs.gov/mission-areas/water-resources), this
investigation provides data and information to protect and
enhance water resources for human health, aquatic health, and
environmental quality. The real-time dissemination of the CSI
addresses the USGS water science goal of “delivering timely
hydrologic data, analyses, and decision-support tools seam-
lessly across the Nation to support water-resource decisions”
(Evenson and others, 2012, p. 2).

Real-time CSI data allow managers and decision makers
to “detect and respond to emergencies related to water-quality
degradation” (Evenson and others, 2012, p. 33). The current
multidisciplinary study also addresses the USGS Integrated
Drought Science Plan goal of providing “decision-support
tools and technologies to stakeholders for enhancing drought
resilience, adaptation, and mitigation” (Ostroff and others,
2017, p. 2). Benefits of this investigation to NIDIS and coastal
resource managers include (1) the development of a publicly
available, citable, and uniform software package for the accu-
rate and consistent computation and visualization of the CSI
and (2) the development of two websites for real-time CSI dis-
semination on the internet. In addition, the publication of the
97 historic CSIs at selected locations along the southeastern

Atlantic coast and the Gulf of Mexico provides reference
salinity conditions for coastal resource managers and ecolo-
gists to correlate to their various subjects of interest.

The USGS uses rating tables developed for the conver-
sion of specific conductance in microsiemens per centimeter
at 25 degrees Celsius to salinity recorded in practical salinity
units or parts per thousand. Salinity expressed in practical
salinity units is nearly equivalent to parts per thousand in these
conditions (Wagner and others, 2006). In this report, the CSI
results are calculated using either raw salinity data or salinity
data derived from field specific conductance values; however,
for purposes of discussion, specific conductance and salinity
can be considered interchangeable.

Geographic Scope and Regional Interests

The geographic scope of this project is the southeastern
and southern coastline of the United States, including the
Gulf and Atlantic coasts, from Texas to North Carolina, as
well as Puerto Rico. Estuaries and lagoons in these coastal
areas provide benefits such as fish habitat, storm protection,
water supply, and recreation opportunities (Barbier and others,
2011). The location of the freshwater-saltwater interface in
surface-water bodies is an important factor in the ecologi-
cal and socioeconomic dynamics of coastal communities.
Changes in the freshwater-saltwater balance have the potential
to affect the uses and benefits of these systems.

Specifically, the coastal oligohaline wetlands zone
(sometimes referred to as the “coastal fringe” or the “zone of
change”) is critical in evaluating the hydrologic and ecologi-
cal responses to modifications of the water delivery system
related to habitat restoration and future climate change. In the
short term (days to weeks), water levels and salinity dynamics
are affected by tides, wind, floods, and storm events (fig. 1).
Regulation of releases from upstream reservoirs that alter
downstream streamflows, as well as water withdrawals for
agriculture, municipalities, and industry, also affect fresh-
water availability in the coastal zone. Over longer periods of
time (months to decades), drought, increased water use, and
sea-level rise can increase saltwater inundation. Hydrologic
changes, either from flow alterations or climate change, will
first be manifested along the coastal fringe. Coastal fringe
areas experience tidal backwater conditions; increases in
streamflow would move this area seaward, whereas sea-level
rise would move this area inland. Coastal areas will probably
exhibit larger relative changes in hydroperiods as compared to
inland areas (Conrads and others, 2018).

Many efforts in the region seek to better understand and
monitor salinity dynamics and the effects on ecological and
human systems. The application of the CSI and the linkage to
coastal resources addresses interests of many State and Fed-
eral agencies, universities, coastal resource managers, coastal
ecologists, and the drought community. Within the Department
of the Interior, units such as the U.S. Fish and Wildlife Service
National Wildlife Refuge System, the National Park Service
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(NPS), and the USGS Water and Ecosystems Mission Areas
conduct biotic and abiotic (including water quality) monitor-
ing as part of their resource management missions. Over 70
National Wildlife Refuges are located within the geographic
scope of this project. The NPS Southeast Coast Inventory and
Monitoring Network has conducted long-term monitoring

at nine park units in coastal North Carolina, South Carolina,
Georgia, and Florida (Gregory and others, 2013). As of 2019,
the USGS has a network of over 1,200 salinity gages, many of
which are along the coast (U.S. Geological Survey, 2019).

In central and southern Florida, the Comprehensive
Everglades Restoration Plan (CERP) guides projects designed
to restore, protect, and preserve the area’s water resources.
The Coastal Everglades Depth Estimation Network (EDEN)
website was developed to provide access to stage, temperature,
and salinity data for researchers interested in the interaction of
salinity, climate, and managed freshwater flow to the coastal
portions of the Florida Everglades. Salinity, along with water
temperature, is a critical variable for the biological viability of
many species and is the basis for many of the CERP perfor-
mance measures. Major ecosystem restoration efforts along
the Gulf Coast may also provide opportunities to apply the
CSI. As a consequence of the Deepwater Horizon oil spill, the
Resources and Ecosystems Sustainability, Tourist Opportuni-
ties, and Revived Economies of the Gulf Coast States Act
(RESTORE) was enacted to rehabilitate the long-term health
of the Gulf of Mexico. RESTORE is funding research evalu-
ating ecological flows to the Gulf and the effect of flows on
coastal ecosystems. The CSI could be a useful tool in studies

Distance

level

Time —>»

\4

Location of the freshwater-saltwater divide in response to freshwater and saltwater flows. Figure from Conrads and others

to improve understanding of the correlations between flows
and coastal ecology.

The NOAA National Estuarine Research Reserve System
(NERRS) leads research, stewardship, and education activities
at 29 sites across the country, 11 of which are in the Southern
United States and Puerto Rico. The network engages with
local communities to protect estuarine habitats, water quality,
and water quantity and expand understanding of the various
biophysical and socioeconomic processes that affect estuarine
systems. The System Wide Monitoring Program (SWMP),
established in 1995, collects and maintains long-term data on
water quality, weather, biological communities, habitat, and
land-use and land-cover characteristics (National Oceanic
and Atmospheric Administration Office for Coastal Manage-
ment, 2017). The U.S. Environmental Protection Agency’s
National Estuary Program (NEP) supports place-based
programs focused on restoring and maintaining water qual-
ity and the ecological integrity of estuarine systems and their
watersheds. Of the 28 NEP sites in the United States, 10 are
within the geographic scope of this project. The NEP develops
a Comprehensive Conservation Management Plan for each site
to address stakeholder-identified water-quality and environ-
mental-protection priorities (U.S. Environmental Protection
Agency, 2009). In addition, the NIDIS DEWS programs for
the Coastal Carolinas, Apalachicola Chattahoochee Flint
River Basin, and Southern Plains all recognize the need to
improve management of drought effects caused by increased
salinity (National Integrated Drought Information System,
2017a, b, ¢).
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Development of the Coastal Salinity
Index

Existing drought indices do not incorporate salinity, the
primary stressor associated with coastal drought, or the mul-
tiple factors that contribute to high salinity conditions, such as
precipitation, streamflow, sea level, tides, and wind. The avail-
ability of real-time and historical salinity datasets provided an
opportunity for the development of a salinity-based coastal
drought index.

Conrads and Darby (2017) developed the CSI using
an approach similar to the Standardized Precipitation Index
(SPI), a readily available drought index that is widely used
for monitoring meteorological droughts (McKee and others,
1993). The SPI uses precipitation data to develop a probability
distribution of precipitation for a given location. It is a flexible
indicator in that it can be calculated for several time scales
(for example, 1 to 24 months or longer), used with datasets
of varying record lengths and with missing data, and used to
compare conditions in different climate regimes (World Mete-
orological Organization and Global Water Partnership, 2016).

The CSI substitutes total monthly precipitation with
monthly mean salinity data to determine the probability of
recording a given salinity value in a particular month. For the
CSI, monthly mean salinity data are fit to a gamma distribu-
tion and then normalized (mean of zero and standard devia-
tion of one). The index values are standard deviations from
the normalized mean values. To align the CSI values with the
same classification scheme used by the U.S. Drought Monitor,
the CSI values were multiplied by —1 so that negative numbers
represent drought conditions. An index value of zero indicates
historical mean salinity; negative and positive values represent
increasingly saline and fresh conditions, respectively. Typi-
cal SPI threshold values were adopted for the coastal drought
classifications (table 1; fig. 2). The thresholds characterize the
historical range of measured salinity data at the site and pro-
vide an indication of the severity of the saline (or freshwater)
conditions over the interval for which the CSI was computed.
As with the SPI, the CSI can be computed for various time
intervals, allowing the CSI to be used to evaluate and compare
short- and long-term drought (saline) and wet (freshwater)
conditions. Preliminary evaluation of the CSI indicates that the
index can be used for regional/shoreline comparison between
estuaries and as an index for wet conditions (high freshwater
inflow) in addition to drought (saline) conditions (Conrads and
Darby, 2017).

Refinement and Dissemination of the Coastal
Salinity Index

The initial effort to develop the CSI used data from two
USGS water-quality stations in large drainage basins—the
Yadkin-Pee Dee and Savannah River Basins (Conrads, 2016;

Conrads and Darby, 2017). For the CSI to be broadly useful as
a drought monitoring tool, it is necessary to expand compari-
sons and analyses beyond the two original sites. In 2017, the
USGS cooperated with the NIDIS and CISA to further develop
and disseminate the CSI. This section presents the results of
the three primary tasks involved in this investigation:

1. Development of a unified CSI software platform,
2. Computation of CSIs for many coastal locations, and

3. Dissemination of the real-time, web-based CSI results.

To encourage the use of the CSI in current and future
investigations, there is a need to disseminate CSI results for
many sites as historic and (or) real-time calculations. The
distribution of CSI data will allow researchers to investigate
the possible relations between their subjects of interest and
the calculated CSI results. In addition, the distribution of a
uniform CSI R package will allow interested coastal resource
agencies, researchers, students and others to compute and
visualize CSIs in a consistent method for their sites of interest
for appropriate investigation periods.

Development of the R Package for Coastal
Salinity Index Computation

The initial development of the CSI used multiple soft-
ware packages and programs to analyze data, estimate missing
data, compute the index, and plot data. The objective of this
task was to facilitate the use of the CSI by numerous research-
ers and agencies by developing an easily accessible software
package for the consistent computation of the CSI. The
software package described here addresses the preprocessing
of salinity data, estimating missing data, computing the CSI,
postprocessing, and documenting the supporting metadata.
The package is available online to provide continuity with
regards to user access while allowing modifications and ver-
sion updates to the computer code as needed.

The R programing language was the platform for devel-
oping the CSI. The R language is widely used in the scientific
community and is an open-source programing language spe-
cially designed for statistics, data analysis, and visualization
(R Core Team, 2013). It is highly extensible and has a large
community of contributors frequently adding functionality.
This large community makes R one of the most powerful and
diverse software packages for scientific computing and data
processing. R packages include all the necessary functions
for a particular analysis, including data input, common data
preparation steps, computation, tabular and graphical output,
version control, version testing, and archiving. R packages are
an ideal way to package, distribute, and publish the R code
and data for re-use by others through the Comprehensive R
Archive Network (CRAN) or the U.S. Geological Survey
GitHub repository.



Development of the Coastal Salinity Index

Table 1. Coastal salinity classifications, descriptions, and threshold values.

[Brackets and parentheses in the ranges indicate inclusion (brackets) or exclusion (parentheses) of a value in the
listed range. CSI, Coastal Salinity Index; CD, coastal drought; NA, not applicable; CW, coastal wet; oo, infinity]

c;zz::iizltii'::ny Description Color Range thrt::ssl:old g::::;i:;:
value
CDh4 Exceptional salinity conditions [ ] (o0, 2] -2 2
CD3 Extreme salinity conditions Bl (20to-1.6] -1.6 5
CD2 Severe salinity conditions ] (-1.6t0-1.3] -1.3 10
CDl1 Moderate salinity conditions ] (-13t0-08] -0.8 20
CDO Abnormal salinity conditions 1 (-0.8t0-0.5] -0.5 30
Normal Normal salinity conditions ] (-05t00.5] NA 70
CWO0 Abnormal freshwater conditions 1 (05t00.8] 0.5 80
CWI1 Moderate freshwater conditions ] (0.8t01.3] 0.8 90
CW2 Severe freshwater conditions [ (13t01.6] 1.3 95
CW3 Extreme freshwater conditions Bl  (1.6t02.0] 1.6 98
Cw4 Exceptional freshwater conditions [ (2, ) 2 100
CD3 CD2 | CD1 CcDo Normal CWO0 CW1_ [ Cw2

Cumulative percetage

(Percentage < 0: 0.44)

| 1 | 1 | 1 |
-1 0 1 2 3

Coastal salinity index

EXPLANATION
6-month CSI
® Threshold point

Figure 2. Cumulative frequency curve for the 6-month Coastal Salinity Index (CSI-6) for Cooper River near Goose Greek, South
Carolina (U.S. Geological Survey station 0217050), for the period July 1984 to September 2018. CD, coastal drought; CW, coastal wet.
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The CSI R package can be downloaded from the USGS

GitHub website (https://github.com/USGS-EDEN/CSI). The
CSI R package includes seven primary functions:

1.

halN S

3.
6.
7.

Importing salinity (or specific conductance) data from
external files (CSlimport™*),

Converting specific conductance values to salinity, if
necessary (CSlIspec_con),

Estimating missing values by interpolation (CSlinterp),
Calculating CSI values (CSlcalc),

Plotting individual CSI results (CSlplot),

Plotting stacked CSI results (CSlstack), and

Exporting tabular CSI results (CSIwrite).

Detailed descriptions of these and other CSI functions are
available in the R package help pages; general descriptions of
these seven functions are listed below.

Importing salinity (or specific conductance) data
from external files—Several functions are avail-
able for importing data into R. The package can
process hourly (CSIimport_unit), daily (CSIim-
port_daily), or monthly (CSIimport_monthly) data
or data of variable timestamps (every 6, 15, or 30
minutes; intermittent; and so on), producing a data
object containing monthly mean values. Because
the NERRS SWMP maintains an extensive, long-
term salinity dataset, a function was also created to
import data downloaded from NERRS into the pack-
age without the need for data editing or formatting
(CSlimport NERRS).

Converting specific conductance values to
salinity—With the CSIspec con function, spe-
cific conductance data (compensated to 25 degrees
Celsius [°C] and 760-millimeter atmospheric pres-
sure) can be converted to salinity (S, unitless or
often expressed as practical salinity units) using the
following equation (Schemel, 2001; Wagner and
others, 2006):

S=K, +(K,xR")+(K,xR)+(K,xR"?)

2 5/2 (1)
HEK xR+ (K xR')

where
K, =0.0120,
K, =-0.2174,
K,  =253283,
K, =13.7714,
K, =-6.4788,
K, ~ =2.5842,
and R = the ratio of the measured specific

conductance to that of standard
seawater (salinity equals 35) at 25 °C
(53,087 microsiemens per centimeter)
(Wagner and others, 2006).

The USGS uses rating tables developed for this
conversion and the conversion of specific conduc-
tance to salinity in parts per thousand (Miller and
others, 1988) to process corrected specific conduc-
tance records within the National Water Informa-
tion System (NWIS) database (U.S. Geological
Survey, 2003).

Estimating missing values by interpolation—The
CSlinterp function allows interpolation of missing
mean monthly values (listed as “NA” in the input
data file) using linear or spline routines that inter-
polate between the two data values that bracket the
missing data (Zeileis and others, 2018). Experimen-
tation with removal of available data indicated that
CSI calculations for datasets with at least 15 days of
data for each month produced similar CSI classifi-
cations for datasets with and without missing data.
Monthly averages are created from whichever data
values are present for the month, so some initial user
cleanup of data may be advisable before data input.
The CSlinterp function by default limits the estima-
tion to a maximum of 6 months of missing data;
however, that time span is adjustable, if needed.
Data processors should use their discretion to deter-
mine if interpolation is appropriate for the estima-
tion of missing data, and if so, the appropriate maxi-
mum gap in data to be estimated by interpolation. A
spline interpolation option is available for when that
type of interpolation might be more appropriate than
linear interpolation.

Calculating CSI values—The CSlIcalc function cal-
culates monthly CSI values from salinity data for a
range of time scales. For example, the 6-month scale
uses the mean of each individual month and the pre-
ceding 5 months to obtain the CSI value. By default,
CSI values are calculated for all scales from 1 to 24
months; however, this may be adjusted by the user
to any 1- to n-month range. Currently, the R package
is written to calculate CSI values for monthly mean
salinity data; however, there is no intrinsic reason
the CSI calculations could not be applied to data of
other time scales—for example, weekly, biweekly,
or quarterly mean data. In the future, the package
functionality may be extended to allow for this
flexibility.

Plotting individual CSI results—The CSIplot func-
tion produces 24 CSI graphs depicting each calcula-
tion of the CSI using intervals of 1 to 24 months for
the moving monthly average values. The computed
I-month CSI for McCormick Creek near Key Largo,
Florida (USGS station 251003080435500), is shown
as an example in figure 34. The CSI graph displays
a black line representing the moving monthly aver-
age salinity value for the input period of record and
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includes a monthly color band as fill in the back-
ground representing the CSI coastal drought classes
(CDO to CD4; yellow-red color ramp), coastal fresh-
water classes (CWO0 to CW4; blue color ramp), and
normal conditions. The color bands help the reader
quickly identify the months with salinity conditions
that are higher (drought conditions) or lower (wet
conditions) than normal for that particular month.
The red bands indicate drought conditions (for
example, in 2005, 2009, 2014, and 2015), whereas
the dark blue bands indicate wet conditions (for
example in 1995, 1997, and 1998, among others).
To evaluate medium- and long-term coastal salinity
conditions, one can review the 12- or 24-month CSI
intervals (fig. 3B and 3C, respectively). Drought or
wet conditions may not be evident in the CSI graphs
depending on the length of the CSI interval selected.
For example, a CSI class of CD3 is observed in
2005 for a CSI interval of 12 months (fig. 3B) but
not for a CSI interval of 24 months (fig. 3C).

Plotting stacked CSI results—The CSlstack
function produces graphs showing the 1-month to
24-month CSI interval calculations on the same
graph (fig. 4). Short- to long-term conditions can be
shown on one graph by calculating the CSI values
for all time intervals between 1 and 24 months

and “stacking” the coastal drought and freshwater
color classes. The computed stacked CSI graph for
McCormick Creek near Key Largo, Fla. (USGS
station 251003080435500), is shown as an example
in figure 4. The CSI interval is listed on the primary
y-axis from 1 month at the origin and 24 months at
the top of the y-axis. The 12-month moving aver-
age salinity value is displayed using the secondary
y-axis and depicted as a blue line on the graph.

The secondary y-axis also displays the associated
estuarine salinity ranges (oligohaline, mesohaline,
polyhaline, euhaline, and hyperhaline) in practical
salinity units. By showing 24 CSI intervals on one
graph, the short- to long-term magnitude, duration,
onset, and recovery of coastal salinity and freshwa-
ter conditions can be evaluated. Additional graphs
can be created showing cumulative percentages, the
distribution of values in histogram format, and the
above- and below-normal CSI values for the period
of record. Salinity duration hydrographs that overlay
the current salinity values on the monthly histori-
cal range of the salinity data also can be created.
Detailed descriptions of these and other CSI func-
tions are available in the R package help pages and
in the User Guide (appendix 1).

Exporting CSI results—With the CSIwrite func-
tion, CSI values are written to comma-separated
values (.csv) text files, one file per gage, providing
monthly CSI values for each month in the record
for 1- to 24-month intervals (fig. 5). This main
output file consists of months listed as row head-
ers, CSI intervals listed as column headers, and CSI
results listed at the intersection of the individual
months and CSI intervals (fig. 5). Another output
file contains the final mean monthly salinity data
used to calculate CSI values, including possible
converted and (or) interpolated values. An addi-
tional text file is produced with statistics about

the stations, including the minimum, maximum,
median, first and third quartile values, date ranges,
and number of missing months. If the R package
produces interpolated data, another output file
details each of the gaps filled for each input gage.

Computation of the Coastal Salinity Index for
Locations in the South Atlantic and Gulf of
Mexico

The computation of the CSI at monitoring sites along
the coast was a critical step in this investigation. This
task was necessary to provide the data and information to
increase opportunities for users to link the CSI to ecological
response data.

Site Selection

The site-selection sub-task sought to identify the avail-
ability of salinity data for CSI calculations by examining the
various monitoring networks along the southeastern Atlantic
coast and the Gulf of Mexico. The initial search focused on
identifying water-quality datasets for coastal locations in the
Southeastern and Southern United States (from North Caro-
lina to Texas) and available through the USGS NWIS and the
NOAA NERRS SWMP. Both USGS and the SWMP regularly
collect and maintain long-term water-quality data. Potential
CSI sites were identified within the USGS Southeast Region,
including sites maintained by the Lower Mississippi Gulf,
Caribbean-Florida, and South Atlantic Water Science Centers.
The sites included historical, active, and real-time monitor-
ing sites. Eleven NERRS programs are within the geographic
scope of this project. Each NERRS program maintains three
or four salinity monitoring sites, one of which provides
real-time data.

Because the SPI served as the model for the develop-
ment of the CSI, sites were selected on the basis of criteria
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Figure 4. Stacked Coastal Salinity Index computations for McCormick Creek at mouth near Key Largo, Florida (U.S. Geological Survey
station 251003080435500), for the period October 1995 to December 2018. CD, coastal drought; CW, coastal wet.

1995-10
1995-11
1995-12
1996-1
1996-2
1996-3
1996-4
1996-5
1996-6
1996-7
1996-8
1996-9
1996-10
1996-11
1996-12

1
2.569214
2.219577
1.172532
1.259778

1.20434
1.163585
0.411373
1.033791
0.613757
0.961666
0.726291
0.355157
0.238559
0.575924
0.256799

2
NA

2.448567
1.680216
1.237956
1.252561
1.200401

0.82555
0.811588
0.852317

0.82902
0.882279
0.604189
0.490118
0.429582
0.448799

3
NA
NA
1.952599
1.575649
1.260916
1.242993
0.9531
1.018042
0.833624
0.976013
0.83226
0.78494
0.670974
0.660661
0.405536

4

NA

NA

NA
1.785221

1.53169
1.269426
1.038833
1.094376
1.043622
0.976352
0.956915
0.780193
0.8269

0.798663
0.594239

5
NA
NA
NA
NA
1.704055
1.506455
1.09933
1.148156
1.142544
1.153241
0.969774
0.892493
0.809572
0.925297
0.74952

6

NA

NA

NA

NA

NA
1.659507
1.321848
1.190912
1.202319
1.251661
1.122928
0.914364
0.900969
0.890279
0.888027

Figure 5. An example Coastal Salinity Index (CSI) R package output file, with CSI
intervals as column headers and individual months as rows.
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recommended for SPI calculations (World Meteorological
Organization, 2012; World Meteorological Organization and
Global Water Partnership, 2016). Ideally, the dataset used to
calculate the CSI should be as complete as possible, consist of
regularly collected data, and comprise a minimum of 30 years
of data to account for occurrences of extreme wet and extreme
dry periods. A physical location with no hydraulic barriers

to saline waters at the gaging station was another consider-
ation. At the start, there were over 100 real-time sites with a
minimum of 10 years of data and 50 real-time sites with at
least 18 years of salinity data. Because of the limited number
of complete, long-term salinity datasets in the study area, the
list of potential CSI sites was limited to the stations with 18 or
more years of data. USGS researchers working on RESTORE-
related projects also reviewed the list of 50 sites for applica-
bility to their ongoing investigations. They identified 25 sites
of interest between Texas and Tampa, Fla.

After reviewing the USGS and NERRS datasets, CISA
searched for additional sites where salinity data are available
and where CSI calculations could be useful for DEWS activi-
ties in the South Atlantic (North Carolina, South Carolina,
Georgia) and Gulf Coast. Examples include federally sup-
ported monitoring efforts of the NPS, the Southeast Coastal
Ocean Observing Regional Association, the Defense Coastal/
Estuarine Research Program based at Marine Corps Base
Camp Lejeune (North Carolina), and the Georgia Coastal
Ecosystems Long Term Ecological Research Network. Moni-
toring efforts conducted by State and local agencies, nonprofit
organizations, and academic research groups were also identi-
fied and considered. Examples include the South Carolina
Department of Natural Resources, University of North
Carolina Wilmington Coastal Ocean Research Monitoring
Program, North Carolina State University Center for Applied
Aquatic Ecology, Long Bay Hypoxia Monitoring Consor-
tium (South Carolina), and Lower Colorado River Authority
(Texas). Many of the datasets identified through this search
were associated with specific research projects that were either
time or funding limited. CISA identified 47 additional sites
for CSI calculation. Some sites with less than 18 years of data
were selected because of interest from DEWS researchers
and stakeholders.

Ultimately, 97 sites within the study area were selected
for CSI calculation (fig. 6; table 2). These sites are in the
coastal rivers, bays, estuaries, and sounds of North and South
Carolina, Georgia, Florida, Alabama, Mississippi, Louisiana,
Texas, and Puerto Rico. Historic CSIs were calculated using
the available data at each site. The period of record varied for
each site, with 1983 being the earliest recorded salinity and
September 2018 being chosen for the ending month (when
available) for these calculations. Some sites were discontinued
prior to September 2018. Figure 6 shows where real-time CSI
calculations are available for 12 southern Florida sites and 17
South Atlantic sites. Metadata compiled for the selected CSI

sites included monitoring agency, site location, dates of data
collection, and the online repository where the CSI results will
be stored (table 2).

ScienceBase Dissemination

After the salinity data were processed through the CSI R
package, they required systematic archiving and dissemina-
tion. As CSIs are computed, it is important that the values are
provided to researchers and the public in an accessible and
citable format. To enhance and expand information sharing
and sound data management practices, the USGS developed
ScienceBase—a collaborative scientific data and information
management platform used directly by science teams (https://
www.sciencebase.gov/about/). All USGS ScienceBase data
releases go through a detailed review process for quality
assurance of the validity of the data and data release format.
A citable Digital Object Identifier is provided for each USGS
data release.

The historic CSI results for this investigation are
archived in ScienceBase for current and future use by inter-
ested researchers (Petkewich and others, 2019; https://doi.
org/10.5066/POMQLNL?2). The landing page for the data
release presents a general description of the CSI and the asso-
ciated metadata; it also contains files describing the structure
of the data release, the tables included, and a list of sites where
the CSI has been calculated. The landing page contains mul-
tiple folders identifying the States where the CSIs have been
calculated. Each State folder consists of one to many zipped
folders with the data used to calculate each CSI and the input
and output files associated with each CSI calculation. Future
CSI results can be added to this data release after detailed
quality-assurance review of the new data.

Computation and Dissemination of Real-time
Coastal Salinity Index Results

The availability of telemetered real-time salinity data
allows the USGS to present real-time coastal drought condi-
tions to the community of climatologists and coastal resource
managers such as marine fisheries managers, water utili-
ties, and refuge managers. The framework developed for the
computation and dissemination of real-time CSIs includes
documenting metadata, estimating periods of missing data,
and archiving results. The real-time computation of the CSI
integrates computer scripts to (1) acquire real-time salinity and
(or) specific conductance data from the USGS NWIS, (2) load
processed salinity data into a local database, (3) compute CSIs
for 1- to 24-month scales, and (4) create visualization products
and distribute results to USGS websites. Real-time CSI results
are available on two USGS websites.
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Development of the Coastal Salinity Index
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The first release of real-time CSIs was on the USGS The website introduces Coastal EDEN and provides

Coastal EDEN website in December 2017 (https://sofia.usgs. links to other areas of the EDEN website. The website

gov/eden/coastal/). EDEN is an important provider of quality-  provides a map interface of current conditions, 7-day aver-
assured datasets for the Everglades restoration community. In age, and 7-day change of conditions of water-level, water

addition to water-level data used by EDEN to generate daily temperature, and salinity data. Selection of icons on the
water-surface and water-depth maps (Telis, 2006; Patino and map retrieves graphs of water level, water temperature, and
others, 2018), a network of Coastal EDEN gages provides salinity (fig. 7). The first graph displays 3 years of daily and
stage, salinity, and temperature data for the oligohaline/meso-  7-day average water-level data (fig. 74). For evaluation of
haline zone in the southern part of the Florida Everglades. current and long-term salinity conditions, CSI and salinity
A Gage McCormick Creek at mouth
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Figure 7. Graphs from the Coastal Everglades Depth Estimation Network web page showing real-time A, water elevation (stage),

B, Coastal Salinity Index, and C, salinity duration for McCormick Creek at mouth near Key Largo, Florida (U.S. Geological Survey
station 251003080435500). Max., maximum; Min., minimum; NAVD88, North American Vertical Datum of 1988.


https://sofia.usgs.gov/eden/coastal/
https://sofia.usgs.gov/eden/coastal/

duration hydrographs are displayed (fig. 78 and 7C, respec-
tively). Short- to long-term salinity conditions are depicted

on the CSI stacked graphs for 12 of the Coastal EDEN sites.
Links are available to download all data used to calculate CSI
values, in the same format provided by the CSI R package. To
evaluate current salinity and temperature conditions relative to
the ranges of historical salinity experienced at a site, salinity
duration hydrographs (similar in concept to flow and water-
level duration hydrographs) are generated and overlay the
current salinity values on the monthly historical range of the

S
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salinity data (fig. 7C). Thus, one can quickly evaluate whether
current conditions are fresher (less saline) or saltier (more
saline) than normal. Current water temperature also is shown
on these graphs.

A second website (https://www2.usgs.gov/water/south-
atlantic/projects/coastalsalinity/home.php) was created to dis-
seminate CSI results for 17 sites where the real-time CSI has
been computed for the South Atlantic Water Science Center.
This website contains graphs that are similar to those on the
Coastal EDEN website as described above.

McCormick Creek at mouth, 3-year salinity, 30-day moving window
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Figure 7.

Graphs from the Coastal Everglades Depth Estimation Network web page showing real-time A, water elevation (stage),

B, Coastal Salinity Index, and C, salinity duration for McCormick Creek at mouth near Key Largo, Florida (U.S. Geological Survey
station 251003080435500). Max., maximum; Min., minimum; NAVD88, North American Vertical Datum of 1988.—Continued
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https://www2.usgs.gov/water/southatlantic/projects/coastalsalinity/home.php
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Use and Interpretation of the Coastal
Salinity Index

As part of this project, CISA and the USGS established a
CSI working group for the Carolinas with the goal of obtain-
ing feedback on the CSI tool development and identifying
opportunities to apply the CSI for drought and resource moni-
toring and management. Group members represented Federal
and State agencies and nongovernmental organizations that
had interests as potential data providers, CSI users, or both.
Their input, and the process to complete the tasks described in
this report, have revealed strengths and challenges associated
with the calculation, use, and interpretation of the CSI.

Data Considerations

As with the SPI, one strength of the CSI is its flexibility.
It is relatively simple to calculate, can be calculated for mul-
tiple time intervals, and shows wet as well as dry periods. The
CSI R package can accommodate datasets of varying lengths
and datasets with missing data.

Although this project prioritized regularly collected, con-
tinuous data from fixed sites, the R package can also accom-
modate data collected at less frequent or irregular intervals.
For example, CSIs have been calculated for the Ashley River
and Ashepoo, Combahee, and Edisto Basin areas using salinity
data collected through South Carolina Department of Natural
Resources (SCDNR) trammel net surveys that have taken
place monthly since the early 1990s. The data are collected
through a stratified random sampling method; each month,
samples are collected at 10—12 sites selected from a pool of
22-30 sites (Arnott and others, 2010).

As the SCDNR example suggests, many existing salin-
ity datasets could be potential candidates for CSI calculations.
The “Standardized Precipitation Index User Guide” (World
Meteorological Organization, 2012), however, recommends
at least 20—30 years of monthly values, with longer datasets
preferred, and no missing data. Whereas the SCDNR tram-
mel net survey dataset has a long period of record and little
missing data, many of the datasets initially identified for this
project have less than 20 years of data and (or) large data gaps.
Many of these datasets were associated with specific research
projects that were either time or funding limited and are of
shorter duration.

The lack of complete, long-term salinity datasets may
result in researchers using spatially and temporally irregular
datasets. CSls were calculated for several such datasets (for
example, the SCDNR trammel net surveys). Stacked graphs
created using these surveys were found to be comparable to
the CSI graphs produced for nearby USGS stations; however,
statistical analysis should be performed to quantify these
comparisons if further funding becomes available. In addition,
CSI users who want to compare CSI results for multiple sites
may find it difficult to identify stations with similar periods

of record. Exclusion of drought or wet periods could alter the
CSI results for stations with shorter periods of record com-
pared to those with longer or more complete datasets.

The CSI R package accommodates datasets that are
missing data by providing linear and spline interpolation func-
tions. The user or data processor should determine if linear (or
spline) interpolation is the appropriate method for the length
of missing data. Other methods to address missing data ques-
tions warrant further investigation. For example, correlations
between neighboring sites could be used to fill in large data
gaps (that is, 1 month or longer). Such an approach might be
appropriate for NERRS sites, which typically include three or
four salinity monitoring stations. Conrads and Darby (2017)
used simulation models and artificial neural network models to
generate salinity estimates for the two stations used to develop
the CSI.

Finally, opportunities to provide real-time CSIs may be
limited by data availability. The USGS NWIS provides the
largest network of continuous salinity data-collection and
monitoring stations. NERRS sites have at least one active,
real-time station where CSIs could be computed in addition to
the USGS sites. Efforts to identify and vet additional salinity
datasets could help to expand the availability of the tool for
drought and resource management applications.

Interpretation of Graphs

Although CSI calculations and the generated values are
fairly straightforward, many of the graphs generated through
the R package are complex and difficult to interpret. Based
on feedback from the Carolinas CSI working group and other
potential users, a CSI User Guide (appendix 1) was developed
to explain how the CSI is calculated and describe the various
elements of the CSI graphs. This document is available on
ScienceBase, the Coastal EDEN website, and the USGS South
Atlantic Water Science Center website. Because the CSI is
intended for a variety of audiences, both experts and nonex-
perts in drought monitoring, the User Guide is intended to
facilitate the tool’s use.

Use in Drought and Ecological Monitoring

The CSI was developed to characterize coastal drought,
monitor changing salinity conditions, and improve understand-
ing of the effects of changing salinities on fresh and saltwater
ecosystems, fish habitat, and freshwater availability for munic-
ipal and industrial use. Conrads and Darby (2017) used water-
quality stations in two large drainage basins—the Yadkin-Pee
Dee and Savannah River Basins—in their initial efforts to
develop the CSI (fig. 6). The current project expanded the
number and geographic extent of CSI calculations that are
available. This section identifies topics for consideration as
users test and apply the CSIs for research, monitoring, and
management purposes.



The CSI’s flexibility allows the index to be calculated
and compared for different estuary types (for example,
brackish, oligohaline, or mesohaline). Because the CSI is
a site-specific index, however, users should account for
the geologic, geographic, and management context of the
watershed when interpreting and applying CSI values. In
the Carolinas, for example, coastal watersheds vary from
small tidal creeks, to Coastal Plain rivers, to large rivers that
originate in the Piedmont or Blue Ridge provinces of North
Carolina, South Carolina, and Georgia. These rivers and sys-
tems respond differently to precipitation, riverine flow, and
tidal conditions, depending on the geologic setting. They also
have different river and water management regimes. When
comparing CSIs from multiple sites, the user should consider
that different conclusions may be drawn from CSIs calculated
within a few river miles along the same water body versus
CSIs calculated across multiple water bodies within the
same basin. Because the CSI represents the normalization of
excursions from local conditions, interpretation of CSI values
should not be strongly tied to the absolute magnitude of local
salinity conditions.
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CSI stacked graphs from the Winyah Bay, South Caro-
lina, area (fig. 8) demonstrate how the magnitude and duration
of salinity (or freshwater) conditions will vary according to a
station’s geographic, hydrologic, and salinity influences. Three
NERRS stations (NIWDCWQ, NIWOLWQ, and NIWCBWQ)
are in North Inlet, a small ocean-dominated estuary (Allen and
others, 2014). Although connected to the larger Winyah Bay
through a series of tidal creeks, water exchange between the
two systems is limited by pronounced tidal nodes (Traynum
and Styles, 2008), and freshwater input to the North Inlet
estuary is mainly the result of very localized runoff from its
limited surrounding uplands. As a result, the mean salinity
value for these sites is between 32 and 33 parts per thousand
(ppt) (fig. 9). The CSI results indicate the occurrence of the
2002, 2008, and 2012 drought periods; however, the mag-
nitude and duration are less pronounced when compared to
stations in the larger Winyah Bay estuary. Stacked graphs for
these North Inlet stations also show extended wet periods in
2003-2004 and 2016. The NIWTAWAQ station, in contrast, is
located in Winyah Bay (fig. 8). This estuary is the third largest
on the east coast, based on watershed area, and is fed by five
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Figure 8. Locations of the A, watersheds and B, National Estuarine Research Reserve System stations near Winyah Bay and North

Inlet, South Carolina.
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major rivers—the Black, Little Pee Dee, Pee Dee, Sampit,

and Waccamaw Rivers (Allen and others, 2014). The larger
watershed area and extensive freshwater input result in a mean
salinity value of approximately 8.3 ppt for the NIWTAWQ
station. The CSI graph shows that this site experienced more
severe drought conditions in 2002 and 2008 compared to the
North Inlet sites, but conditions were similar for the remaining
period of record. USGS station 02110815, which is upstream
from Winyah Bay on the Waccamaw River (fig. 8), has a
mean salinity value of 0.6 ppt. This station shows similar CSI
response to the 2002 and 2008 droughts (fig. 10) as the Win-
yah Bay site (NIWTAWQ). Otherwise, the site does not appear
to be as affected by dry (2012) or wet (2003, 2016) conditions
in other years.

The application of the CSI and the linkage to coastal
resources addresses interests of many State and Federal
agencies, universities, coastal resource managers, coastal
ecologists, and the drought community. More work is needed
to assess the use of the CSI for drought monitoring and to
understand the linkages between drought, as expressed by the
CSI, and estuarine systems and resources. With the CSI read-
ily available to users, future work could include calculations
throughout the coastal United States.

Summary

The Coastal Salinity Index (CSI) was created in 2013
to incorporate salinity, the primary stressor associated with
coastal drought, into a unique drought monitoring index. For
the CSI to be broadly useful as a drought monitoring tool,
developmental efforts were required to expand comparisons
and analyses beyond the two original sites used for CSI devel-
opment. In 2017, the U.S. Geological Survey (USGS) received
funding from the National Integrated Drought Information
System to further develop and disseminate the CSI through
three primary tasks: (1) building a unified CSI software plat-
form, (2) releasing CSI calculations for many coastal loca-
tions, and (3) disseminating real-time, web-based CSI results.
The geographic scope of this project is the southeastern and
southern coastline of the United States, including the Atlan-
tic and Gulf coasts, from Texas to North Carolina, as well as
Puerto Rico.

The CSI data preparation, calculation, and visualiza-
tion package was developed with the R scientific programing
language and is available from the USGS GitHub website. The
CSI R package includes functions to import salinity or specific
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conductance data, interpolate missing values, and calculate,
plot, and export CSI results.

To increase opportunities for linking the CSI to ecologi-
cal response data, CSI calculations were completed for the
full period of salinity record for 97 stations along the Gulf
of Mexico and the southeastern Atlantic coast. The gages
are in the coastal rivers, bays, estuaries, and sounds of North
and South Carolina, Georgia, Florida, Alabama, Mississippi,
Louisiana, Texas, and Puerto Rico. These sites consisted of
USGS, National Estuarine Research Reserve System, Georgia
Coastal Ecosystems Long Term Ecological Research Network,
and Lower Colorado River Authority gages. These sites were
selected because of their location, frequency of data collection,
and relatively long periods of record. These CSI results are
stored in the USGS ScienceBase data management platform
(https://doi.org/10.5066/POMQLNL?2).

Real-time computations of the CSI are available on two
USGS websites: the Coastal Everglades Depth Estimation
Network website (https://sofia.usgs.gov/eden/coastal/) and the
South Atlantic Water Science Center website (https:/www2.
usgs.gov/water/southatlantic/projects/coastalsalinity/home.
php). These websites integrate computer scripts to acquire
real-time salinity data from the USGS National Water Informa-
tion System, load processed salinity data into a local database,
compute gage CSI statistics for 1- to 24-month intervals, and
create and display visualization products. The framework
developed for the computation and dissemination of real-time
CSlIs includes documenting metadata, estimating periods of
missing data, and archiving results. A User Guide, included
in the appendix, provides an overview of the CSI and detailed
explanations of the graphs generated by the R package.

Although the CSI could be applied to salinity data col-
lected anywhere, the geographical extent of this investigation
focused on identifying salinity sites from North Carolina to
Texas, as well as in Puerto Rico. With the CSI readily available
to users, future work could focus on testing the tool’s utility
with refuge managers, resource agencies, drought monitoring
agencies, and researchers throughout the coastal United States.
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