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SUMMARY OF FINDINGS

BACKGROUND

KEY FINDINGS
STATUS

This review of climate stressors and the resulting patterns observed is intended to assist
communities in planning future resilience efforts through a solid understanding of climate
patterns observed from the inception of record keeping through the present day.

Accelerated climate instability is facilitating the need for coastal communities to plan for
increasing sea levels, increased storminess and other conditions that can increase flooding
hazards - requiring planning for resilience, hardening of infrastructure and preparing for
emergencies in the future.

Increasing air and water temperatures, ocean acidification, and sea level all continue to rise as
storm frequency, intensity and precipitation patterns continue to fluctuate.

The Indian River Lagoon (IRL) is susceptible to changing biogeochemical cycles and species
distributions brought about by changes in the physical and chemical properties of the IRL and its
watershed.

Air Temperatures - The year 2023 was one of Florida’s hottest years on record, with an average
statewide temperature of 73.4°F. The average temperature in the IRL was 75.4°F, ranging from
73.8°F in Volusia County to 76.8°F in Palm Beach County. Annual mean maximum and minimum
temperatures were 84.6°F and 66.2°F, respectively.

Water Temperatures - Annual surface water temperature averaged 77.1°F across the IRL in
2023, with a mean summer water temperature reaching 84.5°F and mean winter temperature of
67.8°F.

Precipitation - In 2023, the mean annual precipitation was 58.9 inches across the IRL. The
highest precipitation was in St. Lucie County (62.5 inches) and the lowest was in Volusia County
(55.6 inches).

pH - Annual mean surface water pH in the IRL was 8 in 2023, the same as the long-term average
over the last 30 years. Within the IRL, the lowest annual mean pH was found in the St. Lucie
Estuary, which had a pH of 7.74, while the highest was recorded in the Banana River Lagoon at
8.46.

Sea Level Rise — Mean sea level in 2023 was approximately 0.25 feet higher than mean sea level
from 1983-2001, the reference period for the current NOAA sea level datum used for tidal
stations.

Storms - The 2023 hurricane season in the Atlantic basin was above normal, with a total of 20
named storms. Only one, Hurricane Idalia, made direct landfall in the U.S. The most recent storms
to directly impact the IRL watershed occurred in 2022 (Hurricanes Ian and Nicole).

TRENDS

Air temperatures in the IRL watershed have increased by approximately 2°F over the last 100
years, with the majority of that change occurring after 1980.

Globally, the year 2024 was the warmest on record. When land and ocean temperatures are
averaged annually, the global combined temperature rank shows that each of the ten years from
2015 to 2024 rank as the ten warmest years on record since 1850, when record keeping began
(NOAA 2024):
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Ten Warmest Years on Record
(1850 - 2024)

Rank Year Rank Year
1 2024 6 2017
2 2023 7 2015
3 2016 8 2022
4 2020 9 (Tie) 2018
5 2019 9 (Tie) 2021

Surface water temperatures in the IRL increased by approximately 2.5°F from 1994 through
2023, with most water quality stations showing statistically significant increases. Increases in fall
and winter water temperatures appeared to be driving that trend.

Overall, annual precipitation decreased 3.04 inches over the past 100 years, with two distinct
patterns emerging: Prior to 1990, annual mean precipitation decreased about 5.14 inches; and
after 1990, annual precipitation increased about 2.07 inches.

Drought conditions are becoming more prevalent and severe in the watershed based on
decreasing Palmer Drought Sensitivity Indexes.

Overall, pH levels in the IRL do not indicate that acidification is occurring; however, of the 45
water quality stations analyzed, only 1 showed a statistically decreasing trend, while 14 had
increasing trends. The stations with increasing trends had an average increase of 0.11 pH units
over the last 30 years.

Sea levels have risen by over 9 inches along Florida’s Atlantic coast since 1939. Since 1995, the
rate of increase has nearly tripled, with IRL water levels increasing 0.52 ft (6.24 inches) over the
past 14 years.

Storm frequencies and intensities that have direct impacts on the IRL watershed do not show a
significant increasing or decreasing trend based on historical records.
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INTRODUCTION

While long-term climate variations have occurred naturally throughout Earth's history, the recent
acceleration in climate trends is being driven by activities such as the release of greenhouse gases into the
atmosphere and land-use changes that are altering local, regional, and global climates (IPCC, 2007, 2021,
2013) as well as Earth's energy balance (USGCRP, 2017).

According to the Environmental Protection Agency (EPA, 2023), total greenhouse gas emissions were 6,340
million metric tons in 2021 with net emissions of 5,581 million metric tons, which includes reductions by
sequestration or other processes. Emissions become trapped in the atmosphere, overburdening
atmospheric biogeochemical cycles and causing an overall increase in the energy that drives global
temperatures (Lindsey, 2009; IPCC, 2013). These changes may be driving changes in other atmospheric
processes including precipitation and drought patterns, sea level rise, ocean acidification, and storm
activity (IPCC, 2021; USGCRP, 2023).

Increasing global temperatures have been linked to changing precipitation patterns at local and regional
scales, accelerated sea level rise, ocean acidification, and storm intensity (IPCC, 2021; USGCRP, 2023). In
addition, short-term weather-related events like periods of extreme heat, droughts, wildfires, and extreme
rainfall are more commonly being attributed to climate impacts.

Statistically significant increasing trends in temperature have been occurring in Florida over the past
century; trends that have been accelerating since 1970 (Martinez et al., 2012). In 2023, Florida experienced
one of its warmest years on record with an annual statewide average temperature (73.4°F) that was 3.2°F
higher than the average temperatures experienced during the 20th century (NCEI data). Florida also
experienced the highest maximum temperature (83.6°F) and the two hottest months ever recorded in the
state (July and August) (Florida Climate Center, 2024).

In 2023, average annual precipitation in Florida was 54.2 inches, which was slightly higher than the
historical average (1901-2000) of around 53.6 inches. However, there was considerable variation across
the state, which generally saw higher than average precipitation totals along the Atlantic coast and
northern peninsular region and lower than average totals across much of the Gulf Coast and Florida’s
panhandle. Martinez et al. (2012) found that statistically significant trends in precipitation were primarily
seasonal in nature and did not detect any long-term trends in precipitation, either increasing or decreasing.

The IRL, which stretches over 150 miles along the east coast of Florida, encompasses four of the seven
climate divisions which the State of Florida has documented as the warmest (Divisions 5 and 6) or second
warmest (Divisions 3 and 4) years on record. Estuaries are especially sensitive to climate impacts due to
their locations at the land-sea interface, with direct interactions and inputs from both terrestrial and
marine environments that influence their physical, chemical, and biological properties (Parkinson et al.,
2021). Changing climate conditions will impact both terrestrial and marine environments which, in turn,
will ultimately lead to significant changes in estuarine systems through alterations in temperature regimes,
precipitation patterns, storm frequency and intensity, and sea level rise (Statham, 2012; Robins et al.,
2016). Estuaries and their ecosystem functions are also being altered by the impacts of land-use change
and urbanization, which can change freshwater flow patterns, nutrient inputs, and elevate pollutant levels
(Howarth et al,, 1991; Robins et al., 2016; Lefcheck et al., 2018).

The effects of climate impacts on the IRL are likely to increase stressors on an already stressed system,
which can have detrimental impacts to the ecological functions of the lagoon, eventually leading to both
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environmental and economic consequences (Gillanders et al., 2011; Arnell et al,, 2015; Wernberg et al,,
2016). Robins et al. (2016) identified several risks to estuaries that included increased winter freshwater
flows that alter chemical cycles, contribute to hyper-eutrophication, and fuel algal blooms - conditions
already present in the IRL. Climate impacts ill affect the IRL’s biological, physical, and chemical properties
that could lead to changes in habitats and species distributions, and even cause regime shifts which would
transform the IRL ecosystem and the services that it provides (Wernberg et al., 2016).

Parkinson et al. (2021b) conducted a risk-based vulnerability assessment that investigated possible
adaptation actions that might be required to mitigate the impacts of climate on the IRL ecosystem. This
study identified five climate stressors that were the most relevant to the IRL and the vulnerability
assessment. These include:

e Warmer temperatures

e Changes in precipitation
e Increasing storminess

e Acidification

o Sealevel rise

Their conclusions state that:

e Rising air and water temperatures will lead to increased evaporation that changes water chemistry
and clarity, reduces dissolved oxygen in the water column, and enhances primary production.

e Changes in precipitation patterns and drought conditions may shift, both temporally and spatially.

e Increased storminess will lead to increased freshwater, erosion, flooding, and pollutant inputs.

e Increasing temperature and acidification can harm fish and shellfish populations in the IRL.

o Sealevel rise will lead to inundation of low-lying coastal areas, cause more frequent and severe
flooding, and increase shoreline erosion and saltwater intrusion throughout the IRL watershed.

This chapter focuses on the five climate stressors identified by Parkinson et al. (2021b) that can impact the
health and function of the lagoon ecosystem. By analyzing long-term datasets specific to the IRL and its
watershed, historical and current trends were identified and compared, increasing our knowledge of past
and current climate conditions and the impacts that climate change has already had on the IRL ecosystem.
The results of the climate analyses presented here will help to improve scientists’ and resource managers’
understanding of how the IRL is responding to current climate conditions and how it may respond to
changing conditions in the future.
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DATA SOURCES

The long-term data needed to run climate change scale trend analyses were collected from various federal,
state, and local governmental/management agencies to investigate current conditions and trends in air and
water temperature, precipitation and drought, storms, pH, and sea level rise (Table 1).

Table 1. Data Sources.

Website

Parameter

Spatial
Coverage
(# of datasets)

Period of
Record

National Centers for

Climate ata

Air Temperature

County Level

Climate Stewardship

Information (NCEI) Precipitation ()
South Florida V\.latc?r DEHYDRO Water Temperature | Point Locations
Management District | (sfwvmd.gov) H (17) 1994-2023
(SFWMD) p
St. Johns River \_/Vat_er Water Quality Water Temperature | Point Locations | 1994-2023 (23)
Management District | (sjrwmd.com) pH 27) 2014-2023 (4)
(SJRWMD)
Loxahatchee River w Water Temperature | Point Locations 1924-2023
District (LRD) RiverKeeper pH (5)
National Oceanicand | NOAA Tides and : ;
Atmospheric Currents SeaLevelRise | oIt L(?Sa“ons 1939-2023
Administration

. USGS Current . .
U.S. Geological R Point Locations
Survey Conditions Water Levels 3) 2013-2023
International Best IBTrACS Resional
Track Archive for (noaa.gov) Storms %1) 1924-2023

ANALYSES

All data used for trend analyses were aggregated into monthly, bimonthly, or quarterly averages defined by
the sampling frequencies. Datasets that had multiple records per month were averaged into monthly
means and where multiple sampling stations occurred within a sublagoon, mean values were used to
aggregate them spatially. Seasonal analyses were performed that defined winter as the months of
December, January, and February, spring as March, April, and May, summer as June, July, and August, and
fall as September, October, and November. Current conditions represent the average observed over the last

five years (2019-2023).
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https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/county
https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/county
https://www.sfwmd.gov/science-data/dbhydro
https://www.sfwmd.gov/science-data/dbhydro
https://www.sjrwmd.com/data/water-quality/
https://www.sjrwmd.com/data/water-quality/
https://loxahatcheeriver.org/river/river-keeper/
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https://tidesandcurrents.noaa.gov/
https://tidesandcurrents.noaa.gov/
https://waterdata.usgs.gov/nwis/uv
https://waterdata.usgs.gov/nwis/uv
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Two types of trend testing were performed. The three climate datasets (air temperature, precipitation, and
drought index) that had 100 years of data were analyzed using a 30-year, monthly moving average analysis,
which has been commonly used by NOAA to define Climate Normals and compare trends over time. The 30-
year moving averages were calculated by taking the mean value of the monthly data over each 30-year
period within the Period of Record (POR). For example, the first period for which a 30-year moving average
was calculated was from January 1924 through December 1953 to provide the 30-year mean results for
1954. This process is followed through every year until reaching the most current 30-year period in the
dataset (January 1994 through December 2023), which provides the 30-year mean result for 2024. The
significance of the 30-year moving average trends were tested using the Mann-Kendall trend analysis.
Additionally, the 30-year moving averages (aka. Climate Normals) were used to calculate spatial and
temporal differences over the POR.

Trend testing was also conducted using the non-parametric Mann-Kendall (MK) and Seasonal Mann-
Kendall (SMK) tests. Both the MK and SMK tests calculate trends using the Sen’s Slope to estimate an
increment of change over time. The Mann-Kendall is used to determine if a monotonic increasing or
decreasing trend is present in nonseasonal data and data averaged over multiple seasons. The SMK test is
used to determine if a monotonic trend is present when the data vary seasonally and, therefore, it is
commonly used to examine environmental changes over time (Helsel & Hirsch, 1995; Mann, 1945; Kendall,
1975). For the climate analyses that utilized the SMK statistical test, the most common sampling frequency
in all the datasets was used to define the intervals (Hirsch et al., 1982).

The MK and SMK climate trends were calculated using Sen’s Slope estimator. Statistical results were
considered significant at a p-value less than 0.05, which indicates that a significant trend (either up or
down) is present in the data over the POR. Non-significant trend results are indicated in the tables by “NS.”
The trend analysis tests used for each parameter analyzed are provided in Table 2.

Table 2. Trend analysis method conducted for each dataset including POR.

Trend Analyses Method used for each Dataset

Parameter Mam(ll-vll(lc(e)n Ll Maflelisl?::(;all :I)’V?OZiel?; PEZi%?gf
(SMK) Average
Air Temperature X X 1924-2023
Water Temperature X 1994-2023
Precipitation X X 1924-2023
Drought X X 1924-2023
pH X 1994-2023
Sea Level Rise X 1939-2023

Water Temperature and pH
To analyze long-term trends in water temperature and pH, data from monitoring stations with at least 30
years of data were downloaded from St. Johns River Water Management District, South Florida Water
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Management District, and Loxahatchee River District websites. If duplicate samples were taken, the results
were retained in the database from the first sample collected that day.

The 49 sampling stations depicted in Figure 1 include those with adequate long-term water temperature
and pH data (45) as well as an additional 4 stations in the Halifax River that have short-term data used only
for current analysis. Most of the sampling stations were in the Indian River Lagoon proper but some were
also located near the mouths of tributaries including the St. Lucie River, Turkey Creek, Crane Creek, and the
Loxahatchee River. Stations located further up the tributaries, away from the IRL and the main waterbodies
of the estuaries, were not used in analysis as they are more susceptible to variability caused by short-term
weather patterns that may not accurately reflect climate-scale changes. Only long-term datasets from 1994
through 2023 (30 years), which included datasets for 45 of the 49 stations, were used for the individual
station analyses for climate change. Water quality data did not start until 2014 in the Halifax River and
therefore those were not included in the long-term trend analyses. These data were included for the
analysis of current conditions (2019-2023).

The 23 SJRWMD sampling stations located in the Mosquito Lagoon, North IRL, Banana River, and the
Central IRL did not have complete data through 2023 so provisional data were used. Where sampling
locations changed over the POR, the data collected at adjacent stations were aggregated for the 30-year
moving average analysis. The stations with modified locations are identified with a letter designation after
the station ID, with B representing a single move and C indicating that the station was moved twice. One
SFWMD sampling station (IRL15), which was moved from the St. Lucie Estuary into the IRL, was removed.

Because water temperature data fluctuate seasonally, trend testing was conducted using the SMK test. The
trend in the pH data was not found to be seasonal, so a straight MK trend test was conducted. Before SMK
analysis, the data were transformed to a consistent frequency by calculating a mean of the samples
collected during the consistent period. For example, if quarterly sampling was the most common sampling
frequency, bimonthly or monthly data were averaged over the quarter before being analyzed.

In addition to the individual station analyses, annual and seasonal means were calculated from all 45 of the
water quality stations with long-term records, then statistically analyzed using the MK test with Sen’s Slope
to determine if temperatures were changing at different rates. Quartiles and means of both summer and
winter water temperatures were calculated using the seasonal observations from all stations in the IRL.
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Figure 1. Surface water sampling stations in the North (left) and South (right) IRL.

Air Temperature, Precipitation, and Drought

Data from the National Oceanic and Atmospheric Administration’s (NOAA) National Centers for
Environmental Information (NCEI) were downloaded for the 100-year POR (1924-2023) to analyze trends
in air temperature, precipitation, and drought conditions within each county. The NCEI's National Climate
Division Database (nClimDiv) is based on the National Weather Service (NWS) Cooperative Observer
Program (COOP) database, which consolidates weather data from individual weather stations using an
array of quality control algorithms to calculate county-wide monthly means for minimum, maximum, and
average temperatures, precipitation, and drought conditions. Over the 100-year POR, the number of
weather stations in each county varied tremendously. Changes in collection locations and methods are
addressed by the NCEI through a “homogenization” algorithm which accounts for artificial shifts that can
be caused by changes in observation time, station location, and instrumentation.

The NOAA weather data were aggregated at the county level, which does not capture the spatial variability
that occurs, especially in precipitation patterns. To show the variability in precipitation within counties, the
Climate Normals (i.e., 30-year averages) from the years 1991-2020 were downloaded from the Parameter-
Elevation Regressions on Independent Slopes Model (PRISM) Climate Group at the Northwest Alliance for
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Computational Science and Engineering for the months of February and September, representing the
dryest and wettest months of the year. The raster data were mapped to demonstrate the within-county
variability that is not captured by the NOAA NCEI aggregated data.

Both temperature and precipitation 30-year moving averages showed two distinct and opposite trends
over the POR. These two time periods were analyzed separately using the MK statistical trend test to
accurately reflect the different trends observed over the two distinct periods.

The 30-year moving average Climate Normals were also used to calculate the differences in aggregated
mean monthly temperature and precipitation for all seven counties by subtracting the first 30-year climate
normal (1924-1953) from the last (1994-2023). This provides a quantitative analysis of the change that
occurred over the POR between the historic and current Climate Normals.

The extent of drought within counties over time was analyzed using Palmer Drought Severity Index (PDSI)
data obtained from NCEI for the same POR as the precipitation data (1924-2023). PDSI is an index that
measures wet and dry conditions on a scale from -10 to 10, with positive numbers indicating wetter
conditions and negative numbers drier conditions. The 30-year moving average PDSI was calculated and
analyzed for significance using the non-seasonal MK test.

Sea Level Rise (SLR)

Mean monthly sea level data from 4 NOAA Sea Level Rise (SLR) tidal stations on the Atlantic coast of
Florida were analyzed along with 3 United States Geological Survey (USGS) water level stations within the
IRL (Figure 2).

NOAA SLR data from 1939 through 2023 were retrieved from three long-term monitoring sites:
Fernandina Beach and Mayport Pier in North Florida and Virginia Key in South Florida. In addition,
although the POR included data from 1995 to 2023, data from the Trident Pier at Port Canaveral was
analyzed because it was the only NOAA SLR station within the IRL watershed. Because sea level rise
showed seasonal variations, trend analyses were conducted over the full POR (1939-2023) for the three
long-term stations using the SMK. To incorporate the data from Trident Pier, another trend analysis was
conducted over the timeframe from 1995 through 2023.

In addition to the NOAA SLR data, data from 3 USGS water level stations in the lagoon were analyzed. The
stations included sites in the St. Lucie Estuary, at Haulover Canal (connecting the North IRL with Mosquito
Lagoon), and at Wabasso, FL. Both Wabasso and Haulover Canal stations had data from 2011-2023, while
the St. Lucie station had data from 2012 through 2023. Trends in the data were analyzed using the SMK
using the same methods as the NOAA SLR data.
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Figure 2: Sea level rise and IRL water elevation monitoring stations.
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Storms

Historical storm activity was analyzed using data from NCEI's International Best Track Archive for Climate
Stewardship (IBTrACS) storm track dataset (Gahtan et al., 2024). The analysis includes storm tracks over
the last 100 years (1924-2023) that came within 50 miles of the IRL watershed boundary. The 50-mile
radius was chosen based on studies of the radius of maximum winds that extend out from a hurricane’s
center, which typically ranges from about 30 miles (Hsu & Yan, 1998) to 60 miles (Fujii, 1998). Areas of the
IRL within this radius are likely to suffer damage from storm winds, even if the storm does not directly
intersect the IRL watershed. All storm tracks, based on the IBTrACS data, that intersected the 50-mile zone
extending out from the IRL watershed boundary were classified into storm categories based on the
maximum wind speed recorded within this zone. Hurricane strength storms were classified using the
Saffir-Simpson wind scale (1 to 5) based on the highest sustained wind speeds in miles per hour (mph),
while tropical storms (39-73 mph) and tropical depressions (<39 mph) were also classified based on their
maximum sustained wind speeds.
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RESULTS

AIR TEMPERATURE

Based on 30-year, monthly moving averages, temperatures in the IRL increased almost 2°F over the POR.
Average temperatures in the seven counties all significantly increased (p-value <0.001) with trends ranging
from 0.019°F /yr in Brevard County) to 0.030°F/yr in Palm Beach County. As can be seen in Figure 3, the
30-year moving average temperatures were increasing at a gradual pace through the 1980s but since then,
the trend has accelerated. Examining the periods before and after 1980 confirmed this observation (Table
3).

30-Year Monthly Moving Average of Mean Temperatures by County
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Figure 3: Mean air temperature 30-year, moving averages.

From 1953 to 1979, significantly increasing temperatures were found in six of the seven counties, with
Volusia the only county that did not have a significant trend. The increasing air temperature trends ranged
from 0.0053°F/yr in St. Lucie County to 0.0192°F /yr in Palm Beach County, with an average trend across all
counties of 0.01°F/yr. From 1980 through 2023, the trend in air temperature increased in all seven IRL
counties at an average rate of 0.039°F /yr, which is more than double the average trend rated observed
from 1953-1979. During this period, Indian River County had the lowest increasing trend (0.0344°F/yr)
and Volusia County had the highest increasing trend at 0.0442°F /yr (Table 3). The inconsistency in air
temperature increases over the IRL watershed counties suggests that temperatures are likely influenced by
local urban heat island effects and other micro-climates.

To understand the primary driver behind the increases observed in average temperatures, the trends in
minimum and maximum 30-year moving monthly temperatures were analyzed for each of the seven IRL
counties. The MK analyses found that minimum and maximum temperatures have both changed
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significantly in every county over the POR, however there were interesting differences in the changes in
minimum and maximum temperatures (Table 5).

Table 3: Air temperature significant trends pre-1980 and post-1980

30-Year Moving Average Temperature Change ("F/yr)

County Pre-1980 Post-1980
Volusia NS 0.0442
Brevard 0.0118 0.0376
Indian River 0.0138 0.0344
Okeechobee 0.0101 0.0364
St. Lucie 0.0053 0.0363
Martin 0.0099 0.0417
Palm Beach 0.0192 0.0438

Pre-1980, minimum air temperatures significantly increased in all counties at rates that ranged from
0.0069°F/yr in Volusia County to 0.0262°F /yr in Palm Beach County (Table 4). Post-1980, average
minimum air temperature trends across all counties nearly tripled. The minimum air temperature trend
observed in Volusia County prior to 1980 increased 665% to 0.0528°F /yr and increased by 83% in Palm
Beach County. No north to south trends in minimum air temperature within the IRL counties were
observed. Pre-1980, maximum air temperatures significantly increased in all counties except Volusia,
which experienced a significant decrease in maximum temperatures over the period. Post-1980, all
counties experienced significantly increasing maximum air temperatures.

Similar to minimum air temperature trends, maximum temperature trends increased substantially
between the pre- and post-1980 periods, with increases of 185% in Palm Beach County to over 850% in St.
Lucie County. North to south trends were not apparent in maximum temperature trends.

Table 4. Significant results for minimum and maximum temperatures.

30-Year Moving Average Trends (°F/yr) for Minimum and Maximum Temperatures

County Minimum Maximum Minimum Maximum
Pre-1980 Pre-1980 Post-1980 Post-1980
Volusia 0.0069 -0.0070 0.0528 0.0353
Brevard 0.0166 0.0065 0.0426 0.0307
Indian River 0.0170 0.0096 0.0328 0.0351
Okeechobee 0.0111 0.0090 0.0421 0.0305
St. Lucie 0.0092 0.0038 0.0354 0.0364
Martin 0.0115 0.0094 0.0480 0.0345
Palm Beach 0.0262 0.0135 0.0481 0.0385

Over the entire POR, minimum temperatures have increased at a greater rate than maximum air
temperatures in all seven IRL counties (Table 5). For example, in Volusia County minimum air
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temperatures have increased 3.24°F while maximum temperatures have increased 1.95°F over the past 100
years. In this case, the minimum temperatures increased at a rate that was more than 1.5 times higher than
the rate of change of maximum temperatures. Similar results were found in Palm Beach County, which
experienced a 3.73°F increase in minimum air temperature and a 2.78°F increase in maximum air
temperature. This suggests that warming winters are driving overall temperature increases.

Table 5. Minimum and maximum temperature changes through 2023 based on Sen'’s Slope trends.

30-Year Moving Average Min and Max Temperature Change (°F/yr)

Minimum Maximum Average
Temperature Temperature Temperature
Volusia 2.51 1.36 1.94
Brevard 2.32 1.52 1.97
Indian River 1.90 1.80 1.89
Okeechobee 2.15 1.59 1.87
St. Lucie 1.81 1.71 1.74
Martin 2.42 1.77 2.10
Palm Beach 2.82 2.06 2.45

Average temperatures over the most recent five years (2019-2023) are provided by county in Figure 4,
along with arrows showing the direction and the magnitude of the statistically significant air temperature
changes that occurred over the POR.
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Figure 4. Current annual temperatures and observed change in 30-year moving averages.
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To examine how temperature change was distributed seasonally, the 30-year moving averages from the
first 30 years in the POR (1924-1953, data year 1954) were compared to the most recent 30-year moving
averages (1994-2023, data year 2024) within each county by month (Figure 5). The monthly temperatures
in eleven of the twelve months, from February through December, showed increasing mean temperatures
in each of the seven counties. However, in the month of January, five of seven counties had decreasing
average temperatures (Brevard, Indian River, Okeechobee, St. Lucie, and Volusia) while the two
southernmost counties, (Martin and Palm Beach), had increasing temperatures. The largest temperature
increases occurred in February, March, April, and November while smaller increases occurred in August
and September. Overall, the southern counties of Martin and Palm Beach experienced the largest increases
in temperature in all months, except for the months of November and December, when Volusia County
experienced the highest temperature increase.

30-Year Monthly Mean Air Temperature Differences by County
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Figure 5. Differences in the first (1954) and last (2024) 30-yr monthly county mean temperatures.

SURFACE WATER TEMPERATURE

Due to the shallow nature of the IRL, surface water temperatures respond quickly to air temperature
changes. Statistically significant, increasing trends in surface water temperature were found in 87% of the
45 long-term water quality monitoring stations (Figure 6). For those stations with statistically significant
trends, the rate of change ranged from a minimum increase of 0.0412°F /yr at station IRLIR]07 located in
the southern half of the Central IRL, to a maximum increase of 0.1286°F/yr in the northern portion of the
South IRL (station IRL31C).
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Figure 6. Water temperature trends and current conditions.
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The average winter water temperature in the IRL (67°F) was about 18°F cooler than the average summer
temperature (85°F) over the 30-year POR (Figure 7). In addition, summer temperatures remained
relatively constant compared to fall, winter, and spring temperatures which fluctuated considerably more
from year to year. In 2010, Florida experienced its coldest December on record, with winter temperatures
well below average. In 2013, below average temperatures in March contributed to a colder than average
spring.

Water temperature trends were evaluated to determine if, like air temperature, there were certain times of
the year that experienced a greater rate of change. For this purpose, the data were parsed seasonally for
analysis and interpretation. Fall and winter showed statistically significant increasing water temperatures,
increasing at rates of 0.126°F/yr and 0.13°F/yr, respectively. Spring and summer water temperatures did
not show statistically significant increases.

Mean Annual and Seasonal Surface Water Temperatures
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Figure 7. Annual and seasonal mean water temperatures in the IRL.

Aggregating the station data to the sublagoon scale shows that all sublagoons experienced significantly
increasing water temperatures over the POR, with temperatures increasing faster in the North IRL and BRL
than they are in the Central and South IRL (Table 6). Water temperatures in Mosquito Lagoon show the
highest increasing trend over the POR at 0.0977°F /yr, followed by the North IRL (0.0898°F /yr) while the
lowest mean trends were found in the St. Lucie Estuary (0.0617°F/yr) and the Central IRL (0.0794°F/yr).

22|Page



THE STATE OF THE INDIAN RIVER LAGOON TECHNICAL REPORT
CHAPTER 4: RESILIENCE PLANNING

Table 6. Current mean and POR trends in water temperature by sublagoon.

Water Temperature Analysis Results by IRL Sublagoon

Number of % of Stations with Mean Significant Current Mean
IRL Sublagoon . . Trend Water Temperature
Stations Significant Trend . 3
('F/year) (F)
Halifax River 4 N/A N/A 74.59
Mosquito Lagoon 4 100% 0.0977 75.81
North IRL 7 100% 0.0898 76.38
Banana River Lagoon 4 100% 0.0812 75.17
Central IRL 11 73% 0.0726 77.47
South IRL o 89% 0.0880 79.63
St. Lucie Estuary 5 80% 0.0617 78.39
Loxahatchee River 5 80% 0.0794 78.93

Summer water temperatures in the seven sublagoon regions (Figure 8) show less variability than winter
temperatures (Figure 9), with a <1°F difference in northern and southern sublagoon mean summer water
temperatures. However, summer water temperatures in any given year did vary between sublagoons from
1°F to over 14°F. As expected, in the winter months, the northern sublagoons (Mosquito Lagoon, Banana
River Lagoon, and North IRL) have lower average water temperature (64.64°F) than the more southern
sublagoons (68.94°F), a north to south difference of 4.3°F. IRL water temperatures can vary between the
sublagoons by more than 25°F in the winter. Results suggest that summer water temperatures have
remained relatively stable over the POR, while winter water temperatures show a generally increasing
trend in the IRL.

Overall, the mean water temperature in the IRL has increased 2.46°F from 1994-2023. Consistent with the
air temperature findings, the analysis found that significantly increasing surface water temperatures in fall
(SON) and winter (DJF) are driving the overall increase in water temperature across the IRL (Figure 8).
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Average Annual Summer Surface Water Temperatures by Sublagoon
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Figure 9. Mean winter water temperatures in the IRL sublagoons.
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PRECIPITATION

Annual precipitation totals for both the NCEI county aggregated data (1924-2023) and the NWS station
data (1966-2023) were analyzed for the seven counties within the IRL watershed. The most recent five
years of data (2019-2023) indicated that the annual precipitation totals in the seven IRL counties ranged
from 53.41 in/yr in Okeechobee County to 58.62 in/yr in Palm Beach County, with an average annual
precipitation of 55.9 in/yr over the region.

Mean annual precipitation was highly variable over the POR (Figure 10), reflecting short-term weather
patterns, including large storm/hurricane events and El Nifio and La Nifia events, which can make long-
term climate trends difficult to discern. These annual swings can be overcome by examining the 30-year
moving averages.
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Figure 10. Mean annual precipitation totals aggregated across all IRL counties.

The 30-year monthly moving average trends indicated an overall decrease in mean annual precipitation of
3.04 inches over the POR (Figure 11). The decrease in precipitation was not spatially consistent and
ranged from a decrease of 0.12 inches in Volusia County to almost 7 inches (-6.95) in Indian River County
(Table 7). Further examination of the 30-year moving average trends showed a generally decreasing trend
in precipitation over the first half of the POR followed by an increasing trend in the second half of the POR.
In all seven counties, average precipitation was lower in the current 30-year period (1994-2023) than the
oldest 30-year period analyzed (1924-1953), with a trough visible around the year 1990.
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30-Year Monthly Moving Averages of Precipitation by County
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Figure 11. 30-year moving averages of monthly precipitation totals by county.

Examining the trends in annual precipitation before and after the 1990 inflection point (1953-1990 and
1991-2023) showed an interesting change that occurred. Prior to the inflection point, every IRL county
experienced a significant decrease in annual precipitation that varied tremendously from an overall
decrease of 0.12 inches of rainfall in Volusia County to the 9.34 in/yr in Indian River County over the 38-
year period (Table 7). During the pre-1990 period, average annual precipitation decreased by about 5
inches over all seven counties (-5.14 in).

Table 7.Change in annual precipitation by county for three different PORs.

Annual Precipitation Change based on 30-Year Moving Monthly Average Trends (in)

Fomrie 1953-1990 1991-2023 1953-2023 % Change from
(Pre-1990) (Post 1990) (POR) POR mean
Volusia -0.76 0.64 -0.12 -0.23%
Brevard -6.10 4.15 -1.95 -3.88%
Indian River -9.34 2.40 -6.95 -13.36%
Okeechobee -6.80 2.80 -4.00 -7.92%
St. Lucie -5.50 2.37 -3.14 -5.96%
Martin -4.96 2.44 -2.53 -4.70%
Palm Beach -2.33 -0.29 -2.62 -4.57%

The period after the inflection point (1991-2023) showed a different pattern. All counties experienced
significant increases in annual precipitation after 1990 except for Palm Beach County, which continued to
experience a significant decrease. Over this 33-year period, average annual precipitation increased 0.64
inches in Volusia County and up to 4.15 inches in Brevard County. The annual average precipitation over all
counties after the 1990 period reflected an overall increase of 2.07 inches, a dramatic change from the 5
inch decreases in rainfall that occurred prior to 1990. The spatial representation of current county
precipitation conditions (mean of 2019-2023) and the magnitude of change over the entire POR (1924-
2023) is provided in Figure 12.
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Figure 12. Current annual precipitation and observed change in 30-year moving averages.
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As with temperature, the two extremes of the precipitation POR 30-year Climate Normal data were
examined to measure differences in monthly precipitation between the first 30 years (1924-1953) and the
last 30 years (1994-2023) for each county (Figure 13). The results show that precipitation decreased in all
seven counties in the months of March, April, July, and October. Monthly precipitation increased in all
counties in June, August, November, and December, while the months of January, February, and May had
mixed results with some counties increasing, some decreasing, and others showing no noticeable change.
This indicates that monthly rainfall patterns are shifting in the IRL watershed. Fall and spring are generally
receiving less precipitation, while the summer and winter are getting slightly wetter. Overall, the analysis
of 30-year moving averages suggests a change toward more dry conditions in the IRL watershed, especially
as temperatures increase.

30-Year Monthly Mean Precipitation Differences by County
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Figure 13. Differences in first (1954) and last (2024) 30-yr monthly county mean precipitation.

The precipitation results presented in this section reflect data that were aggregated at the county level and
thus they do not show how precipitation varies spatially within the counties. To visualize how precipitation
may vary within counties, the PRISM modeling results for the months of February and September were
plotted (Figure 14). February represents the dry season in the IRL watershed (<3 inches), while
September represents the wet season (>5 inches). In both months, precipitation is generally higher along
the coastal margins than inland areas of the IRL watershed.
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DROUGHT

Drought conditions in the IRL were analyzed using monthly PDSI data obtained from NCEI. PDSI is an index
that measures wet and dry conditions on a scale from -10 to 10, with positive numbers indicating wetter
conditions and negative numbers drier conditions (<-3 PDSI units is considered severe drought). Annual
mean PDSI across all IRL counties plotted in Figure 15 shows that the frequency and intensity of drought
conditions have changed over time in the watershed, with an apparent shift that occurred around the
1960s, when PDSI went from predominantly wet conditions to predominantly dry conditions. This increase
in drought conditions was reflected in the dramatic decline in the annual precipitation rates found in the
30-year moving average trend prior to 1990.

From 1924 through 1961, mean annual PDSI across all IRL counties was positive (0.62 PDSI units)
indicating wetter conditions over most of the timeframe (68%, 25 of 37 years). Thereafter, (1961-1997),
mean annual PDSI was negative (-0.35 PDSI units) indicating drought conditions over most of the
timeframe (54%, 20 of 37 years). Since 1998, the annual mean PDSI in the IRL counties continued to drop,
reaching an average of -0.91 PDSI units, with 20 out of the last 26 years (77%) experiencing dryer
conditions.

Annual Mean PDSI in the IRL from 1924-2023

PDSI
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Figure 15. Annual mean PDSI in the IRL watershed.

Analysis of the 30-year moving averages of the NCEI county aggregated, monthly PDSI data reveals that all
seven IRL counties have experienced climate-scale declines in PDSI over the 100-year POR, with a
noticeable decrease in the PDSI since the 1970s (Figure 16).
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30-Year Moving Averages of PDSI by County
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Figure 16. 30-year moving averages of monthly PDSI by county.

Examining the data at the county scale shows that all experienced a significant decline in PDSI scores over
the POR, indicating more drought-like conditions (Table 8). The counties with the largest declining trends
were Indian River (-0.0237 PDSI/yr), Brevard (-0.0233 PDSI/yr), and Okeechobee (-0.0223 PDSI/yr), while
St. Lucie County and Martin County experienced less severe declines in PDSI scores (-0.0098 and 0.0089,
respectively). This suggests that drought-like conditions are increasing at a higher rate in some areas of the
IRL watershed than others.

Table 8. Trends in the PDSI drought condition index from the 30-year monthly moving averages.

30-Year Moving Average PDSI Trends (unit/yr)

County Trend
Volusia -0.0129
Brevard -0.0233
Indian River -0.0237
Okeechobee -0.0223
St. Lucie -0.0098
Martin -0.0089
Palm Beach -0.0187

Comparing monthly PDSI scores between the first Climate Normal 30-year period (1924-1953) and the
most recent Climate Normal 30-year period (1994-2023) confirmed that drought conditions have
increased in every month of the year. All seven counties have experienced an overall increase in
temperature and a decrease in precipitation over the last 100 years, factors that are contributing to more
frequent and severe drought conditions. Although precipitation totals have generally been increasing in the
IRL since 1991, the rainfall has not been adequate to offset the impacts of observed temperature increases,
resulting in an overall increase in drought conditions.
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PH

The current pH levels (2019-2023) in the IRL sublagoon ranged from a mean low of 7.74 pH units in the St.
Lucie Estuary to a high of 8.35 pH units in the Banana River Lagoon, which appeared to reflect a difference
in north and south sublagoons with some caveats (Table 9). In addition to the St. Lucie Estuary, lower pH
values (<8 pH units) were recorded in the South IRL and the Loxahatchee River southern sublagoons as
well as in the northern Mosquito Lagoon and the Halifax River. The other northern sublagoons (North IRL,
Banana River Lagoon, and Central IRL) had pH levels >8 pH units.

Table 9. Statistical trends in surface water pH by sublagoon.

Water pH Station Information and Trend Test Results by IRL Sublagoon

o . .
RUsiiagoon  Nymberof %ofSationwith | MeanTiend | Gurrenmean i

Halifax River 4 No long-term data | No long-term data 7.92

Mosquito Lagoon 4 75% 0.0038 7.99

North IRL 7 43% 0.0062 8.20

Banana River Lagoon 4 25% 0.0075 8.35

Central IRL 11 36% 0.0059 8.00

South IRL 9 11% 0.0048 7.92

St. Lucie Estuary 5 20% 0.0009 7.74

Loxahatchee River 5 20% 0.0040 7.89

Trend analyses conducted using the 45 water quality stations with long-term data over the 30-year POR
(1994-2023) found some significant trends in pH over time. Of the 45 stations, 13 showed significant
increases in pH, while only one station showed a significant decrease in pH (Table 9, Figure 17). One
interesting finding from Mosquito Lagoon. Here, pH is moderate (7.99 pH units) and the 3 stations all
showed significantly increasing trends, resulting in an overall increase of 0.15 pH units from 1994-2023.
The highest statistically significant trend in the IRL was found at station IRLCCU, located at the mouth of
Crane Creek in the Central IRL. Here, an increase of 0.42 pH units over the last 30 years was noted.

There was no clear pattern to explain pH spatial variability. The 4 monitoring stations proximal to the
ocean inlets (IRL17B, IRL34B, IRLB04, and IRLV05) also showed significantly increasing trends, suggesting
that if ocean acidification was occurring, it is not having a noticeable effect on the pH in the IRL. Stations at
the mouths of Turkey Creek (IRLSUS), Crane Creek (IRLCCU), and the St. Lucie River (SE01) had
significantly increasing trends in pH, suggesting riverine inputs may alter pH. However, the station closest
to the mouth of the Loxahatchee River did not show increasing trends. Throughout the rest of the IRL,
water quality stations do not show a discernable pattern in pH trends with statistically significant and non-
significant trends inter-mixed in each of the sublagoons.
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Figure 17. Surface water pH trends and current conditions.
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The only station with a significant decreasing trend in pH over the POR was IRL39B (-0.0039 pH/yr), which
decreased by approximately 0.12 pH units over the last 30 years. This station is located in the northern,
South IRL near Avalon State Park and just north of Harbor Branch Oceanographic Institute in St. Lucie
County. A closer look at the trends in pH values at this site shows that tremendous variability has occurred
over time (Figure 18). Although a decreasing trend is evident and found statistically significant by the MK
analysis, the overall decrease may not be indicative of an overall ecological change.

IRL39B pH Trend (1994-2023)
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Figure 18. Decreasing pH trend at Sampling Station IRL39B.

The variation seen in the single sampling station (IRL39B) is also present across the other water quality
stations in the IRL, with pH fluctuations evident over the POR (Figure 19). From 1994 through 2000, pH
appeared to decrease reaching an all-time low of 7.54 pH units in 1999 before increasing over the next four
years to an all-time high of 8.4 pH units in 2004. Since 2005, mean pH in the IRL has remained relatively
stable except for a pH spike in 2016 to 8.39 pH units.

Monthly Means of Surface Water pH in the IRL (1994-2023)
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Figure 19. Monthly mean surface water pH trend in the IRL.

34|Page



THE STATE OF THE INDIAN RIVER LAGOON TECHNICAL REPORT
CHAPTER 4: RESILIENCE PLANNING

SEA LEVEL RISE

Data from the 4 NOAA tidal stations show a clear trend in mean sea level that fluctuates over time,
influenced by seasonal temperatures and the changing speed of the Gulf Stream. Regardless of these
fluctuations, all 4 datasets demonstrated significantly increasing trends in sea level along the coast of
Florida over the POR (Figure 20).

Annual Mean Sea Levels along Florida's Atlantic Coast
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Figure 20. Average annual sea levels along Florida’s east coast from 1939 to 2023 (NTDE 1983).

The average rise in sea level across all stations was 0.0095 ft/yr, which equals an overall sea level rise of
almost one foot (0.8 ft) along Florida’s Atlantic coast since 1939 (Table 10). The rates of SLR were not
consistent across stations over time, with a recent acceleration noted. The 56 years of data prior to 1994
indicated SLR was increasing at an average rate of 0.0071 ft/yr. After 1994, the mean rate of sea level rise
was nearly triple the pre-1995 rate (0.0195 ft/yr).

The South Florida NOAA station at Virginia Key near Miami experienced a higher rate of SLR (0.0103 ft/yr)
than the Fernandina Beach (0.0087 ft/yr) and Mayport (0.0095) stations located near Jacksonville in North
Florida. The Trident Pier NOAA station located at Port Canaveral had the highest rate of SLR change
(0.0221 ft/yr), but this station only includes data collected since 1995.

Table 10. Sea level rise trend results for NOAA tide stations.

Sea Level Rise Trends (ft/yr) by Time Period

NOAA SLR Station
1939-1994 1995-2023 1939-2023
Fernandina Beach 0.0072 0.0183 0.0087
Mayport 0.0060 0.0176 0.0095
Virginia Key 0.0082 0.0210 0.0103
Trident Pier NA 0.0221 NA
Period Average 0.0071 0.0195 0.0095
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Changes in IRL water levels were also investigated using georeferenced elevation measurements (NAVD88)
from three USGS stations that initiated in 2010. Based on this relatively short-term dataset, water levels in
the IRL have increased significantly over the last 14 years at an average rate of 0.037 ft/yr, indicating a
total increase in IRL water level of 0.52 ft over the 14 years (Figure 21). Although these results cannot be
considered climate scale due to the short POR, the results are consistent with the rate of SLR found in the
Atlantic over the same period (0.036 ft/yr), suggesting a similar pattern of accelerated rise may be
occurring in the IRL as in the Atlantic in the past 15 years.

Sea level Rise at USGS Monitoring Stations
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Figure 21. Annual sea level rise by USGS monitoring station (MSL datum - 1983 to 2001).

STORMS

A total of 101 storms were identified that tracked within 50 miles of the IRL including 30 hurricanes, 44
tropical storms, and 27 tropical depressions. Of the 30 hurricanes that occurred between 1924 and 2023,
14 were classified as Category 1 hurricanes, 7 were Category 2, 5 were Category 3, and 4 were Category 4
hurricanes.

Based on the historical data there is a 21% chance that a hurricane will come within 50 miles of the IRL
watershed and a 60% chance that a tropical depression will occur in any given year. An analysis of the
storm frequencies which occurred from 1924 to 2023 within a 50-mile buffer of the IRL watershed found
the highest number of storms recorded in any year was six, which occurred in 1968 followed by five storms
recorded in 1984. Of the six storms in 1968, two were categorized as hurricanes and of the five storms in
1984, none were hurricanes (Figure 22). There was no significant change in annual storm frequency or
intensity in the 100-year IBTrACS dataset based on a MK trend analysis.

Over the entire POR (1924-2023), there were 13 hurricanes that directly intersected the IRL watershed
including eight Category 1 hurricanes, four Category 2 hurricanes, and one Category 3 hurricane. The most
recent hurricane to make landfall in the IRL watershed was Nicole in 2022, which made landfall as a
Category 1 hurricane near Vero Beach in the Central IRL. Prior to that, in 2004, there were two hurricanes,
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Frances (Category 2) and Jeanne (Category 3) that made landfall in the South IRL. Hurricane Charley
(2004) passed just north of the IRL as a Category 1 hurricane, but did not directly intersect the IRL

watershed boundary based on the IBTrACS track data.

Annual Storm Frequencies by Category within 50 Miles of the IRL Watershed
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Figure 22. Yearly storm frequencies by storm category with tracks within 50 miles of the IRL watershed.
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DISCUSSION

The analyses of NOAA’s NCEI county aggregated weather data (1924-2023) indicated that average air
surface temperatures in the IRL watershed have increased by about 2°F, with a greater increase in the
southern watershed (Palm Beach County, 2.45°F) than in the northern areas (Volusia County, 1.94°F). Most
of this change occurred since 1980 when the rate of change dramatically accelerated. The temperature
increases in the IRL watershed are below the mean temperature increase in the U.S. (2.5°F since 1970,
USGCRP, 2023) but are consistent with the 2.2°F average increase in the State of Florida (FSU Climate
Center, 2021), and the global average temperature increase of 2°F (IPCC, 2021).

Both maximum and minimum air temperatures have significantly increased over the last 100 years, but the
primary driver of the air temperature increase appears to be rising minimum temperatures, which
increased faster than maximum temperatures in all seven IRL counties, especially after 1980.

Based on climate projections, temperatures in Florida and the Southeastern U.S. are likely to continue
increasing in the future; however, they are expected to increase at a slower pace than other parts of the
country, especially in the more northern latitudes which have seen the highest increases in average
temperatures over the last century (IPCC, 2021; USGCRP, 2023). By 2100, global surface air temperatures
are projected to increase by an additional 1°F to over 5°F (relative to average temperatures from 1995-
2014), depending on the climate scenario (IPCC, 2023). Temperatures in the contiguous U.S. are very likely
to increase at a rate faster than the global average, based on future climate projections for the U.S.
(USGCRP, 2023). In addition to rising average temperatures, the number of extreme heat days (>95°F) have
already more than doubled since the mid-20t century and are expected to continue to increase in Florida
by as many as 50 additional days a year by 2050 (Runkle et al., 2022).

Water temperatures in the IRL are also increasing, with a majority (87%) of the WMD water quality
monitoring stations in the IRL showing significantly increasing trends. On average, surface water
temperatures across the IRL have increased by about 2.5°F from 1994 to 2023, slightly higher than the
overall air temperature increase; however, the differences in the air and water temperature PORs may be
driving this difference. When the two are compared over the same POR, the water temperature range is
consistently higher than the air temperature (Figure 23), reinforcing the strong relationship between
changes in air and water temperature. A previous study by Robbins & Lisle (2018) found that water
temperatures were not significantly increasing in the IRL over the 27-year period from 1978 through 2004.
This period did not include the data from 2005-2023 when the air temperatures increase accelerated.
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Figure 23. Monthly mean water and air temperatures in the IRL.

While all sublagoons have experienced an increase in surface water temperatures, the Mosquito Lagoon
and the North IRL have seen the highest rates of increase, while the Central IRL and the St. Lucie Estuary
have experienced the least. Typically, surface water temperatures increase at a slower rate than air
temperatures (USGCRP, 2023); however, due to the shallow nature of the IRL and the micro-tidal, limited
ocean connection, surface water temperatures in the IRL appear to be increasing at rates equal or higher
than air temperature trends. This trend should be expected to continue and could be exacerbated by
urbanization and land-use change (Tanaka et al., 2012). Changing water temperature is likely to impact
both the chemical and ecological functions of the system, which could lead to significant changes in species
compositions and primary production regime shifts (Statham, 2012; Robins et al., 2016, Wernberg et al.,
2016).

Over the last 100 years, as air temperatures steadily increased, precipitation rates in the IRL watershed
experienced two distinct trends that changed around the year 1990. Prior to 1990, the precipitation trend
decreased significantly. After 1990, the precipitation trend increased significantly in all IRL counties except
Palm Beach County which continued to decrease. The overall increasing air temperatures and decreasing
precipitation rates are contributing to significantly increasing drought conditions in the IRL. Over the last
26 years, drier conditions were dominant 77% of the time. If this perpetuates, the IRL watershed could
experience a drop in groundwater levels that results in a change to vegetative community composition and
losses of wetlands.

Based on the IPCC climate projections, extreme precipitation events are expected to increase over this
century with increasing temperatures, but that relationship will be highly affected by regional and seasonal
differences (IPCC, 2021). Within the IRL watershed counties, where annual precipitation decreased and
increased substantially over the POR, it is hard to speculate whether this generality holds true. Will
increasing temperatures drive increasing precipitation in the future, or will precipitation fail to overcome
the impact of temperature on the drought index. Climate trends indicate that the Southeastern U.S. has seen
higher precipitation in the fall and drier conditions in the spring and summer (USGCRP, 2023). The IRL has
experienced the opposite, with less rainfall in the fall and increasing rainfall in the summer months of June
and August.
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As CO2 is increasingly absorbed into the surface layers of ocean, lake, and estuarine waters, its conversion
to carbonic acid decreases the pH in the affected waters. This has been observed in the Gulf of Mexico and
along Florida’s coastline (Hu et al.,, 2015; Kealoha et al., 2020) where acidification has been documented.
However, it does not seem to be occurring in the IRL based on the available data. Average pH in the IRL is
above neutral (8 pH units), a value also found by Robbins & Lisle (2018). Based on the analyses of pH,
acidification does not seem to be occurring in the IRL as nearly all significant pH trends are increasing (i.e.,
becoming more basic), especially in the Mosquito Lagoon. This finding was contrary to research by Robbins
& Lisle (2018), who identified decreasing pH trends in the Mosquito Lagoon, southern Banana River
Lagoon, and Central IRL. The rate of decrease, although found to be significant, averaged -0.00031 pH
units/year across the three sublagoons, which would be equivalent to a decrease of 0.01 pH units over the
POR. This was similar to the significant decrease found in one station (IRL39B) that although significant,
was a very small change.

Using pH as an indicator of acidification is problematic as demonstrated by efforts in Tampa Bay where
variations in pH were more explained by local nutrient cycling and biochemical processes than large-scale
ocean acidification (Yates et al., 2023). Physical, biological, and chemical processes that regulate water
column pH are changing constantly, especially in shallow estuarine systems like the IRL (Hendriks et al,,
2014; Hall et al., 2020). For example, daytime photosynthesis in seagrass beds can change the pH in lagoon
systems by up to 0.5 pH units over the course of the day (Yates et al., 2023).

Sea level has been rising along the Florida coast at a statistically significant mean trend of 0.0095 ft/yr from
1939 through 2023, indicating a 0.8 ft (9.6 in) overall rise in sea level over the POR. This trend more than
doubled in the last 30 years to 0.0195 ft/yr, contributing 0.5 ft of SLR over the period. The findings of this
study are consistent with the projected sea levels along Florida’s coastlines. Based on SLR scenario
projections from NOAA, sea levels in the Southeastern U.S. are expected to increase between 0.92-1.05 ft by
2050, under the Low and Intermediate-Low SLR scenarios, respectively. By 2100, they are projected to rise
by as much as 1.6 ft to over 2.3 ft under the same scenarios (Sweet et al., 2022). As sea level rises, the
frequency and duration of high tide flooding will increase along the coast, including an increase in sunny
day flooding events. Additionally, storm surge will be augmented, sending damaging ocean waters further
inland. Coastal benthic and shoreline habitats will be impacted by deeper water conditions that inundate
low areas, submerge soils and vegetation, reduce light penetration through the water column, and change
species composition.

Data analyzed from IBTrACS and the National Hurricane Center (NHC) indicate that storm frequencies and
intensities do not show a trend over the last 100 years in or around the IRL watershed. Climate modeling
results generally have low confidence in projecting an increase in the frequencies of hurricanes in the
Atlantic Ocean (IPCC, 2022; Méndez-Tejeda et al., 2023; USGCRP, 2023). The amount of precipitation from
storm events is predicted to increase in the future with increasing storm intensity (IPCC, 2021; USGCRP,
2019). We may be experiencing a similar condition in the IRL, where the biggest decrease in average
monthly precipitation occurred in the two hurricane season months of September and October. Future
precipitation totals may be more impacted by hurricanes and other major storm events than seasonal
rainfall.

It is clear that climate impacts are already affecting the IRL, which is evident by the statistically significant
increasing trends in air and water temperatures, drought conditions, rising sea levels and the change in
precipitation. Climate projections indicate that temperatures will continue to increase in the future if
greenhouse gases in the atmosphere continue to rise. For instance, increasing air and water temperatures
will likely change the distribution of species within the IRL, as tropical and subtropical species (i.e., like
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mangroves) migrate northward into areas that were previously not suitable habitat (Wernberg et al.,
2016). An increase in drought conditions may lead to changes in vegetative composition within the IRL and
its watershed, while rising sea levels are expected to inundate coastal shorelines and displace freshwater.
All these climate change stressors must be considered in future management plans for the IRL so that the
health and important ecosystem functions provided by the IRL can be maintained in a rapidly changing
world.

DATA GAPS AND RESEARCH NEEDS

e Monitoring protocols, sampling schedules (dates and times), and laboratory analysis methods
should be standardized across the agencies that are conducting sampling in the IRL.

e Water quality monitoring should be conducted more frequently, at least monthly, to allow more
accurate seasonal trend analysis. In addition, carbon dioxide and alkalinity sampling should be
included as a standard measurement so data on acidification can be more accurately assessed.

o Consistent weather data collection is needed at the county level using standardized methods that
can be used for micro-climate analyses to determine how specific areas and mitigation actions are
responding to climate change. An integrated network of weather stations within the IRL watershed
would allow for more robust analyses of future climate impacts.

o A network of vertically referenced sea level rise monitoring stations, consistent with NOAA
collection standards and methods, should be installed in locations throughout the lagoon to
monitor SLR specific to the IRL.
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RESOURCES

Scientific analyses of current and historical climate data, which include current climate summaries and
future climate projections, have recently been released at both global and national scales. The IPCC’s Sixth
Assessment Report (global) and the USGCRP Fifth Assessment Report (national) were released in 2021 and
2023, respectively. Both are comprehensive reports that investigate the scientific basis behind climate
change and provide future climate projections and recommendations for mitigation and adaptation
strategies. In addition to these comprehensive climate reports, NOAA’s Sea Level Rise report provides
analyses and future projections of SLR with a primary focus on the U.S., at both national and regional scales.

The NCEI State Climate Summary and Florida Climate Summaries provide more specific information at the
state level by leveraging the information provided in the global and national assessments and state level
datasets. The USGS and SFWMD also collaborated on a downscaled modeling project for future
precipitation projections in South Florida. Links to these climate assessments and summaries are provided
below:

Intergovernmental Panel on Climate Change (IPCC) - Global Projections

https://www.ipcc.ch/assessment-report/ar6/

NOAA 2022 Sea Level Rise Technical Report - U.S. and Regional Projections

https://oceanservice.noaa.gov/hazards/sealevelrise /sealevelrise-tech-report.html

National Centers for Environmental Information (NCEI) - State Climate Summaries

State Climate Summaries 2022 (ncics.org)

Florida State University’s Florida Climate Center - Florida Climate Summaries

Home - Florida Climate Center (fsu.edu)

United States Geological Survey and South Florida Water Management District -
Development of Projected Depth-Duration-Frequency Curves (2050-89) for South Florida

Development of projected depth-duration frequency curves (2050-89) for south Florida (usgs.gov)
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Air Temperature and Precipitation

National Centers for Environmental Information

Weblink: https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/

30-Year Moving Averages
Average Average Annual Annual
Temperature | Temperature | Precipitation | Precipitation
Coun Sen's Slope Sen's Slope Sen's Slope Sen's Slope Period of
ounty Trend Trend Trend Trend Record
("F/yr) ("F/yr) ("F/yr) ("F/yr)
1953-1979 1980-2023 1953-1990 1991-2023

Brevard 0.0118 0.0376 -0.1627 0.1292 1924-2023
Indian River 0.0138 0.0344 -0.2459 0.0740 1924-2023
Martin 0.0099 0.0417 -0.1326 0.0733 1924-2023
Okeechobee 0.0101 0.0364 -0.1800 0.0850 1924-2023
Palm Beach 0.0192 0.0438 -0.0639 Not Significant 1924-2023
St. Lucie 0.0053 0.0363 -0.1467 0.0710 1924-2023
Volusia Not Significant 0.0442 -0.0240 0.0246 1924-2023
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Water Temperature and pH

St. Johns River Water Management District (SJRWMD)

Weblink: https://www.sjrwmd.com/data/water-quality/

Long-Term Surface Water Monitoring Stations
. T'emperature ' pH Temporal
Station Sen's S}ope Trend | Sen's Slope Trend Sub-Lagoon Coverage

(F/yn) (pH/yr)

IRLB02 0.0552 Not Significant Banana River Lagoon 1994-2023
IRLB04 0.0889 0.0075 Banana River Lagoon 1994-2023
IRLB06 0.0940 Not Significant Banana River Lagoon 1994-2023
IRLB09 0.0868 Not Significant Banana River Lagoon 1994-2023
IRLCCU 0.1267 0.0138 Central IRL 1994-2023
IRLIO2 0.1014 0.0073 North IRL 1994-2023
IRLIO7 0.1083 Not Significant North IRL 1994-2023
IRLI10 0.0517 Not Significant North IRL 1994-2023
IRLI13 0.0833 Not Significant North IRL 1994-2023
IRLI15 0.0987 0.0051 North IRL 1994-2023
IRLI18 0.0950 0.0060 North IRL 1994-2023
IRLI21 0.0900 Not Significant North IRL 1994-2023
IRLI23 Not Significant Not Significant Central IRL 1994-2023
IRLI27 Not Significant Not Significant Central IRL 1994-2023
IRLIR]JO1 0.0554 Not Significant Central IRL 1994-2023
IRLIR]J04 0.0467 Not Significant Central IRL 1994-2023
IRLIRJO5 0.0541 Not Significant Central IRL 1994-2023
IRLIRJO7 0.0412 Not Significant Central IRL 1994-2023
IRLMLO2 0.0612 Not Significant Mosquito Lagoon 1994-2023
IRLSUS 0.0960 0.0099 Central IRL 1994-2023
IRLVO5 0.1260 0.0050 Mosquito Lagoon 1994-2023
IRLV11 0.1224 0.0031 Mosquito Lagoon 1994-2023
IRLV17 0.0811 0.0031 Mosquito Lagoon 1994-2023
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South Florida Water Management District

Weblink: https://www.sfwmd.gov/science-data/dbhydro
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Long-Term Surface Water Monitoring Stations
Water Temperature pH
Station Sen's Slope Trend Sen's Slope Trend Sublagoon Period of Record
(F/yr) (pH/yr)
HR1 0.0450 Not Significant St. Lucie Estuary 1994-2023
IRLO6 0.0643 Not Significant South IRL 1994-2023
IRLO8B 0.0600 Not Significant South IRL 1994-2023
IRL11 Not Significant Not Significant South IRL 1994-2023
IRL12B 0.0666 Not Significant South IRL 1994-2023
IRL17B 0.1104 0.0048 South IRL 1994-2023
IRL18B 0.0900 Not Significant South IRL 1994-2023
IRL22 0.1040 Not Significant South IRL 1994-2023
IRL27 0.0805 Not Significant South IRL 1994-2023
IRL31C 0.1286 Not Significant South IRL 1994-2023
IRL34B 0.0900 0.0039 Central IRL 1994-2023
IRL36B 0.0704 Not Significant Central IRL 1994-2023
IRL39B Not Significant -0.0039 Central IRL 1994-2023
SEO1 0.0600 0.0009 St. Lucie Estuary 1994-2023
SE02 0.0781 Not Significant St. Lucie Estuary 1994-2023
SE03 0.0635 Not Significant St. Lucie Estuary 1994-2023
SE08B Not Significant Not Significant St. Lucie Estuary 1994-2023
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Loxahatchee River District - River Keeper

Weblink: https://loxahatcheeriver.org/river/river-keeper/

Intermittent (Monthly/Semi-monthly) Surface Water Monitoring Stations
Temperature pH
Station Sen's Slope Trend Sen's Slope Trend Sublagoon Period of Record
(F/yr) (pH/yr)
10 0.0900 Not Significant Loxahatchee River 1994-2023
20 0.0600 Not Significant Loxahatchee River 1994-2023
40 0.0675 Not Significant Loxahatchee River 1994-2023
51 Not Significant 0.0040 Loxahatchee River 1994-2023
60 0.1000 Not Significant Loxahatchee River 1994-2023
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Sea and Stream Water Levels

National Oceanic and Atmospheric Administration - Tides and Currents

Weblink: https://tidesandcurrents.noaa.gov/

Sea Level Rise Sea Level Rise
Station Sen's Slope Trend (ft/yr) | Sen's Slope Trend (ft/yr) Period of Record
1939-1994 1995-2023
Fernandina 0.0072 0.0183 1939-2023
Mayport 0.0060 0.0176 1939-2023
Trident Pier No Data 0.0221 1995-2023
Virginia Key 0.0082 0.0210 1939-2023

USGS National Water Information System

Weblink: https://waterdata.usgs.gov/nwis/uv

Station Sei,t:g?;;:\.’:‘::;;:zfil/;r) Period of Record
Haulover Canal 0.0388 2011-2023
St. Lucie Estuary 0.0314 2012-2023
Wabasso 0.0415 2011-2023
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