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Abstract

Large-scale vegetation disturbances can significantly affect evapotranspiration (ET) and
groundwater dynamics in humid, shallow aquifer systems, but these impacts are difficult to isolate
due to climatic variability. This study examines the effects of vegetation loss on ET, groundwater
recharge, and water table response in Bay County, Florida, following Hurricane Michael (2018).
Historical analyses of precipitation, reference evapotranspiration (RET), and groundwater depth
were integrated with physically based groundwater modeling using an enhanced ICPR4/ StormWise
framework that explicitly incorporates ET and vegetation-dependent crop coefficients. Trend and
correlation analyses show weak precipitation—-groundwater relationships but a strong inverse
relationship between daily RET and groundwater depth (r = -0.74), indicating that ET exerts a
dominant short-term control on groundwater fluctuations. Model simulations driven by observed
precipitation reveal that interannual rainfall variability governs recharge and can mask vegetation-
driven ET effects. When precipitation was held constant, reduced ET in the post-hurricane landscape
increased groundwater recharge and elevated water tables, with a 4.5% reduction in ET producing a
7.8% increase in recharge and water-table rises of up to 1 ft (0.30 m). These results highlight the
importance of ET-inclusive modeling for evaluating post-disturbance groundwater responses in
coastal aquifer systems.

Keywords: evapotranspiration; groundwater recharge; vegetation disturbance; coastal aquifers;
hurricane impacts; water table dynamics; integrated hydrologic modeling

1. Introduction

Groundwater systems are strongly influenced by surface-atmosphere interactions, in which
precipitation serves as the primary source of recharge and evapotranspiration (ET) represents the
dominant mechanism of water loss back to the atmosphere [1-4]. The balance between these fluxes
controls groundwater elevations, soil moisture storage, and surface flooding potential in shallow
aquifer environments. When precipitation increases, groundwater recharge generally rises, leading
to higher water table levels, while increased ET tends to reduce groundwater storage by extracting
soil water through plant uptake and atmospheric evaporation [5,6]. Conversely, a reduction in
vegetation can suppress ET, potentially elevating groundwater levels due to decreased water loss [7].
Understanding how ET responds to land cover changes, particularly vegetation loss, is therefore
critical for predicting hydrologic response and flood risk in coastal watersheds.

Natural disasters, particularly hurricanes, are known drivers of large-scale vegetation
disturbance. Intense winds, heavy rainfall, and storm surge events can uproot forest stands, strip
canopy layers, and permanently alter land cover distribution. The Florida Panhandle is especially
susceptible to such disturbances, as demonstrated by Hurricane Michael in October 2018, which
resulted in significant forest mortality and long-term land cover change across Bay County and
surrounding areas. While persistent flooding following extreme events is often attributed to increased
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precipitation, post-storm hydrologic behavior sometimes reflects additional contributing processes.
For example, Bay County, Florida, experienced prolonged high groundwater levels and localized
flooding from Fall 2018 through Fall 2022 despite seasonal precipitation that did not consistently
exceed historical norms. A report by the Northwest Florida Water Management District [8] suggested
that vegetation losses likely reduced ET, thereby diminishing atmospheric water removal and
allowing groundwater levels to remain elevated. However, the reported findings were based
primarily on correlative observations rather than mechanistic modeling, and the direct quantitative
effect of ET reduction on groundwater rise remains largely uncharacterized.

Previous research has consistently demonstrated the interconnected nature of precipitation, ET,
and groundwater fluctuations. Studies across forested and agricultural watersheds indicate that
reductions in ET following land-cover disturbances—such as wildfire, deforestation, or storm
damage —can enhance groundwater recharge and raise water tables [9-11]. Modeling investigations
further highlight the sensitivity of shallow aquifers to ET variability, particularly in humid climates
where vegetation-driven transpiration represents a major component of the annual water budget
[12,13]. Empirical evidence also supports this linkage: vegetation removal after wildfire has been
shown to produce measurable increases in groundwater levels due to reduced transpiration demand
[14], and ET declines following forest disturbance have been associated with significant increases in
recharge within coastal aquifers [15]. Despite these well-established conceptual relationships, the
magnitude and timing of groundwater response to ET reduction remain highly site-specific and
frequently difficult to quantify following large-scale vegetation loss events.

Previous research has demonstrated the interconnected nature of precipitation, ET, and
groundwater fluctuations. Studies across forested and agricultural watersheds have shown that
decreased ET following land cover disturbances such as wildfire, deforestation, or storm damage can
increase groundwater recharge and raise water tables [9-11]. Similarly, modeling studies have
highlighted the sensitivity of shallow aquifers to ET variability, particularly in humid climates where
vegetation-driven transpiration accounts for a significant fraction of the annual water balance [12,13].
Studies have demonstrated that vegetation removal after wildfire events led to measurable increases
in groundwater levels due to decreased transpiration demand [14]. Similarly, scientists observed that
ET decline following forest disturbances significantly increased effective recharge rates in coastal
aquifers [15]. While these relationships are well recognized conceptually, the magnitude of ET-driven
groundwater response remains site-specific and often poorly quantified following extreme
vegetation loss events.

Hydrologic modeling platforms such as ICPR4 (currently known as StormWise) have previously
been applied for surface-groundwater interaction studies, flood simulation, and watershed-scale
water balance assessment. ICPR-based analyses have been used to simulate rainfall-runoff response
in urban watersheds [16] and assess hydrologic alteration under land use change [17]. StormWise-
based modeling has similarly been used for surface flooding evaluation and storm event simulation
in Florida coastal systems (Bedient et al., 2013). However, few ICPR-centered studies have explicitly
incorporated ET and groundwater response following vegetation disturbance, and to date, no
published work has quantified the direct effect of ET reduction after Hurricane Michael on
groundwater rise in Bay County.

This research aims to fill that gap by integrating ET processes into an existing ICPR4 hydrologic
model to quantify how vegetation loss influences groundwater elevations under different
precipitation conditions. By comparing simulations of pre-storm vegetation (2016) and post-storm
vegetation (2019) with both actual and uniform precipitation inputs, this study isolates the hydrologic
effect of ET change on groundwater response. The outcomes not only improve scientific
understanding of ET-groundwater interactions following extreme land cover disturbance but also
support water-resource managers in evaluating long-term flooding mechanisms in hurricane-prone
coastal regions.

The findings of this study provide direct benefits by (1) quantifying ET impacts on groundwater
levels using a process-based model, (2) offering evidence-based insight for flood mitigation and
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watershed recovery planning, and (3) enhancing future predictive capability for post-disturbance
hydrologic behavior as climate-related storm severity becomes more frequent. The results contribute
anovel modeling perspective to the regional understanding of flood persistence in Northwest Florida
and can support policy development regarding forest restoration, drainage strategy, and
groundwater management.

2. Materials and Methods

This study utilized an integrated approach combining historical hydro-climatic trend analysis,
correlation assessment, and hydrologic modeling to evaluate the influence of ET on groundwater
dynamics within the Bear Creek Watershed located in Bay County, Florida. The workflow was
structured to first establish long-term patterns in precipitation, ET, and groundwater response, and
then to simulate hydrologic behavior under varying ET and vegetation conditions using the
ICPR4/StormWise modeling platform. The framework enabled the quantification of ET-groundwater
interactions from both real-world observations and controlled model scenarios designed to isolate
the effects of vegetation loss following Hurricane Michael in 2018. The flowchart of the methodology
is shown in Figure 1.

Historical Data Analysis Model Simulation
N Y l v Y
Precipitation Groundwater] | Evapotranspiration| Built-in ICPR4 Model Developed
Data Data (ET) Data Hydroperiod Model For the Study Area
Correlation| Correlation J Simulation Simulation Simulation-1 Simulation-2
Analysis [ Analysis with ET without ET Ran 2016.& 20!9 model | [Ran 2016' & 2019 model
with their with 2016
actual precipitation data precipitation data
\ A\ Y l i
4>| Assessment of Impact of ET on Groundwater |

Figure 1. Methodological framework for evaluating the impact of ET on groundwater using historical data

analysis and ICPR4 model simulations.

2.1. Historical Data Collection and Analysis

Historical climate and groundwater datasets were compiled to examine temporal trends and
develop a baseline understanding of hydrologic variability across the region. Daily rainfall records
from 2006 to 2023 were obtained from NWFWMD Station 5675 (Fannin Airport) [18], while long-term
annual precipitation data (1894-2024) were acquired from the PRISM Climate Group [19] to assess
multi-decadal rainfall variability. Corresponding groundwater table depth measurements for 2006—
2023 were retrieved from the same NWFWMD station. Reference evapotranspiration (RET), defined
as the evapotranspiration rate from a standardized reference surface such as a well-watered grass
cover, was obtained from the USGS PET/RET database [20] for a monitoring site located within the
Bear Creek watershed. The dataset spans 1985-2018 and provides daily RET estimates for long-term
hydroclimatic assessment. The years 1985-1988 contained missing RET data and were excluded to
ensure dataset continuity. Annual ET values were calculated from daily averages. These datasets
were analyzed using MATLAB [21] to generate time-series plots, evaluate long-term precipitation
and groundwater fluctuations, and compute correlations between precipitation, groundwater, and
ET—groundwater. Monthly precipitation totals and corresponding groundwater measurements from
20062023 were compared to evaluate storage response to rainfall inputs, while daily ET and
groundwater records from 2011 —the year with the most complete overlapping dataset—were used
to investigate ET-related drawdown relationships. Correlation coefficients were computed using
Pearson statistics to quantify the degree of association [21].
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2.2. Hydrologic Modelling

Following the historical analysis, hydrologic simulations were conducted with the
ICPR4/StormWise platform to quantify ET effects under controlled conditions [22]. This is a FEMA-
approved software that has been used and validated by many previous surface water and
groundwater simulations [23-25]. Two complementary model frameworks were used in this study.

2.2.1. Modified Built-In ICPR4 Groundwater Wetland Hydroperiod Model

The first model involved modifying the built-in ICPR4 hydroperiod wetland example model,
representing approximately 614 acres of agricultural land. This model includes coupled surface,
vadose zone, and groundwater processes, making it suitable for conceptual ET analysis. All baseline
input files from the original model were maintained [26]. Two simulation scenarios were executed:
(1) a baseline condition with ET represented using default crop coefficients and (2) an altered scenario
where ET was effectively removed by setting crop coefficients to zero. Both scenarios were run for a
one-year period (2007-2008) using the original groundwater and climate inputs, thereby enabling a
direct comparison of groundwater elevation response with and without ET. This model can be
categorized into three components: surface system, vadose zone, and saturated groundwater system,
and Figure 2 is a general depiction of how the model works.

Fe= = EEmm_-_-—-__——_—_—_—_—_—_————————— |
r—- =-=--=-== A

I | Land Cover Topographic Bathymetric Data | |Interconnection of Surface and Groundwater '
' Data Data for River beds using Green-Ampt Method '
[ L m - = = a [
: Soil Zones ET data, RET, Groundwater Table/ Input :
: (NRCS) KC’s Root Depths Potentiometric Data :
::_:_:::::::::""_: ::::::_::::::::::"
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| | Runoff Zone Aquifer )
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Hydroperiod Model.

Figure 2. Schematic Diagram of the StormWise Hydroperiod Example Model and the Model Designed for Bay
County, Florida (Input, Simulation, and Model Calibration).

2.2.2. Developed ICPR Model for the Study Area

A more detailed second model was developed specifically for the Bear Creek watershed to
evaluate how vegetation loss influences ET and groundwater. This model was adapted from a
previously developed hydrodynamic framework by Ahmad and Vickers (2024) [27]. The Bear Creek
Watershed, spanning 169 square miles (43,721 hectares) in Bay County, Florida, USA (Figure 3), was
selected for this study. This area experienced catastrophic damage from Category-5 Hurricane
Michael on October 10, 2018, which led to significant changes in the area’s hydrology. To recreate the
conditions of the watershed before and after the hurricane, the first step was to acquire relevant data.
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Figure 3. Study area (Bear Creek Watershed) in Bay County, Florida.

Spatial datasets were prepared in ArcGIS Pro and integrated into ICPR4, including land-cover
rasters from NLCD for 2016 and 2019 (Table- 1), USGS 3DEP LiDAR elevation and NOAA
bathymetry for terrain surfaces, and soil hydrologic properties from the USGS Web Soil Survey,
which were used to generate soil-zone layers and assign Green-Ampt infiltration parameters. Initial
potentiometric surfaces were assembled using Florida Geological Survey aquifer levels and adjusted
based on soil-profile depth extracted from Web Soil Survey layers. Figure 4 shows the screenshots of
the map and data set used in the ICPR4 model.

Table 1. Land Cover Data for 2016 and 2019.

Description 2016 Area| 2019 Area | Change Description 2016 Area | 2019 Area | Change

(ha) (ha) (ha) (ha) (ha) (ha)
Open Water 253.9 198.2 -55.7 Mixed Forest 2.0 31.0 29.0
Dev, Open space | 2151.3 2099.7 -51.6 Shrub 7033.9 8038.9 1005.0
Dev, Low int 837.9 849.4 11.5 Grassland 5408.1 6234.7 826.6
Dev, Med int 153.7 196.3 42.6 Pasture/Hay 362.0 359.4 -2.5
Dev, High int 14.0 19.3 5.3 Cultivated crop 523.5 536.0 124
Barren Land 131.0 152.0 21.0 |Woody Wetlands| 13500.4 12872.7 -627.7
Deciduous Forest |  26.0 55.4 294 Wetlands 846.7 1516.8 670.0
Evergreen Forest | 12476.8 10562.0 -1914.9

Total area= 43,721 ha (169 mi2)

ICPR represents ET using the concept of reference evapotranspiration (RET) [22], which may be
calculated internally from meteorological inputs using the Penman-Monteith equation [28] or
imported directly from external datasets. RET is conventionally defined as the evapotranspiration
rate from a well-watered turf grass surface under standard conditions. In ICPR, RET values are
subsequently scaled using crop coefficients to reflect vegetation-specific water use and canopy
characteristics [22].

To simulate hydrologic loss from ET using the model, the first step was to incorporate crop
coefficient (K.) data. Crop coefficients for the study area were developed following the guidelines in
FAO Irrigation and Drainage Paper 56 [28]. Initial K values for each land/vegetation type were
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obtained from Table 12 in the same paper [28]. For vegetation types not explicitly listed, similar crops
were used as references.

Crop coefficients for all land-cover classes were developed following the above-mentioned
FAO-56 guidelines [28]. Table 2 summarizes the land cover types, their assumed reference crops, and
the corresponding crop coefficients. Crop coefficients were determined for three growth stages:
Baseline values for initial (Kcini), mid-season (Kcmid), and end-season growth stages (Kcend) were
extracted from FAO tables and subsequently modified based on vegetation height, canopy type, and
minimum relative humidity using the standard Kc adjustment equations for mid- and late-season
growth stages. For certain crops (marked with an asterisk in Table 2) and for evergreens, a single
K.value was applied across all stages.

For grass, RET was already calculated under well-watered conditions. Evergreens were
assumed to maintain transpiration year-round due to needle retention. Crop coefficients for
“Developed Open Space” and “Barren Land” were initially based on grass. To refine these
assumptions, the National Land Cover Database (NLCD) Class Legend and Description [29] was
consulted to estimate vegetation percentages for each class: Developed Open Space: 100%, Developed
Low Intensity: 80%, Developed Medium Intensity: 50%, Developed High Intensity: 20%, Barren Land:
15%. These percentages represent the maximum possible vegetation cover for each class. For land
covers with less than 100% vegetation, the K values were adjusted proportionally, as RET was
already based on well-watered grass.
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Figure 4. Screenshots of maps and data of the Bear Creek Watershed at Bay County, Florida (used in the ICPR4
model). (a) Flow regions (Runoff region-red, Groundwater region— tan), (b) Topographic and Bathymetric
Digital Elevation data, (c) Portal layout for the NRCS’s Web Soil Survey, (d) Green-Ampt Data Set, (e)
Imperviousness Data Set, (f) Soil Zone map.

Table 2. Land Cover, Reference Crop, and Initial and Calculated Crop Coefficients.

Land

Reference Crop

Initial Crop coefficient

Calculated Crop

Plant

Cover (Kc ini, Ke mid, Kc end) Coefficient Height (m)
Open Water sub humid climate 1.05 1.05 -
Dev. Open Space * Grass 1 1 -
Dev. Low Intensity * Grass 0.8 0.8 -
Dev. Med. Intensity * Grass 0.5 0.5 B
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Dev. High Intensity * Grass 0.2 0.2 B
Barren Land * Grass 0.15 0.15 R
Deciduous Forest Walnut Orchard 0.5,1.1, 0.65 0.5 18.28
Evergreen Forest Conifer Trees 1 0.928 30.48
Mixed Forest Walnut and Conifer 0.75, 1.05, 0.825 0.75, 0.983, 0.758 24.38
Shrub Berry Bushes 3,1.05,.5 .3,1.01,0.458 45
Grassland * Grass 1 1 .
Pasture/Hay Berrﬂﬁiﬁﬂ?g’fggrage 55,1,.85 55.981,.831 0.3
Cultivated Crop Conifer Trees 1 0.928 30.48
Woody Wetlands Short Veg (no frost) 1.05,1.10,1.10 1.05,1.056,1.056 6
Wetlands Reed S W:vr:tzr()smding 1,1.20,1 1,1.167,.967 04

Kcmid was calculated using Equation 1 [28].
03

h
Kemia = Kemiacrasy + [0.04(0; (1 = 2) = 0.004(RHmin =45 (3) (1)
Where Kemid (raby = Kc taken from Table 12 of the FAO paper, uz = Mean value for daily wind speed,
RHmin=Mean value for daily minimum relative humidity, h = Plant height

Kcend was calculated using Equation 2 [28].
0.3

h
Kcend = Kcend(Tab) + [004(112 (uZ - 2) - 0004‘(RHm1n —45 (5) (2)

Allen et al. (1998) recommended using RHmin and uz values for each growth stage (mid and end).
However, for this study, a single yearly average was used for both calculations. Data for RHmin and
u2 were retrieved from USGS [30]. Data was collected for 2016 and 2019 for the study area. The RHmin
values for 2016 and 2019 were 53% and 58%, respectively, while the uz values were 1.8 m/s and 2.4
m/s, respectively. Then, the averages were calculated, resulting in uz2 = 2.14 m/s and RHmin = 55.35%.
These averages were used to calculate Kcmin and Kcenda. Plant heights were assumed based on the
average height for mature growth, as shown in Table 2. Figure 2 (Section 2.2.1) shows the integration
of surface water, vadose zone, and saturated groundwater components with crop coefficient data to
construct a fully coupled surface water—-groundwater model for evaluating ET impacts. Unlike the
Hydroperiod example, the study-area model incorporates bathymetric data, providing a more
realistic representation of surface—subsurface interactions.

Two simulation experiments were conducted with this model. The first experiment used actual
rainfall for 2016 and 2019, representing pre- and post-hurricane vegetation conditions, to evaluate the
combined impact of rainfall variability and vegetation reduction. The second experiment used the
same land-cover conditions but forced both simulation years to the 2016 rainfall regime, allowing
differences in groundwater behavior to be attributed primarily to ET variation associated with
vegetation loss. Comparing results across these scenarios enabled isolation of ET-driven changes in
groundwater recharge and storage dynamics.

3. Results

To evaluate the relationship between evapotranspiration (ET), precipitation, and groundwater
dynamics under real-world conditions, historical climate and hydrologic records from Bay County,
Florida, were analyzed alongside numerical simulations using ICPR4. This region presents a unique
setting for hydrologic assessment, as extensive vegetation loss occurred following Category-5
Hurricane Michael (October 10, 2018). The combined observational and modeling approach allowed

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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the assessment of long-term trends, the quantification of correlations, and the controlled simulation
testing under altered vegetation conditions.

3.1. Hydroclimatic Trends and Correlation Analysis

3.1.1. Precipitation trend

Daily precipitation data from NWFWMD Station S675 (2006-2023) revealed 4,001 dry days and
2,204 wet days. A 30-day moving average smoothing (Figure 5) demonstrated year-to-year variability
but an evident upward trend in cumulative annual rainfall. Long-term precipitation records
extending back to 1894 further contextualized recent increases (Figure 6).
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Figure 5. Daily Precipitation From 2006 to 2023 with Trends (30-day Moving Average).

Annual precipitation data from 1894-2022 (Figure 6a) reveals a distinct acceleration in
precipitation trends in the past decade. When the record is split into two periods, 1895-2010 and 2011-
2022, the slope of the linear trend increases markedly in the recent period (Figure 6b). Linear
regression analysis yields a slope of 0.4922 mm yr~ for 1895-2010 (R? = 0.0039) and 15.771 mm yr~!
for 2011-2022 (R? = 0.0292), representing an approximately 32-fold increase in the recent decade. The
post-2010 slope is statistically significant (p < 0.05), indicating an accelerated precipitation trend in
the most recent period.
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Figure 6. (a) Annual Precipitation (1894-2022), (b) Annual Precipitation (1894-2010) and Annual Precipitation
(2011-2012).

These findings, based on both daily and annual datasets, consistently point to a significant
upward shift in precipitation patterns, with the post-2010 period standing out as a time of intensified
increases.
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3.1.2. Groundwater Trend

Groundwater levels measured at the same station (2006-2023) showed a gradual elevation
increase of approximately 0.30 m (1 ft), with regression statistics indicating a significant upward trend
(p <0.05; R? = 0.0535; Figure 7). Seasonal fluctuations became less pronounced over time, suggesting
enhanced moisture persistence in the subsurface. Narrowing differences between seasonal highs and
lows indicate a shift toward more stable, shallower water tables— consistent with increased rainfall

and reduced atmospheric water demand.
15

y=0.0001x - 4.2503
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Figure 7. Groundwater depth ( 2006-2023).

3.1.3. Reference Evapotranspiration (RET) Trend

RET values computed from USGS datasets (1989-2018) [30] showed a statistically significant
long-term declining trend (y =-0.0059x + 15.285; R?=0.0833; p < 0.05; Figure 8). Average RET declined
by roughly 0.15 mm day~! over the 30-year period, likely reflecting vegetation reduction and rising
water tables that suppress plant water uptake. Collectively, increased precipitation, rising
groundwater levels, and decreasing RET suggest a transition toward wetter hydroclimatic conditions

in Bay County.
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Figure 8. Annual RET Trends From 1989 to 2018, Illustrating Long-Term Variations in Atmospheric Moisture
Demand (1989-2018).
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Collectively, these datasets illustrate a regional shift toward wetter conditions characterized by

intensified precipitation, rising groundwater levels, and decreasing evapotranspiration over the past
several decades.

3.1.4. Relationship Between Precipitation and Groundwater Depth

Monthly precipitation and groundwater depth data for Bay County, Florida, from 2006 to 2023
were compared to evaluate the relationship between rainfall patterns and water table fluctuations
(Figure 9). The precipitation dataset ranged from 0 to 15 inches per month, while groundwater depths
varied from approximately —60 inches (below land surface) to +20 inches (above land surface,
indicative of artesian conditions).

Although higher rainfall generally corresponded with shallower groundwater, variability was
strong, and many high-groundwater events occurred during low-rainfall months. This weak
correlation implies that precipitation alone is not the dominant control on groundwater elevation,
suggesting other influences—particularly ET and vegetation conditions— play critical roles.
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Figure 9. Monthly Precipitation and Ground Water depth (2006-2023).

The regression analysis revealed a slightly positive slope, with a correlation coefficient (r) of
0.0399, indicating a very weak positive relationship between precipitation and groundwater depth.
While the trendline suggests that higher rainfall is generally associated with shallower groundwater
depths (i.e., rising water tables), the low correlation coefficient implies that precipitation alone does
not explain most of the variation in groundwater levels. A cluster of data points below the trendline
indicates instances where groundwater levels remained elevated despite low monthly rainfall,
suggesting the influence of other factors such as reduced ET, antecedent moisture storage, or human
alterations to recharge and discharge pathways.

3.1.5. Relationship Between Groundwater Depth and RET

Daily groundwater depth and RET for 2011 show a strong inverse correlation (r = -0.74; Figure
10). Groundwater levels consistently declined during periods of elevated ET and increased during
periods of reduced evapotranspiration. This relationship is markedly stronger than the
corresponding precipitation—-groundwater correlation, indicating that short-term groundwater
variability is more closely associated with ET than with precipitation at the daily scale.
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Figure 10. Daily Ground Water Depth vs RET, 2011.

3.1.6. Interpretation of Observational Findings

Historical data collectively show that Bay County has become wetter in recent decades, with
increasing rainfall and rising groundwater levels accompanied by declining ET. Weak precipitation—
groundwater correlation and strong ET-groundwater correlation indicate that atmospheric demand
and vegetation condition may outweigh rainfall magnitude in controlling groundwater behavior.
These observations motivated the modeling component of this study to more directly quantify the
role of ET in groundwater dynamics. The findings underscore the importance of integrated water-
budget modeling approaches that explicitly account for precipitation, ET, vegetation cover, and
anthropogenic influences when evaluating groundwater dynamics.

3.2. Model Outcomes

3.2.1. Baseline Model Verification Using the Built-in Hydroperiod Example

The ICPR4 hydroperiod demonstration model was first evaluated to validate ET representation.
All original model inputs—including terrain surfaces, map layers, lookup tables, crop coefficients,
and rainfall data—were preserved to ensure internal consistency across simulations. The built-in
“Existing” scenario was evaluated under two conditions: (1) with ET, in which crop coefficients were
active, and ET processes were fully represented, and (2) without ET, in which crop coefficients were
set to zero, effectively removing evapotranspiration from the system. The resulting simulations
exhibited a pronounced contrast in groundwater depth distributions (Figure 11), directly attributable
to the inclusion or exclusion of ET.

In the simulation incorporating ET (Figure 11a), groundwater depths were generally greater,
corresponding to a lower water table, as indicated by brown and light-red shading. The active ET
process removed water from the subsurface through vegetation uptake and evaporation, leading to
sustained groundwater recession over time. Conversely, the simulation excluding ET (Figure 11b)
showed groundwater levels consistently closer to the land surface, represented by darker red
shading. In this case, the absence of ET minimized subsurface moisture losses, allowing precipitation
inputs to more effectively contribute to groundwater storage and maintain a higher water table.

These contrasting outcomes demonstrate the dominant role of evapotranspiration in regulating
subsurface water storage under otherwise identical hydrologic conditions. When ET is present,
groundwater drawdown is accelerated despite equivalent precipitation forcing; when ET is absent,
groundwater persists nearer to the surface. This behavior aligns with the strong inverse ET-
groundwater relationship identified in the historical data analysis and highlights ET as a primary
control on water-table dynamics. The results further suggest that changes in vegetation cover or
atmospheric demand —such as those associated with land-cover disturbance or climate variability —
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can substantially alter groundwater levels, with direct implications for wetland hydroperiods, soil
saturation duration, and ecosystem function.
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Figure 11. Comparison of simulated groundwater depths (ft) under different ET conditions. (a) With ET, (b)
Without ET, (c) animated color-scale legend.

A water balance assessment was conducted for the 2007-2008 simulation period to quantify the
influence of evapotranspiration (ET) on precipitation partitioning and groundwater recharge.
Accumulated precipitation, actual ET, and groundwater recharge volumes were evaluated for
simulations with and without ET (Figure 12). Because precipitation inputs were identical in both
scenarios, differences in recharge can be directly attributed to evapotranspiration.

The results indicate a pronounced divergence in recharge volumes. When ET was included, the
cumulative groundwater recharge was approximately 127 mm, whereas exclusion of ET increased
cumulative recharge to approximately 762 mm. The resulting 635 mm reduction in recharge
represents water removed from the system by evapotranspiration prior to percolation to the aquifer,
demonstrating ET’s strong capacity to limit groundwater replenishment.
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Figure 12. Mass balance results for the example hydroperiod simulation. (a) With ET, (b) Without ET [2007,2008].

These modeled results are consistent with the historical observations presented earlier in this
study, which showed a strong inverse relationship between reference evapotranspiration and
groundwater depth (r = —0.74). Both the empirical correlation and the simulation outcomes indicate
that periods of elevated ET are associated with groundwater drawdown, while reduced ET allows
greater infiltration and recharge, promoting water-table recovery. Together, the historical analysis
and modeling results reinforce the conclusion that evapotranspiration is a primary control on
groundwater dynamics in the study area, exerting a stronger and more immediate influence than
precipitation alone.
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Figure 13. Daily evapotranspiration and water-table elevation vs. time [2007,2008].

Daily time-series comparisons of evapotranspiration and water-table elevation (Figure 13)
further demonstrate their strong inverse relationship. Periods of elevated ET consistently coincide
with declines in groundwater elevation, whereas reduced ET corresponds with partial recovery of
the water table. Notably, the maximum simulated ET rate (6.95 mm day™) occurred concurrently
with the lowest modeled water-table elevation (-0.02 m), highlighting the pronounced sensitivity of
groundwater storage to atmospheric moisture demand.

Collectively, these results confirm that evapotranspiration is a dominant control on short-term
groundwater fluctuations and seasonal water-table recession in wetland systems. This influence
operates on timescales shorter than those associated with precipitation-driven recharge and has
direct implications for subsurface water availability, hydroperiod duration, and wetland ecosystem
resilience.

Taken together, the historical analyses and modeling results indicate that evapotranspiration
exerts a primary control on groundwater dynamics in Bay County. While long-term precipitation has
increased and groundwater levels have risen modestly over time, the short-term and seasonal
behavior of the water table is governed largely by atmospheric demand. The strong inverse
relationships observed between ET and groundwater depth in both the historical correlation analysis
and the process-based modeling demonstrate that ET acts as an efficient and immediate mechanism
for subsurface water loss.

These findings provide a mechanistic explanation for the weak precipitation-groundwater
correlation observed in the historical record and underscore the importance of accounting for
evapotranspiration, vegetation cover, and land-surface conditions when evaluating groundwater
response to climate variability or disturbance. Consequently, integrated water-balance modeling
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frameworks are essential for quantifying groundwater resilience and wetland hydroperiod
sensitivity in humid, vegetation-dominated landscapes.

3.2.2. Developed ICPR4 Model for the Study Area

A previously developed model for Bay County, Florida (originally developed by Ahmad and
Vickers, 2024) [27] was updated with local precipitation, RET, and crop coefficients to simulate ET for
field conditions. Two experiments were performed: Simulation 1 — Observed rain years (2016 vs.
2019), Simulation 2 — Equalized rainfall with different vegetation cover of 2016 and 2019 (isolating ET
effects)

Simulation 1: Observed Precipitation Conditions

Under actual meteorological conditions (observed precipitation), interannual climate variability
dominated the simulated water-balance response (Table 3). Total precipitation decreased from 63.44
in (1,611 mm; 572,966 ac-ft) in 2016 to 49.9 in (1,267 mm; 449,171 ac-ft) in 2019. Simulated ET declined
concurrently, from 283,814 ac-ft (35,008 ha-m) in 2016 to 235,552 ac-ft (29,055 ha-m) in 2019, consistent
with reduced transpiration demand following vegetation loss associated with Hurricane Michael.
Despite this reduction in ET, groundwater recharge also declined substantially, from 243,100 ac-ft
(29,986 ha-m) to 164,247 ac-ft (20,260 ha-m).

Monthly mass-balance results (Figure 14) indicate that ET closely tracked precipitation
variability in both years, while groundwater recharge generally decreased during periods of elevated
ET. Cumulative ET exceeded cumulative recharge by August 2016 and by July 2019, reflecting a
seasonal shift toward net subsurface water loss. Collectively, these results demonstrate that
precipitation variability exerted a dominant control on annual groundwater recharge, effectively
masking the influence of vegetation-driven ET reductions under observed climatic conditions.

Table 3. Summary of ICPR4 Simulation Results (U.S. Customary and SI Units).

% Change
% Ch
Simula . |Precipitatio| ET (ac- | Recharge /,0 Change in . .
. Scenario ) in ET vs. Main Observations
tion n (in /mm) | ft/ha-m) | (ac-ft) Recharge
2016
vs. 2016
. 63.44 / 283,814/ | 243,100/ Higher rainfall led to
Sim-1 2016 - - .
1,611 35,008 29,986 high ET and recharge.
Lower rainfall
reduced both ET and
recharge; ET decrease
. 499/ 235,552/ | 164,247/ o o . .
Sim-1 2019 1267 29,055 20,260 1 17% 1 32% did not increase
recharge due to
precipitation
shortfall.
. 63.44 / 283,814/ | 243,100/ Baseline year with
-2 201 - -
Sim 016 1,611 35,008 29,986 high vegetation.
Same rainfall as 2016;
Sim-2 vegetation loss
63.44 / 271,026/ | 262,174/ reduced ET and
201 4.5% 7.8%
0190 1,611 33,431 32,339 L 4.5% 17.8% increased recharge,
supporting
hypothesis.

When considered alongside the ET-excluded simulations and the historical ET-groundwater

correlation, these findings clarify the conditional nature of ET controls on groundwater dynamics.
Under observed precipitation conditions, large interannual differences in rainfall dominated
recharge variability and obscured the hydrologic signal of reduced ET following vegetation loss. In
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contrast, simulations holding precipitation constant demonstrated that ET reductions alone produced
measurable increases in groundwater recharge and water-table elevation. Together, these results
indicate that evapotranspiration exerts a strong and direct control on groundwater levels, but its
influence becomes most apparent when precipitation variability is constrained. This reinforces the
interpretation from historical observations that ET governs short-term and seasonal groundwater
fluctuations, while precipitation primarily regulates interannual recharge magnitude.
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Figure 14. (a) Simulation 1, 2016 MB Chart, with 2016 precipitation (b) Simulation 1, 2019a, MB Chart, with 2019
precipitation (c) Mass Balance Chart Legend.

Simulation 2: Equalized Precipitation Conditions

When precipitation was set equal to 2016 levels at 63.44 in (1,611 mm; 572,965 ac-ft) across both
vegetation scenarios, the hydrologic influence of land-cover change became clearly discernible
(Figure 15). Simulated evapotranspiration (ET) under the 2019 vegetation condition declined from
283,814 ac-ft (35,008 ha-m) in 2016 to 271,026 ac-ft (33,431 ha-m), representing a 4.5% reduction. In
contrast, groundwater recharge increased from 243,100 ac-ft (29,986 ha-m) to 262,174 ac-ft (32,339 ha-
m), corresponding to a 7.8% increase.

These results reveal a clear inverse relationship between ET and groundwater recharge when
precipitation variability is removed, confirming that vegetation loss reduced atmospheric water
demand and facilitated increased recharge to the aquifer.

This modeled response is consistent with the historical analysis, which showed a strong inverse
correlation between reference evapotranspiration and groundwater levels, reinforcing
evapotranspiration as a primary control on water-table variability when precipitation effects are
constrained.
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Figure 15. Water Balance With 2016 Precipitation Data (a) 2016 Simulation (b) 2019 Simulation.
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Simulation 2 — Groundwater Stage Response Under Equalized Precipitation

For groundwater stage comparison, the study area was divided into four quadrants — Northeast,
Northwest, Southeast, and Southwest—with four representative stage nodes selected within each
quadrant (Figure 16). Groundwater stage differences were computed as 2019 minus 2016 and
evaluated over the full simulation period (Figure 17), where positive values indicate higher water-
table elevations under the 2019 vegetation scenario.

Across the 16 spatially distributed nodes, groundwater stages were consistently higher in 2019b
relative to the 2016 baseline, particularly during the warm season (March-September). This seasonal
pattern was observed across all quadrants, indicating a systematic rise in water-table elevations
associated with reduced evapotranspiration (ET) following vegetation loss. With the exception of a
single Southeast node located farther from surface water features, nodes exhibited similar temporal
responses, suggesting a spatially coherent groundwater response. After excluding a small number of
highly variable outliers, mean groundwater elevations in 2019 were approximately 0-1 ft (0-0.3 m)
higher than in 2016 during March-September (corresponding to 2,922-6,574 simulation hours).
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Figure 16. Map of the Study Area Highlighting the Four Quadrants Where Stage Nodes Were Selected. (a)
Locations of the Selected Stage Nodes. (b) Simulated Model Image.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202601.1776.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 January 2026 d0i:10.20944/preprints202601.1776.v1

18 of 21
25 25
Node 3573 Node 1750
a0 Node 3773 20 Node 1795
ik Node 3876 15 Node 1834
- Node 3949 ’ Node 1882
& —
~ 1.0 &=
8 N’
]
g =
= )
& 2
a + = P =) =] =3 = = = = = P
2 aQ e 8 8 8 8 8 g g8 g
@ P -0.5 — Q A < @ o = 3 d
on q )
s 1)
@ S 10
& L
-1.5
-1.5 Northwest Nodes
Northeast Nodes 2.0
-2.0 i
25 2.5
. . Relative Time (hrs
Relative Time (hr) (b) (hrs)
(a)
25 25
2.0 Node 15213 2.0 Node 15372
Node 15298 Node 15436
15 Node 15341 15 Node 15497
Node 15528

1.0 Node 15369

Stage Difference (ft)
s o
=} wn

Stage Difference (ft)

P (=3 (=3 (=3 (=3 (=3 = D L (=3 P g Eg
(=3 (=} (=1 (=1 (=1 (=3 (=3 (=3 (=3 D o <53
-0.5 = 8 2§ 8 8 R 3 8 8 R
1.0 -1.0
-1.5 Southwest Nodes -15 Southeast Nodes
2.0 2.0
25 -2.5
: Relative Time (hrs)
Relative Time (hrs) (d)

(©)

Figure 17. Change in Groundwater Stages (Elevations). (a) Northeast Nodes, (b) Northwest Nodes, (c) Southwest
Nodes, (d) Southeast Nodes.

The spatial consistency and seasonal persistence of these positive stage differences provide
strong evidence that vegetation loss reduced ET demand and resulted in a measurable increase in
groundwater levels across the study area. This response is consistent with the strong inverse ET-
groundwater relationship identified in the historical analysis and corroborates the water-balance
simulations demonstrating increased recharge under reduced evapotranspiration demand.

4. Conclusion

This study evaluated the hydrologic impacts of large-scale vegetation loss on evapotranspiration
(ET), groundwater recharge, and groundwater levels in Bay County, Florida, using an enhanced
ICPR4 modeling framework. By explicitly incorporating ET processes and systematically separating
the effects of vegetation change from precipitation variability, the study provides new insight into
post-disturbance groundwater responses in a humid, shallow aquifer system.

Model simulations driven by observed precipitation demonstrated that interannual rainfall
variability exerts a dominant control on groundwater recharge, frequently masking the hydrologic
effects of vegetation-driven ET changes. Although ET declined following Hurricane Michael due to
widespread vegetation loss, groundwater recharge also decreased in 2019 as a result of substantially
lower precipitation relative to 2016. These results indicate that precipitation variability can
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overshadow land-cover-driven ET effects at annual time scales, complicating direct attribution of
groundwater changes to vegetation disturbance alone.

When precipitation was held constant across vegetation scenarios, the influence of vegetation
loss on groundwater dynamics became clear. Under equalized precipitation conditions, reduced ET
in the post-hurricane landscape resulted in increased groundwater recharge and measurably higher
groundwater levels. A 4.5% reduction in ET corresponded to a 7.8% increase in recharge, and
groundwater stages increased by approximately 0-1 ft (0-0.30 m) during the warm season across
most of the study area. The spatial consistency of these stage increases across multiple quadrants
provides strong evidence that reduced ET following vegetation disturbance can significantly enhance
subsurface water storage.

Collectively, these findings emphasize the importance of explicitly accounting for both ET
dynamics and precipitation variability when evaluating groundwater responses to land-cover
change. The results further indicate that short-term groundwater recovery following vegetation loss
may be substantial but remains highly dependent on prevailing climatic conditions. From a water-
resources management perspective, this study demonstrates the value of physically based, ET-
inclusive modeling approaches for assessing post-disturbance hydrologic behavior and supporting
groundwater planning in forested coastal regions vulnerable to extreme weather events.

Future research should focus on extending post-disturbance monitoring periods, refining
representations of vegetation recovery trajectories, and evaluating the combined effects of vegetation
regrowth and climate variability on groundwater systems. These efforts will further improve
understanding of groundwater resilience and sustainability in landscapes increasingly affected by
climate-driven disturbances.

From a management perspective, these findings highlight the need for water-resource planning
frameworks to explicitly account for vegetation disturbance and recovery, alongside climate
variability, when assessing groundwater availability and resilience in coastal aquifer systems
increasingly exposed to extreme weather events.
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