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ABSTRACT
Understanding rainfall variability across multiple temporal scales, especially for regions with strong seasonality, is essential for 
anticipating hydrological risks under climate change. This study investigates how precipitation patterns in the Florida Peninsula 
may evolve under two CMIP6 climate scenarios (SSP2-4.5 and SSP3-7.0) across two future periods: a near-term window (2026–
2055) and a mid- to late-century horizon (2056–2085) critical for long-range water resources planning. Simulations from 18 
General Circulation Models (GCMs), bias-corrected against the North American Land Data Assimilation System (NLDAS), were 
analysed to assess annual totals, monthly climatology, drought indicators, and rainy-season onset and demise. Results show that 
while mean annual rainfall may remain stable or even increase in some regions, precipitation becomes more variable at monthly 
and seasonal scales. Increased coefficients of variation, more frequent exceedance of cumulative rainfall deficit thresholds, and 
more erratic rainy-season onsets indicate heightened drought risks despite little change in annual totals. Regional contrasts are 
pronounced, with northern Florida tending toward wetter futures with modest variability increases, whereas southern Florida 
shows stronger drying tendencies, greater variability, and higher vulnerability to seasonal deficits, especially under SSP3-7.0. 
These findings underscore the importance of adaptive, climate-informed, and region-specific strategies for water management 
that move beyond annual averages to account for short-term variability and persistent deficits across multiple scales. The meth-
odological contribution is a decision-oriented, seasonality-aware diagnostic workflow showing that shortage-relevant deficit 
frequency and wet-season timing uncertainty can intensify even when mean annual rainfall changes are small, offering a trans-
ferable template for other highly seasonal water-supply regions.

1   |   Introduction

Understanding potential changes in precipitation under chang-
ing climate conditions is critically important for effective water 
resources management, agricultural planning, infrastructure 
resilience investment, and disaster risk reductions. Climate 
models project that global warming will alter precipitation pat-
terns, intensifying the hydrological cycle and leading to spatially 

heterogeneous changes in rainfall distribution (IPCC  2021; 
Allan et  al.  2020; Pendergrass et  al.  2017) even at a regional 
scale. Increases in extreme precipitation events and longer dry 
spells have already been observed in many regions, posing 
threats to both flood risks and drought frequency (Hirabayashi 
et al. 2013; Fischer and Knutti 2016; Westra et al. 2014). Shifts in 
precipitation regimes can severely impact food security (Lobell 
et  al.  2011), exacerbate water scarcity (Schewe et  al.  2014), 
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and undermine existing ecological systems (Piao et  al.  2010). 
Moreover, changing precipitation variability complicates the 
reliability of traditional hydrological design standards (Milly 
et  al.  2008) and calls for adaptive management frameworks 
(Kundzewicz et  al.  2007; Haasnoot et  al.  2024). Regional dis-
parities are particularly concerning, with some areas ex-
periencing substantial increases while others face declines 
(Polade et al. 2017; Tebaldi et al. 2006). The interplay between 
temperature-driven evaporation and precipitation shifts also in-
fluences groundwater recharge and surface water sustainability 
which communities rely on (Asadieh and Krakauer 2015; Jones 
et  al.  2024; Jung  2025). Reliable projections of precipitation 
under different warming scenarios thus form the foundation for 
climate adaptation policies (Swain et al. 2018).

Recent advancements in the Coupled Model Intercomparison 
Project Phase 6 (CMIP6) have significantly improved the sim-
ulation of hydrological processes at regional and local scales 
compared to earlier generations such as CMIP5. CMIP6 models 
feature enhanced spatial resolution, improved representation of 
land-atmosphere interactions, and more sophisticated physical 
parameterizations, leading to better capture of precipitation ex-
tremes, runoff variability, and soil moisture dynamics at finer 
spatial scales (Eyring et  al.  2016; Ukkola et  al.  2020; Zhang 
et al. 2025). Improvements in land surface schemes, such as more 
accurate modelling of evapotranspiration, snow processes, and 
groundwater exchanges, have enhanced the models' capability 
to simulate regional hydrological cycles (Lawrence et al. 2019; 
Swart et al. 2019). Moreover, CMIP6 models incorporate updated 
forcings, including Shared Socioeconomic Pathways (SSPs) and 
aerosol emissions, which allow for more realistic simulation of 
future climate and hydrological responses (O'Neill et al. 2016; 
Riahi et al. 2017). One of the main factors is the higher horizon-
tal resolution (typically 1° or finer) reduces biases in orographic 
precipitation and river basin hydrology (Haarsma et al. 2016). As 
a result, using enhanced outputs from CMIP6 models, hydrolog-
ical models can better present observed trends in hydrological 
extremes, such as floods and droughts, across diverse climatic 
zones (Li et al. 2022). These advancements provide a stronger 
basis for regional water resources planning and climate change 
adaptation efforts.

This study focuses on the Florida Peninsula, located in the 
southeastern United States. It has a unique hydroclimatic sys-
tem characterised by its peninsular location, flat topography, 
extensive wetlands, and groundwater-dependent ecosystems 
(Marella 2008). Climate change has the potential to exacerbate 
existing challenges in water resources management, such as sea-
level rise, saltwater intrusion, and changes in precipitation pat-
terns (Obeysekera et al. 2017) in the region. Although there are 
few studies focusing on the Florida region, Srivastava et al. (2020) 
found that Multimodel medians of CMIP6 (CMIP6-MMM) and 
CMIP5 (CMIP5-MMM) have similar biases in climatology and 
variability but biases tend to be smaller in CMIP6-MMM. Zhao 
et al. (2023) found that CMIP6 ensemble median (CMIP6-EnM) 
can generally capture the observed extreme precipitation pat-
tern. Wang and Asefa (2024) compared CMIP5 and CMIP6 cli-
mate models in simulating historical precipitation at the Florida 
Peninsula at multiple time scales and found that significant 
improvements in CMIP6 models were observed in capturing 
the rainy season in the Florida Peninsula, which accounts for 

about 60% of total annual rainfall and is driven by complex land-
atmosphere–ocean interactions. None of the above-mentioned 
studies focused on potential changes in the characteristics of 
the rainy season, as well as drought risks related to cumulative 
rainfall deficit. This study aims to bridge the gap, and future 
discussions the implications for water resources management. 
The contribution of this study is therefore methodological and 
conceptual. We present a seasonality-aware, planning-relevant 
diagnostic framework that links bias-corrected CMIP6 ensem-
bles to (i) variability metrics (monthly CV), (ii) a persistence-
oriented drought proxy (12-month rolling, climatology-adjusted 
cumulative rainfall deficit, RCD), and (iii) rainy-season onset/
demise behaviour.

The Remainder of This Paper Is Arranged as Follows. This Section 
Provides the Background and Motivation of the Study, Followed 
by a Description of Study Area and Methodology Section 2. In 
Section  3, Potential Changes in Rainfall Characteristics for 
Both the SSP-2.45 and SSP3-7.0 Scenarios Are Provided and 
Discussed. Concluding Remarks Are Provided in Section 4.

2   |   Dataset and Methodology

2.1   |   Historical and CMIP6 Dataset

The North American Land Data Assimilation System (NLDAS) 
provides high-resolution, gridded land surface datasets that in-
tegrate model simulations with observed atmospheric forcing to 
generate consistent, spatially continuous estimates of hydrolog-
ical and land surface variables. Developed through collabora-
tion between NASA, NOAA, and other institutions, NLDAS is 
designed to support research and applications related to water 
resources, drought monitoring, hydrological forecasting, and 
climate variability studies over the continental United States 
(Mitchell et al. 2004; Xia et al. 2012). NLDAS data are available 
at a spatial resolution of 1/8° (~12 km) and at hourly to monthly 
temporal scales, offering a long-term continuous record starting 
from the late 1970s. Key variables include precipitation, evapo-
transpiration, soil moisture, runoff, and temperature, among 
others. The high temporal and spatial resolution, combined with 
the consistent assimilation methodology, makes NLDAS partic-
ularly valuable for validating climate model outputs, analysing 
extreme hydrological events, and assessing changes in regional 
water availability. In this study, NLDAS precipitation from 1981 
to 2010 in the Florida region were downloaded (https://​hydro1.​
gesdi​sc.​eosdis.​nasa.​gov/​data/​NLDAS/​​NLDAS_​FORA0​125_H.​
2.0/​) and remapped to 1 degree longitude by 1 degree latitude 
spatial resolution.

Daily precipitation simulations from 18 CMIP6 General 
Circulation Models (GCMs) were obtained from the Earth 
System Grid Federation (ESGF) archives (https://​esgf-​node.​
llnl.​gov/​search/​cmip6/​​) for the historical period 1981–2010. 
Corresponding future simulation data from the same set of 
GCMs were also collected. Although the period 1991–2020 
is commonly used as a climatological baseline, many CMIP6 
GCMs only extended their historical simulations to the mid-
2010s. Therefore, 1981–2010 was selected as the climatology 
period for this study. The spatial resolution and modelling in-
stitution associated with each GCM are summarised in Table 1.
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In this study, only the SSP-2.45 and SSP3-7.0 scenarios were 
selected for analysis. The SSP2-4.5 represents a “medium sta-
bilisation” pathway, where moderate climate mitigation efforts 
lead to a stabilisation of radiative forcing by the end of the 21st 
century, making it comparable to the earlier RCP4.5 scenario 
and widely used for assessing plausible near- to mid-century 
climate risks (O'Neill et  al.  2016). The SSP3-7.0 scenario, on 
the other hand, represents a “high forcing” pathway charac-
terised by limited climate policy intervention and relatively 

high greenhouse gas emissions, corresponding to a radiative 
forcing of approximately 7.0 W/m2 by 2100. Including SSP370 
allows examination of more adverse climate futures and pro-
vides insights into the potential impacts under insufficient 
mitigation. Together, SSP245 and SSP370 span a broad range 
of possible future socio-economic and emissions trajectories 
without considering extreme scenarios (such as SSP1-2.6 or 
SSP5-8.5), making them particularly suitable for evaluat-
ing near-future and mid-century water resource planning. 

TABLE 1    |    An overview of the model resolutions and the institutions that developed the various General Circulation Models (GCMs) in CMIP6, 
which are utilised in this study.

GCMS Institute (Country) Resolution

ACCESS-CM2 Commonwealth Scientific and Industrial Research Organisation 
(CSIRO) and the Australian Bureau of Meteorology (Australia)

1.25 degrees latitude 
× 1.875 degrees longitude

ACCESS-ESM1-5 1.875 degrees latitude 
× 1.875 degrees longitude

AWI-CM-1-1-MR Alfred Wegener Institute (AWI) (Germany) 1 degree latitude × 1 
degree longitude

BCC-CSM2-MR Beijing Climate Center (BCC) (China) 1.125 degrees latitude 
× 1.125 degrees longitude

CNRM-CM6-1 Centre National de Recherches Météorologiques (CNRM) (France) 1.4 degrees latitude × 1.4 
degrees longitude

CNRM-ESM2-1 1.4 degrees latitude × 1.4 
degrees longitude

EC-Earth3-Veg-LR European Centre for Medium-Range Weather 
Forecasts (ECMWF) (European Union)

2 degrees latitude × 2 
degrees longitude

FGOALS-g3 Chinese Academy of Sciences (CAS) (European Union) 2 degrees latitude × 2.5 
degrees longitude

GFDL-ESM4 Geophysical Fluid Dynamics Laboratory (GFDL) (United States) 2.5 degrees latitude × 2 
degrees longitude

INM-CM4-8 Institute for Numerical Mathematics of the Russian 
Academy of Sciences (INM) (Russia)

2 degrees latitude × 2 
degrees longitude

INM-CM5-0 1 degree latitude × 1 
degree longitude

IPSL-CM6A-LR Institut Pierre Simon Laplace (IPSL) (France) 1.9 degrees latitude × 2.5 
degrees longitude

MIROC6 Japan Agency for Marine-Earth Science and Technology 
(JAMSTEC), National Institute for Environmental Studies 
(NIES), and Japan Atomic Energy Agency (JAEA) (Japan)

1.4 degrees latitude × 2.8 
degrees longitude

MPI-ESM1-2-HR Max Planck Institute for Meteorology (MPI-M) (Germany) 0.5 degrees latitude × 0.5 
degrees longitude

MPI-ESM1-LR 1.9 degrees latitude × 1.9 
degrees longitude

MRI-ESM2-0 Meteorological Research Institute (MRI) (Japan) 1 degree latitude × 1 
degree longitude

NorESM2-LM Norwegian Climate Prediction Model (NorCPM) and 
Norwegian Earth System Model (NorESM) (Norway)

1.875 degrees latitude 
× 2.5 degrees longitude

NorESM2-MM 1 degree latitude × 1 
degree longitude
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Focusing on these two pathways strikes a balance between 
scientific comprehensiveness and practical relevance, espe-
cially for studies aimed at supporting adaptation and resil-
ience strategies under uncertainty.

For all three datasets, including the daily precipitation from 
CMIP6 historical simulations, CMIP6 future simulations, and 
NLDAS observations, the Climate Data Operators (CDO) tool was 
used to remap the data to a uniform spatial resolution of 1° latitude 
by 1° longitude. CDO is an open-source, command-line software 
suite offering a wide range of functions, including file format con-
version, data extraction, arithmetic operations, statistical compu-
tations, and basic visualisation (Schulzweida 2022). Using CDO, 
all precipitation datasets were standardised to the 1° × 1° grid res-
olution, enabling consistent spatial analysis across data sources. 
The resulting datasets include historical GCM simulations for 
1981–2010, corresponding NLDAS data, future projections for 
2026–2055 and 2056–2085. Within the Florida Peninsula, this spa-
tial resolution yields 24 grid cells, which were further aggregated 
into three geographic subregions: North Florida, Central Florida, 
and South Florida, as illustrated in Figure 1.

2.2   |   Bias-Correction of Historical and Future 
Simulations From CMIP6 GCMs

To correct biases in the historical General Circulation Model 
(GCM) simulations, a quantile mapping technique was first 
applied. For each calendar month, the empirical cumulative 
distribution functions (CDFs) of the observed data and the GCM-
simulated data were constructed. Each simulated data point was 
then bias-corrected by matching its cumulative probability to 
that of the observed data and assigning the corresponding ob-
served value. Specifically, observed and simulated datasets were 
sorted independently for each month, and the quantile value of 
each simulated data point was mapped to the corresponding 
quantile of the observed dataset, that is, NLDAS dataset, as 
shown in Equation (1).

where F is the CDF of either the observations (o) or model 
(m) for historic training or current period (c), retrospective 
runs (r), or for future projection period (p). In this method, 
for a given rainfall amount xm–r, one first finds the percentile 
value of Fm−c

(

xm−r

)

 using model CDF and then calculate the 
adjusted rainfall amount using the observed CDF, F−1

o−c. Once 
this step is finished the bias corrected GCM CDF will match 
exactly that of the observed. This process adjusted not only the 
mean but also the variability and distributional characteristics 
of the GCM simulations to better align with observed clima-
tology, thereby improving the fidelity of the historical baseline 
against which future changes are assessed (e.g., Teutschbein 
and Seibert 2012).

Following the historical data bias correction, a subsequent ad-
justment was applied to the raw future GCM projections. For 
each future simulation value, retrospective historical simula-
tions within the same calendar month were used as a reference 
pool. As shown in Equation  (2), for a given future percentile 
value of the projected data, the difference between the raw 

and bias-corrected retrospective data at that point was calcu-
lated. This difference served as the correction factor and was 
subtracted from the future raw simulation to obtain the final 
bias-corrected future projection as shown in equation below (Li 
et  al.  2010). In short, for a p% future precipitation projection, 
xm−p, the adjustment (error) obtained from CDF matching be-
tween observation and GCM retrospective model run is used as 
an adjustment for that percentile (Asefa and Adams 2013).

Additionally, corrected values smaller than 0.1 mm were set to 
zero to maintain physical plausibility. This two-step procedure 
ensures that both historical and future GCM outputs are adjusted 
to reflect observed statistics more accurately, while preserving 
the internal variability and trends essential for impact analysis. 
Figure 2 displays different datasets and processes in deriving the 
bias-corrected simulations for future years.

2.3   |   Changes in Monthly and Annual 
Precipitation

The combination of outputs from the 18 GCMs is used to form 
a CMIP6 ensemble mean with equal weight to each GCMs. 
Ensemble averaging can also be obtained through GCMs 
weighting strategy based on certain performance criteria of 
individual models (Asefa and Adams  2013). But here it was 
left to be a simple arithmetic mean. The ensemble mean is 
treated as a separate model output in the evaluation described 
below. Therefore, there are, in total, 19 models used in results 
evaluation.

To evaluate the potential changes in the long-term average of 
annual precipitation under future climate scenarios, historical 
daily rainfall data from 1981 to 2010 is used as the baseline refer-
ence period. Future precipitation projections are derived from 18 
General Circulation Models (GCMs) participating in CMIP6 for 
two distinct future periods: 2026–2055 and 2056–2085, under the 
two Shared Socioeconomic Pathways (SSPs). For each GCM and 
scenario, the average annual precipitation is calculated over the 
respective 30-year periods. The relative change in long-term aver-
age annual precipitation is then assessed by comparing the future 
projections to the historical baseline using Equation (3).

where ΔPi,s,t is change in mean annual precipitation for GCM i, 
scenario s, and time period t; Pi,s,t is the mean annual precipitation 
for GCM i, scenario s, and time period t; Phist is the mean annual 
precipitation over the historical baseline period (1981–2010). There 
are two time periods, namely 2040s (t = 1) and 2070s (t = 2).

In addition to annual mean trends, long-term changes in 
monthly climatology are assessed to capture seasonal shifts in 
precipitation patterns under future climate scenarios. To further 
investigate changes in precipitation variability, the coefficient of 
variation (CV) of monthly rainfall is calculated for each period 
and scenario. The historical CVs (1981–2010) are then compared 
with those from the future periods (2026–2055 and 2056–2085) 
under SSP2-4.5 and SSP3-7.0.

(1)xm−r.adjst = F−1
o−c

(

Fm−c

(

xm−r

) )

(2)

xm−p.adjst = xm−p+F
−1
o−c

(

Fm−p

(

xm−p

) )

− F−1
m−c

(

Fm−p

(

xm−p

) )

(3)ΔPi,s,t = Pi,s,t − Phist
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FIGURE 1    |    Spatial layout of 1° × 1° grid boxes across the Florida Peninsula, labelled with grid IDs and grouped into North (1–12), Central (13–19), 
and South Florida (20–24). County boundaries are shown for reference. [Colour figure can be viewed at wileyonlinelibrary.com]
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2.4   |   Drought Indicator and Rainy Season 
Characteristics

To assess potential drought conditions triggered by pro-
longed rainfall deficits, this study employs the 12-month 
rolling cumulative rainfall deficit (RCD-rainfall) indica-
tor. This metric, though not universally adopted, is used 
by regional water supply agencies in the Florida Peninsula 
to support  water  shortage assessments and planning. The 
RCD-rainfall indicator quantifies the cumulative deviation 
of monthly precipitation from its corresponding long-term 
monthly climatological mean, thereby capturing seasonally 
adjusted deficits.

Here, water shortage is defined in a supply-side sense using the 
precipitation-based RCD metric, representing cumulative defi-
cits in rainfall inputs that can reduce hydrologic replenishment 
and constrain surface-water availability. Because RCD does not 
account for temperature-driven evaporative demand, the results 
should be interpreted as changes in precipitation-deficit hazard 
rather than a complete assessment of drought risk or total water-
stress conditions under warming.

The RCD-rainfall for a given month t is computed as the sum 
of rainfall anomalies over the preceding 12 months, with each 
anomaly calculated relative to its respective calendar month's 
climatological average, as shown in Equation (4) below:

where RCDt is the 12-month rolling rainfall deficit at month t; Pk 
is the observed or simulated precipitation in month k; Pclim,mk

 is 
the monthly climatological mean for the month mk correspond-
ing to time k, calculated over the corresponding 30-year period 
of interest. Note that the summation spans the 12 months ending 
in the month t.

To evaluate the frequency of potentially critical drought con-
ditions, the percentage of months in which the RCD-rainfall 
indicator falls below a specified threshold θ (e.g., −127 mm or 
5 in.) is calculated as shown in Equation (5). In this study, θ is 
set to −127 mm (−5 in), consistent with a cumulative rainfall-
deficit trigger used by local water-supply agencies in the Florida 
Peninsula for shortage awareness and planning. This value is 
not intended as a universal standard; when applying the frame-
work elsewhere, θ should be defined based on local operational 
drought triggers/planning criteria

where T is the total number of months in the 30-year period 
(i.e., 360); N is the number of months for which the RCD can 
be calculated and is 11 less than T as the first 11 months lack a 
complete 12-month window; I( ⋅ ) is the indicator function equal 
to 1 if the condition is true and 0 otherwise. The RCD effectively 
represents the drought as it relates to climatic drivers (in this 
case only rainfall is considered).

This percentage is computed, for each grid box, for the his-
torical baseline period (1981–2010) and for the future periods 

(4)RCDt =

t
∑

k= t − 11

(

Pk − Pclim,mk

)

(5)PctRCD<𝜃 =
1

N

T
∑

t = 12

I
(

RCDt < 𝜃
)

× 100%

FIGURE 2    |    Workflow for bias-correcting GCM precipitation using NLDAS data, covering historical (1981–2010) and future periods (2040s and 
2070s). All data are remapped to 1° × 1° resolution before bias correction. [Colour figure can be viewed at wileyonlinelibrary.com]
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(2026–2055 and 2056–2085), across multiple General Circulation 
Models (GCMs) and two SSP scenarios (SSP2-4.5 and SSP3-7.0). 
The comparison across periods enables an assessment of how 
the frequency of extended rainfall deficits may evolve under 
changing climatic conditions.

A distinguishing feature of the evaluation is that the drought/
shortage proxy is formulated to be explicitly seasonality-
adjusted. Because the climatological mean differs substantially 
by calendar month in highly seasonal regimes, the RCD met-
ric accumulates monthly anomalies relative to each month's 
climatology (rather than accumulating raw departures from an 
annual mean). This preserves the physical meaning of “deficit 
persistence” across wet and dry seasons and avoids conflating 
normal dry-season conditions with drought.

Another important characteristic of rainfall in the Florida 
Peninsula is the behavior of the rainy season, as regional water 
supply agencies rely on wet-season precipitation to replenish 
within-year reservoir fillings and uses (during the dry months). 
Potential changes in key rainy season attributes, such as onset 
and demise dates, total rainfall accumulation, and interannual 
variability, could significantly affect water availability and the 
operational reliability of water supply systems. Although the 
summer months of June through September (JJAS) generally 
comprise the core of the rainy season, its exact onset and demise 
cannot be precisely defined by the beginning or end of calendar 
months due to substantial year-to-year variability. The method 
used to determine the onset and demise of the rainy season is 
omitted here for brevity; readers are referred to previous stud-
ies for methodological details (Misra and DiNapoli 2013; Misra 
et  al.  2018; Wang and Asefa  2024). In essence, the onset date 
of the summer season for a region of interest is defined as the 
date that reaches the minimum in the daily cumulative anomaly 
curve. The demise of the summer season is defined as the date 
that has the maximum in the daily cumulative anomaly curve. 
In this study, characteristics of the rainy season are first eval-
uated for the historical baseline period (1981–2010) and subse-
quently analyzed for future conditions using simulations from 
multiple GCMs under two Shared Socioeconomic Pathways 
(SSP2-4.5 and SSP3-7.0) across two 30-year projection windows: 
2026–2055 and 2056–2085.

3   |   Results and Discussion

Figure  3a shows the boxplots of estimated changes of annual 
precipitation at different grid boxes for the two future time pe-
riods, based on the SSP2-4.5 scenario. Figure 3b shows similar 
information based on the SSP3-7.0 scenario. Under SSP2-4.5, 
projected changes in annual precipitation across the Florida 
Peninsula exhibit a spatial gradient, with larger increases in 
northern regions and smaller or even negative changes in the 
south. Using simulations from 18 GCMs and their multi-model 
mean (19 models total), results show that for the near-future 
period (2026–2055), most grid boxes experience increases rang-
ing from approximately 2–9 in. annually, with mean changes 
generally higher in northern Florida (grid boxes 1–12) and ta-
pering southward. For the late-century period (2056–2085), 
this increasing trend persists and intensifies in many locations, 
particularly in northern and central Florida, while southern 

Florida (grid boxes 20–24) shows more modest gains or near-
zero changes. These results suggest a gradual wetting trend in 
the northern part of the state under a moderate emissions sce-
nario, which may provide potential benefits for water resource 
availability if effectively managed. Note that since most cli-
mate projections show an increase in temperature (not shown 
here), whether there is a net usable benefit of increased rainfall 
translates into surface water or groundwater depends on sev-
eral factors, including intra- and inter-annual distribution and 
hydrologic conditions. This requires verification through inte-
grated hydrologic modelling (Chang et  al.  2018), which is be-
yond the scope of the current study.

Under SSP3-7.0, projected changes in annual precipitation show 
a similar spatial pattern but with enhanced variability and more 
pronounced decreases in southern Florida. The near-future pe-
riod (2026–2055) shows moderate increases (2–7 in. annually) 
in the northern and central parts of the state, with more muted 
or negative changes appearing in the southern grid boxes. In 
the late-century projections (2056–2085), northern and central 
Florida maintain positive trends in annual precipitation, but 
grid box #23 shows a decrease of 1.5 in. at the 50th percentile for 
the 2070s. This divergent pattern indicates a heightened risk of 
long-term drying in southern Florida under a higher emissions 
scenario, which could intensify water scarcity challenges in a 
region already vulnerable to seasonal variability and saltwater 
intrusion.

Projected changes in monthly precipitation climatology, as de-
picted in Figure 4, reveal notable spatial and seasonal variability 
across the Florida Peninsula. Grid boxes #3 (north), #11 and #13 
(central), and #21 (south) are selected to represent distinct hy-
droclimatic regions. For northern Florida (grid #3), projections 
indicate consistent increases in monthly precipitation during 
the summer months (June–September), with changes reaching 
up to 1.5 in., especially by the late-century period (2056–2085). 
Central Florida (grids #11 and #13) shows more mixed patterns: 
while summer months generally exhibit modest decreases, sev-
eral months—particularly during spring and early winter—dis-
play slight increases or limited change. In contrast, southern 
Florida (grid #21) exhibits the highest month-to-month variabil-
ity, with alternating signals of both increases and decreases de-
pending on the month and time period. Overall, while summer 
wet-season intensification is evident in the north, more uncer-
tain and variable patterns emerge in the central and southern re-
gions, underscoring the importance of region-specific planning 
in adapting to future hydroclimatic shifts.

Under SSP3-7.0, as shown in Figure  5, projected changes in 
monthly precipitation climatology across Florida show similar 
seasonal structures to SSP2-4.5 but with amplified variability 
and a greater likelihood of monthly deficits, particularly in 
central and southern regions. In northern Florida (grid #3), 
most months show increased precipitation, especially during 
the summer wet season (June–September), with projected 
gains of up to 1.5 in. by the late-century period (2056–2085). 
However, the variability across models is slightly greater than 
under SSP2-4.5. Central Florida (grid boxes #11 and #13) ex-
hibits more mixed signals: grid #11 continues to show modest 
increases in many months, but grid #13 reveals pronounced 
reductions during the summer (June–August), with projected 
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FIGURE 3    |    Projected changes in annual precipitation across 24 grid boxes for the 2040s and 2070s under (a) SSP2-4.5 and (b) SSP3-7.0. Bars show 
model ranges; circles indicate multi-model ensemble means. The shaded area represents when values are negative, indicating drier futures. [Colour 
figure can be viewed at wileyonlinelibrary.com]
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declines approaching −1 in. per month by the late century. 
Southern Florida (grid #21) shows the most significant de-
clines, particularly in the early to mid-summer months, with 
several ensemble means dipping below zero. This drying sig-
nal, coupled with higher emissions and warming, could exac-
erbate hydrologic stress in an already climate-sensitive region. 
Overall, SSP3-7.0 projections suggest an elevated risk of re-
duced seasonal predictability and increasing month-to-month 
extremes, which could complicate reservoir management and 
water supply reliability across the state.

Southern Florida rainfall is strongly shaped by the seasonal 
migration of the convective rain belt and by circulation over 
the Gulf of Mexico–Caribbean–western Atlantic region. While 
this study does not explicitly diagnose circulation or moisture-
transport fields, the projected drying signal in southern Florida 
under SSP3-7.0 is consistent with mechanisms discussed in prior 
work. In particular, shifts in the position/strength of the North 
Atlantic Subtropical High (Bermuda High/NASH) can alter 
low-level flow, subsidence, and moisture convergence over the 
Southeast, influencing warm-season rainfall organisation (Li 
et al. 2011; Nieto Ferreira and Rickenbach 2020). More broadly, 
greenhouse warming is linked to a poleward expansion of the 
Hadley circulation and subtropical dry zones, which can in-
crease the frequency of subsidence-dominated regimes at sub-
tropical latitudes (Lu et al. 2007; Seidel et al. 2008; Schmidt and 

Grise 2017). Finally, wet-season rainfall over Florida is sensitive 
to SST patterns and moisture supply from the Intra-Americas 
Seas; changes in regional SST gradients can modulate moisture 
transport and convective activity (Wang et al. 2008; Misra and 
DiNapoli 2013; Misra et al. 2018).

Projected changes in the coefficient of variation (CV) of monthly 
precipitation reveal a clear tendency toward increased rainfall 
variability across the Florida Peninsula under both SSP2-4.5 
and SSP3-7.0 scenarios, as shown in Figure  6. Projected spa-
tial trends across the state are consistent with historical obser-
vations. During the historical baseline period (1981–2010), CV 
values are generally lower in northern Florida (grid boxes 1–12), 
with most values ranging between 0.55 and 0.70, reflecting rel-
atively stable month-to-month precipitation patterns. In con-
trast, central Florida (grid boxes 13–19) begins to show slightly 
higher CVs, while southern Florida (grid boxes 20–24) exhibits 
the highest baseline variability, with several CV values exceed-
ing 0.75. This spatial gradient indicates an inherent increase in 
monthly rainfall variability from north to south during the ref-
erence period.

In the future projection periods (2026–2055 and 2056–2085), 
both scenarios show consistent increases in CV across most 
grid boxes, but the magnitude and extent of change vary by re-
gion. Under SSP2-4.5, northern Florida experiences modest CV 

FIGURE 4    |    Monthly precipitation changes under SSP2-4.5 for four selected grid boxes. Black and blue bars show projections for the 2040s and 
2070s, respectively. Shaded areas represent when the values are negative, indicating potential drying. [Colour figure can be viewed at wileyonlineli-
brary.com]
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increases. Central Florida exhibits more noticeable increases, es-
pecially during the late-century period, while southern Florida 
shows the largest jumps, with several grid boxes exceeding 0.80 
in CV by the 2070s—indicating a substantially more erratic 
monthly rainfall regime. Under SSP3-7.0, this pattern is ampli-
fied: CV values rise more sharply across all regions, and grid 
boxes in southern Florida show the greatest divergence from 
baseline conditions. This intensified variability, particularly in 
the southern part of the state, signals heightened risks for water 
management, as extreme dry or wet months may occur more 
frequently even if mean annual precipitation increases. A pre-
vious study found that increased precipitation variability leads 
to a growing decoupling between total rainfall and its hydro-
logical utility. This divergence emerges from significant shifts 
in rainfall temporal structure that impact how effectively rain-
fall contributes to surface and subsurface water storage, crop 
water availability, and overall ecosystem functionality (Wang 
et al. 2026).

While intra- and interannual variability are important con-
siderations, it is often persistent deficits that exacerbate multi-
year shortages or surpluses—dynamics that critically influence 
both supply- and demand-side water management decisions. 
Given that most storage infrastructure in Florida functions on 
a within-year basis, assessing the consequence of persistent 
hydroclimatic regimes is essential. Figure  7 illustrates the 

evolution of the cumulative rainfall deficit (RCD) at grid box #13 
(central Florida) based on simulations from the ACCESS-CM2 
model under the SSP3-7.0 scenario. The plots compare three 
time periods: the historical baseline (1981–2010), near future 
(2026–2055), and far future (2056–2085). During the historical 
period, episodes of RCD falling below the critical threshold, 
which define management actions, are intermittent and rela-
tively moderate in duration and intensity. The total percentage 
of time the RCD was below the threshold during this period 
was 27.22%, indicating that extreme cumulative rainfall deficits 
were relatively infrequent.

In contrast, the projected future periods show a clear intensifica-
tion of rainfall deficits. From 2026 to 2055, the RCD falls below 
the threshold for 37.53% of the time, reflecting longer and more 
frequent drought events. This elevated frequency persists into the 
2056–2085 period, where the RCD remains below the threshold for 
35.53% of the months. These changes are not only evident in the 
increased duration of deficits but also in the depth of drought con-
ditions, with several periods in the far-future simulation showing 
sustained RCD values below −20 in. The progressive increase in 
both the frequency and magnitude of cumulative rainfall deficits 
underlines a growing risk of prolonged hydrologic droughts.

After aggregating the information across multiple GCMs, 
Figure  8a,b depict the projected percentage of time that the 

FIGURE 5    |    Monthly precipitation changes under SSP3-7.0 for four selected grid boxes. Black and blue bars show projections for the 2040s and 
2070s, respectively. Shaded areas represent when the values are negative, indicating potential drying. [Colour figure can be viewed at wileyonlineli-
brary.com]
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cumulative rainfall deficit (RCD) falls below a pre-defined 
drought threshold, which serves as a proxy for potential water 
shortage conditions across the 24 spatial grid boxes in the Florida 
Peninsula. Results are shown for the baseline period (1981–2010) 

and two future periods (2026–2055 and 2056–2085) using 18 
CMIP6 General Circulation Models (GCMs) and their ensemble 
mean (19 in total). Under SSP2-4.5 (Figure 8a), the baseline per-
centage of time below the threshold typically ranges between 

FIGURE 6    |    Coefficient of variation (CV) of monthly rainfall for baseline, 2040s, and 2070s across grid boxes under (a) SSP2-4.5 and (b) SSP3-7.0. 
Increased CV suggests rising rainfall variability, especially under SSP3-7.0. [Colour figure can be viewed at wileyonlinelibrary.com]
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26% and 32% across most grid boxes. However, future projec-
tions indicate a consistent upward shift in drought frequency. 
For many northern and central grid boxes (e.g., 1–19), the mean 
projected percentage of time under water shortage increases to 
34%–36% by mid-century and continues to rise slightly toward 
the late century. The increases are particularly prominent in 
northern Florida (grid boxes 1–12), where several models project 
values exceeding 36% by 2070s. In southern Florida (grid boxes 
20–24), baseline drought frequency is already relatively high, 
and future projections suggest even greater vulnerability, with 
some ensemble values nearing or surpassing 38% of months 
under deficit conditions.

Under the higher-emission SSP3-7.0 scenario (Figure  8b), the 
increase in projected water shortage frequency is more pro-
nounced across all regions. Northern Florida grid boxes show 
projected increases of 5–10 percentage points over baseline val-
ues, reaching up to 39%–40% of months by the 2070s. Central 
Florida grid boxes display similar trends, while southern Florida 
again emerges as a hotspot of drought vulnerability, with con-
sistently higher-than-average percentages in both mid- and 
late-century periods. The spread among models also increases 
under SSP3-7.0, suggesting heightened uncertainty and variabil-
ity in projected hydrologic stress. Overall, these results signal 
a robust trend toward more frequent and persistent drought-
like conditions across Florida, especially under higher emis-
sions scenarios, highlighting the importance of incorporating 
climate-informed indicators such as RCD into long-term water 
resource planning and drought preparedness strategies.

One limit associated with RCD is that it is based solely on precipi-
tation. In a warming climate, increases in atmospheric evaporative 
demand can amplify hydroclimatic stress even if rainfall remains 

unchanged, because higher temperature, net radiation, and va-
pour pressure deficit can increase potential evapotranspiration 
(PET) and shift the surface water balance toward greater losses. As 
a result, precipitation-only drought and seasonality metrics may 
underestimate changes in effective water availability and drought 
risk, particularly during warm-season periods when evaporative 
demand is highest and soil moisture depletion can be rapid.

Three to four months of rainfall provide about 50%–60% of Florida's 
annual total, making summer season shifts especially significant. 
Figure 9 presents projected changes in rainy season precipitation 
for three regions across the Florida Peninsula—northern, central, 
and southern Florida—under the SSP2-4.5 scenario. Each subplot 
displays individual model outputs from 18 CMIP6 GCMs and one 
ensemble mean (CMIP6-Ensemble), with boxplots representing 
the 30-year distributions for two future periods: 2026–2055 (black) 
and 2056–2085 (blue). The dashed horizontal line in each panel 
indicates the historical average (1981–2010) for comparison.

In northern Florida, most models project future rainy season 
totals that are comparable to or slightly above the historical av-
erage of approximately 26 in. While inter-model variability is 
evident, particularly in the 2040s, the ensemble mean remains 
close to historical levels in both future periods, suggesting mod-
est changes in average seasonal rainfall. Notably, a few models 
(e.g., MIROC6, GFDL-ESM4) show more pronounced increases 
in rainy season precipitation by the 2070s.

For central Florida, projected changes are more mixed. Several 
models predict a slight decrease in median rainy season precip-
itation, while others show minor increases. The ensemble aver-
age remains relatively stable across time periods, hovering near 
the historical reference (~30 in.). However, individual models 

FIGURE 7    |    Example of cumulative rainfall deficit (RCD) for grid #13 under SSP3-7.0. Shaded areas indicate drought periods when RCD falls 
below threshold during baseline and future periods. [Colour figure can be viewed at wileyonlinelibrary.com]
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like INM-CM5-0 and MRI-ESM2-0 suggest potentially drier 
conditions during the late century, indicating localized risks de-
spite overall ensemble stability.

In southern Florida, the historical rainy season rainfall is higher 
(~34 in.), and projections show a broader range of future out-
comes. While a few models indicate increased precipitation (e.g., 

FIGURE 8    |    Projected percentage of time RCD falls below the drought threshold across grid boxes for baseline, 2040s, and 2070s under (a) 
SSP2-4.5 and (b) SSP3-7.0. Future increases in drought frequency are evident. [Colour figure can be viewed at wileyonlinelibrary.com]
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MPI-ESM1-2-HR, MIROC6), others suggest noticeable reduc-
tions, especially in the 2040s. The ensemble mean remains gen-
erally consistent with the baseline, but the interquartile range 
slightly narrows by the 2070s, hinting at reduced interannual 
variability.

Figure 10 illustrates projected changes in rainy season precip-
itation across northern, central, and southern Florida under 
the SSP3-7.0 scenario. In northern Florida, projected changes 
exhibit considerable inter-model spread, with some GCMs sug-
gesting increased seasonal precipitation and others indicating 
declines. Despite this variability, the ensemble mean remains 
relatively close to the historical baseline (approximately 26 in.) 
in both future periods. Notably, more models tend to predict 
above-average rainfall by the late century (2070s), though the 
range remains broad, reflecting heightened uncertainty under 
the higher-emission scenario.

Central Florida shows a similar pattern of variability, with most 
models projecting precipitation totals near or slightly above the 
historical average (~30 in.). However, a few models (e.g., INM-
CM4-8, INM-CM5-0) indicate modest decreases in rainy season 
rainfall. The ensemble mean suggests stability across both fu-
ture periods, though the presence of models projecting wetter 
and drier futures signals the need for flexible water manage-
ment strategies.

In southern Florida, where the historical rainy season average is 
higher (~34 in.), the projected changes show somewhat greater 
consistency across models. Many GCMs suggest a slight in-
crease or stability in rainy season totals by mid-century, while 
late-century projections under SSP3-7.0 indicate potential in-
creases in precipitation for several models (e.g., MIROC6, MPI-
ESM1-2-HR). The ensemble mean remains nearly unchanged 
between the historical baseline and future periods, suggesting 
that while individual model responses vary, the average sea-
sonal rainfall may remain relatively robust in southern Florida 
under this scenario.

Overall, the SSP3-7.0 projections indicate that rainy season pre-
cipitation totals may remain broadly comparable to historical 
values across the Florida Peninsula, though model-level vari-
ability increases under this higher-emission scenario.

A comparison between the SSP2-4.5 and SSP3-7.0 scenarios re-
veals both commonalities and key differences in projected rainy 
season precipitation across the Florida Peninsula. Under both 
scenarios, the multi-model ensemble mean suggests relatively 
stable seasonal rainfall totals through mid- and late-century 
periods, with most deviations from the historical mean falling 
within a ±5 in. range. However, projections under SSP3-7.0 tend 
to show a wider inter-model spread, particularly in northern and 
central Florida, indicating greater uncertainty and the potential 

FIGURE 9    |    Projected precipitation during the summer rainy season across Northern, Central, and Southern Florida under the SSP2-4.5 scenario. 
The figure compares future projections for two 30-year periods—2040s (2026–2055, black bars) and 2070s (2056–2085, blue bars)—with the baseline 
historical period (1981–2010, dashed line). The dashed line indicates the historical average, while circle markers denote ensemble means for future 
projections. [Colour figure can be viewed at wileyonlinelibrary.com]
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for more pronounced changes under the higher-emission path-
way. In contrast, SSP2-4.5 projections appear more constrained, 
with a majority of models clustering closely around the histori-
cal baseline. Notably, southern Florida demonstrates relatively 
consistent projections across both scenarios, with the ensemble 
mean remaining nearly unchanged and several models even 
suggesting slight increases in seasonal rainfall. These results 
suggest that while the overall magnitude of rainy season pre-
cipitation may remain comparable to historical levels, higher-
emission scenarios such as SSP3-7.0 could introduce greater 
variability and risk, especially in the northern portions of the 
state. This underscores the importance of scenario-based plan-
ning to ensure resilient water supply systems across a range of 
possible future conditions.

Figure  11 presents the projected rainy season onset dates for 
Central Florida under two future time periods (2026–2055 
and 2056–2085) and two emission scenarios (SSP2-4.5 and 
SSP3-7.0), based on outputs from the 19 CMIP6 global climate 
models (GCMs). The top row displays scatter plots of annual 
onset dates from each GCM, colour-coded relative to the histori-
cal climatological mean onset date (151 day-of-year): early (more 
than 7 days earlier; blue), within a ±7-day window (grey), and 
late (more than 7 days later; orange). The SSP2-4.5 scenario is 
plotted with fully opaque markers, while SSP3-7.0 uses semi-
transparent markers to visually distinguish between scenarios. 
The bottom row shows the percentage distribution of these onset 
timing categories for each model.

Compared to the historical record, future projections reveal not 
only a tendency toward later onset dates, particularly under the 
high-emission SSP3-7.0 scenario and during the later period 
(2056–2085), but also a marked increase in interannual variabil-
ity. This is evident from the wider vertical spread of onset dates 
across most models, especially under SSP3-7.0. Additionally, 
the percentage distribution of onset timing categories shows a 
notable shift: the proportion of years with onsets falling within 
the ±7-day climatological window decreases substantially, while 
the proportion of late onsets increases. Early onsets remain 
relatively rare in most models and scenarios. These combined 
changes, toward later, more variable, and less climatologically 
consistent onset dates, highlight growing challenges for water 
resource management in Central Florida under future climate 
conditions. Results for Northern Florida and Southern Florida 
are similar, and these are provided in Figures S1 and S2.

The framework is transferable because it is defined in terms of 
generic diagnostics (mean, variability, persistence, and seasonal 
timing) rather than Florida-specific hydrologic infrastructure. 
For other regions, the same workflow can be implemented with 
locally appropriate choices of (i) the deficit accumulation win-
dow (e.g., 6–24 months depending on storage memory), (ii) the 
deficit threshold tied to local drought triggers or planning crite-
ria, and (iii) the definition of wet-season onset/demise suitable 
for the regional precipitation regime. The central conceptual 
message remains the same: annual precipitation statistics 
alone are insufficient to characterise climate stress on seasonal 

FIGURE 10    |    Projected precipitation during the summer rainy season across Northern, Central, and Southern Florida under the SSP3-7.0 sce-
nario. The figure compares future projections for two 30-year periods—2040s (2026–2055, black bars) and 2070s (2056–2085, blue bars)—with the 
baseline historical period (1981–2010, dashed line). The dashed line indicates the historical average, while circle markers denote ensemble means for 
future projections. [Colour figure can be viewed at wileyonlinelibrary.com]
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water-supply reliability, which is controlled by the interaction of 
variability, persistence of deficits, and wet-season timing.

4   |   Conclusion

This study assessed potential changes in precipitation char-
acteristics across the Florida Peninsula using simulations 
from 18 CMIP6 General Circulation Models (GCMs) and their 
ensemble mean under two Shared Socioeconomic Pathways 
(SSP2-4.5 and SSP3-7.0). This study aims to evaluate changes 
in annual totals and monthly climatology in future years, as 
well as potential changes in drought metric and rainy season 
characteristics. At the annual scale, modest increases in total 
precipitation are projected, particularly under SSP2-4.5, with 
stronger signals in northern Florida. However, these increases 
are accompanied by enhanced intra-annual variability, espe-
cially during early summer, as reflected in higher coefficients 
of variation. Such changes indicate a growing likelihood of 
rainfall intermittency and cumulative deficits despite little 
change in annual means. Results also indicate intensification 
of rainfall deficits in future years, which is consistent with dif-
ferent models, although the degree of intensification slightly 
varies.

Regional contrasts further shape the projected impacts. 
Northern Florida is projected to experience consistent increases 
in annual and rainy-season rainfall with relatively modest rises 
in variability. By contrast, southern Florida, despite its higher 
baseline rainfall, exhibits stronger drying tendencies, height-
ened variability, and greater vulnerability to early-season 

deficits under SSP3-7.0. Central Florida presents mixed out-
comes, reflecting considerable model spread. These differences 
highlight the inadequacy of uniform adaptation strategies and 
emphasize the need for region-specific planning. The RCD-
based drought metrics point to southern Florida as particularly 
at risk, with larger increases in the frequency of critical rainfall 
deficit months. Furthermore, rainy-season projections suggest 
later onset dates and greater interannual variability, especially 
under the high-emission scenario during the latter half of the 
century (2056–2085).

From a management perspective, these results highlight the 
need for adaptive, climate-informed, and region-specific 
strategies. Existing infrastructure and allocation frame-
works will be challenged by rising variability and more fre-
quent droughts, requiring reservoir operations, storage, and 
preparedness plans to explicitly address cumulative deficits 
and seasonal unpredictability. One limitation of this study 
is its exclusive focus on precipitation. Potential changes in 
temperature, sea-level rise, and salinity intrusion, among 
other factors, may pose additional challenges for local water-
resources management. Climate-resilient planning and man-
agement therefore require these drivers to be considered in 
an integrated  and strategic manner. While the overall diag-
nostic workflow is broadly applicable, several elements (e.g., 
drought/deficit thresholds, rainy-season definitions, and 
deficit accumulation windows) are region- and application-
specific. Application to other regions would therefore require 
locally appropriate re-definition and justification of these pa-
rameters, rather than direct transfer of the Florida-specific 
values used in this study.

FIGURE 11    |    Projected rainy season onset dates in Central Florida under two future periods (2026–2055 and 2056–2085) and two emission sce-
narios (SSP2-4.5 and SSP3-7.0) across 19 CMIP6 climate models. Top panels show rainy season onset dates by model, colour-coded as early (blue), 
within ±7 days of the historical mean (grey), or late (orange); transparency indicates scenario (opaque = SSP2-4.5, transparent = SSP3-7.0). Dashed 
line marks the historical mean onset (day 151.4). Bottom panels show the percentage of onset timing categories per model. Results highlight a shift 
toward later and more variable onset under higher emissions. [Colour figure can be viewed at wileyonlinelibrary.com]
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