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ABSTRACT: The Floridan Aquifer (FA), a source of freshwater to a large population in the southeastern United States,
is now threatened by depletion for a variety of reasons including climate variations and change. The hydroclimate varia-
tions in the region are dictated by high frequency variations including diurnal variability and extremes of precipitation. A
regional coupled ocean–atmosphere model (RCM) at 10-km grid spacing centered over the FA is used to downscale over a
30-yr period (1985–2014). The Community Earth System Model, version 2 (CESM2), historical simulation, which is part of
the Coupled Model Intercomparison Project phase 6 (CMIP6), is used as the lateral boundary forcing for the RCM. The
RCM simulates several mesoscale features in the domain that are verified with observations including tropical cy-
clones, extreme rainfall events, the daily rainfall distribution over the summer (wet) season, the daily variability of sur-
face temperature, the diurnal variability of precipitation, and the variations in the Loop Current in the neighboring
oceans. Additionally, the RCM demonstrates improvements in reducing the seasonal bias of some of the surface varia-
bles in the RCM simulation compared to the corresponding CESM2 integration. Furthermore, the RCM fills the criti-
cal gap of providing high temporal resolution data for potential climate applications that are in many instances
unavailable from the global climate simulations. This study clearly demonstrates the benefits of dynamic downscaling the cli-
mate over a region like FA, which are impacted by a variety of mesoscale features both in the atmosphere and in the ocean.

SIGNIFICANCE STATEMENT: This paper presents a 30-yr, high-resolution (10 km) dynamically downscaled simula-
tion using a regional coupled ocean–atmosphere model (RCM) centered over the Floridan Aquifer (FA), a key freshwa-
ter source for the southeastern United States. Forced by a global climate model, the simulation improves the
representation of mean climate and high-frequency variability over the FA. The RCM captures fine-scale climate features
such as daily and diurnal rainfall, surface temperature variability, and Gulf of Mexico Loop Current behavior}elements
not well resolved in the global model. These refinements demonstrate the value of dynamic downscaling for understand-
ing climate impacts on water resources. The findings offer a pathway for applying regional climate information in sectors
such as hydrology, agriculture, and water management under current and future climate scenarios.
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1. Introduction

The Floridan Aquifer (FA), which lies beneath all of Florida
and parts of Alabama, Georgia, and South Carolina, is one of
the world’s most productive aquifers, supplying drinking water
to over 10 million people (Marella and Berndt 2005). In fact, it
is reported that 92% of Florida’s population has its drinking
water withdrawn from the FA (Marella 2015). Besides its use
for drinking water, the water from the FA is also extensively
utilized in these states for irrigation and industrial use. There-
fore, the FA is identified as a critical resource of freshwater.
The surface water resources are a main source of recharge for
the underlying aquifer. Hence, potential changes or variations
in weather and climate patterns are likely to influence the

quantity and quality of water available to recharge and replen-
ish the water resources (Obeysekera et al. 2017).

Florida, the third most populous state in the country, boasts
a population exceeding 21 million (NOAA 2013). This number
is steadily growing at a rate of approximately 300 000 individu-
als per year, with a notable concentration in the coastal shore-
line counties. In addition, half of the 67 counties in Florida
border either the Gulf of Mexico or the Atlantic Ocean and
76% of Floridians reside in these coastal counties. It is evident
based on the data on water withdrawal that groundwater re-
sources play a significant role in providing approximately 63%
of Florida’s total water supply and 85% of its public water
(Marella and Dixon 2015). Despite Florida’s average annual
rainfall of 137 cm (or 54 in.), the extraction of fresh groundwa-
ter is nearing unsustainable levels in many parts of the state
[Florida Oceans and Coastal Council (FOCC 2010); Maliva et
al. 2021]. The overpumping of the aquifer on account of over
usage and demand for freshwater has resulted in the lowering
of the potentiometric surface, consequently increasing the like-
lihood of saltwater intrusion from the deeper saline zones
(Spechler 1994; Obeysekera et al. 2017). Furthermore, the
low-elevation, porous karstic bedrock, extensive coastlines of
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Florida, and upstream surface water diversions make Florida
extremely vulnerable to saltwater intrusion (McVoy et al. 2012;
Dessu et al. 2018; Charles et al. 2019). Therefore, there is a cer-
tain urgency to understand and mitigate some of these impacts
from understanding how climate variations and change over
the FA could potentially further exacerbate the freshwater re-
sources in the state.

Several studies have indicated that Florida’s climate and its
variations are somewhat unique to the continental United
States, given its subtropical location, peninsular geography, and
surrounded by relatively warm oceans with unique bathymetry
(Misra et al. 2017a,b). Florida’s hydroclimate is characterized
especially in the wet season (summer) by mesoscale events on
the order of 10–1000 km (Maxwell et al. 2012; Prat and Nelson
2013; Misra et al. 2017b; Shi and Misra 2020), which serves as a
challenge to some of contemporary coarse climate models
(Obeysekera et al. 2015). The challenge for simulating or pre-
dicting climate over the region is that variations in climate over
both the oceans and atmosphere are dictated by mesoscale fea-
tures that require a relatively high horizontal resolution of mod-
els compared to most of the current routinely run climate
models (Volosciuk et al. 2015; Hewitt et al. 2020). For instance,
landfalling tropical cyclones (TCs) and convective thunderstorms
associated with sea-breeze circulations are important contribu-
tors to the seasonal hydroclimate of the region. Similarly, Misra
et al. (2016) show that the seasonal variations in mesoscale sur-
face ocean currents like the Loop Current in the Gulf of Mexico
play an important role in the seasonal hydroclimate of Florida.
Likewise, the shallow bathymetry of the west Florida shelf also
plays a critical role in regulating the seasonal hydroclimate of
Florida (Misra et al. 2016). Majority of these features are not
permitted, let alone resolved in most of the current global cli-
mate models that are routinely run at ;120-km horizontal grid
spacing. Putrasahan et al. (2017) show that the mesoscale varia-
tions in the Loop Current system in the Gulf of Mexico is critical
for the air–sea interactions, especially in the case of warm core
eddies that periodically spin off the Loop Current. In such in-
stances, the oceanic forcing of the atmospheric fluxes is apparent
(Shay et al. 2000; Meunier et al. 2024). In fact, van der Ent and
Savenije (2013) and Chan and Misra (2010) identify the Atlantic
warm pool region of the Caribbean Sea, Gulf of Mexico, and
the subtropical western Atlantic Ocean as a major source of
moisture for terrestrial precipitation over southern and east-
ern United States.

In a comprehensive analysis of precipitation in observations,
atmospheric reanalyses, climate model simulations, and statisti-
cally downscaled models over Florida, Srivastava et al. (2020)
find that even reanalyses show large uncertainty, especially in
the summer. Similarly, they indicate that climate models also
show large uncertainty with even the seasonal cycle being mis-
represented in some of the models. These issues become far
more acute when precipitation extremes are examined in the
models (Srivastava et al. 2022; Rahimi et al. 2024). Srivastava
et al. (2022) suggest that the statistical models tend to perform
better than all the dynamical models and atmospheric reanalyses
because they are bias-corrected datasets. However, their perfor-
mance in projecting the precipitation extremes or variability in a
future warming climate could be limited (Chen and Zhang

2021). It should also be noted that many studies have recognized
the limitations of purely metric-based evaluation of precipitation
in model simulations as they ignore the physical processes that
drive precipitation, which could throw additional light on the
fidelity of the model (Alexander et al. 2020; Srivastava et al.
2022). For a region like Florida that displays significant rain-
bearing systems in the mesoscale (Rickenbach et al. 2015), it
becomes extremely difficult to statistically downscale from a
global model that does not account for them, or the observa-
tional records are not long enough in time to resolve these fea-
tures to develop robust statistics on them. This becomes more
of a challenge to project for such rain events in a future chang-
ing climate from statistical downscaling effort that hinges on
relationships used in the historical training period that may
not necessarily sustain in the projected climate (Lanzante et al.
2018).

In this study, we present the results of the comprehensive
evaluation of the first of its kind Coupled Model Intercompari-
son Project phase 6 (CMIP6)–forced high-resolution (10-km)
regional coupled ocean–atmosphere model (RCM) integration
of a 30-yr period centered over the FA, for the present-day cli-
mate of 1985–2014. The RCM integration analyzed in this study
is forced by the Community Earth System Model, version 2
(CESM2; Danabasoglu et al. 2020), a state-of-the-art fully cou-
pled global climate model. CESM2 was one of the participating
models in the CMIP6 (Eyring et al. 2016). The analysis of this
30-yr downscaled data presented in the paper includes an ex-
tensive validation of both atmospheric and oceanic variables
from the RCM with observations and reanalysis. Furthermore,
we also compare the model simulations of the global and re-
gional model integrations to highlight the differences and the
potential value of dynamical downscaling. In the following sec-
tion, the model description and its setup are detailed followed
by a discussion of the verification data used in the study. The
results are discussed in section 4, and conclusions are given in
section 5.

2. Model description and setup

We choose to dynamically downscale the CESM2 for the do-
main shown in Fig. 1. The atmospheric component of CESM2
is the Community Atmosphere Model, version 6 (CAM6;
Bogenschutz et al. 2018), which uses a nominal 18 horizontal
resolution (1.258 longitude 3 0.958 latitude) with 32 vertical
levels and a model top of 3.6 hPa (;40 km). The ocean
model in CESM2 is the Parallel Ocean Program, version 2
(POP2; Smith et al. 2010; Danabasoglu et al. 2012), with a
nominal 18 horizontal resolution with enhanced resolution
near the equator and 60 vertical levels. CESM2 also uses
a Community Land Model, version 5 (CLM5; Lawrence
et al. 2019), and Community Ice Code, version 5 (CICE5;
Hunke et al. 2015). CESM2 represents a progression in the
community-wide development of the numerical climate
model and is a good representation of the current state of
the art in Earth system modeling (Simpson et al. 2020). A
comprehensive review of the performance of the CESM2
has been conducted in several studies, which generally con-
clude that its fidelity ranks within the top 10% of other
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global climate models in the CMIP6 repository (e.g., Simpson
et al. 2020; Meehl et al. 2020; Capotondi et al. 2020). For exam-
ple, Simpson et al. (2020) indicate that large-scale atmospheric
circulation in the Northern Hemisphere associated with jet
streams, storm tracks, stationary waves, divergent circulation,
and annular modes like the NAO has shown improvement in
CESM2 compared to its previous generation and other
CMIP6 models. Similarly, Capotondi et al. (2020) suggest that
CESM2 displays ENSOs with realistic time scale, temporal
evolution, and its teleconnections are also reasonably well rep-
resented including its pattern and seasonality.

The historical run (1850–2014) of CESM2 followed the pro-
tocols of CMIP6, as detailed in Eyring et al. (2016). The histori-
cal run of CESM2 with prescribed monthly evolving global
concentrations of greenhouse gases, volcanic aerosols, and solar
variability forcing (Simpson et al. 2023) is downscaled in this
study. The RCM used in this study is the regional spectral
model (RSM) coupled to the Regional Ocean Modeling System
(ROMS; RSM–ROMS). This model has been widely adopted
for conducting regional climate studies (e.g., Li et al. 2012,
2014; Ham et al. 2012; Misra et al. 2018; Jayasankar et al. 2023)
and has been specifically adopted for regional climate studies of
Florida (Misra and Mishra 2016; Misra et al. 2016, 2019).

In this study, we have centered the RSM–ROMS domain on
the FA (Fig. 1b) with sufficient distance from the lateral bound-
aries in the zonal and meridional directions to avoid contamina-
tion from relaxation to the prescribed large-scale forcing at the
lateral boundaries as is routinely done in RCMs (Davies 1976).
For this study, RSM–ROMS is configured at 10-km grid spacing
that is identical in its discretization in both RSM and ROMS.
As a result, the fields are exchanged directly between these
component models at intervals of 1 h (5coupling interval) with-
out the use of any flux coupler. The size of the regional domain
is 240 grid points in the zonal and 261 grid points in the meridi-
onal direction (Fig. 1b). The first evidence of the value of down-
scaling is apparent from Fig. 1, which shows a comparison of
the bathymetry and topography between the global model
(CESM2) and RSM–ROMS. The broad continental shelf along

the Gulf Coast of United States is poorly resolved in CESM2.
Furthermore, the coastlines are crude, and the topography of the
Appalachians is shallow and broad in CESM2. RSM–ROMS at
10-km grid spacing significantly improves all these features,
which will have an impact on its simulation as elaborated later
in this study.

RSM, the atmospheric component model of the RCM, fol-
lows originally from Juang and Kanamitsu (1994). The RSM has
a spectral core to solve the primitive equations that predicts the
total field of winds, temperature, natural log of surface pressure,
specific humidity, and cloud liquid water. The RSM separates
each of its prognostic field as the linear sum of the time ten-
dency of the base field representing the large-scale forcing
and the time tendency of a perturbation field that is obtained as
the difference between the RSM prediction and global model/
reanalysis forcing. The RSM imposes a wall boundary condition
or no slip condition to the perturbation tendency components
of the wind field where the boundaries are treated as rigid walls
following Tatsumi (1986). Additionally, RSM also uses a
spectral damping scheme to ameliorate the systematic errors
of RSM or its tendency to drift away from the large-scale forc-
ing (Kanamaru and Kanamitsu 2007). This spectral damping
scheme also allows for larger than commonly adopted nesting
ratios. The RSM uses a semi-implicit time integration scheme,
and for this study, we used a time step of 30 s. It has 28 terrain
following sigma levels with the top of the atmosphere ;2 hPa.
The atmospheric physics package used in RSM for this study
is outlined in Table 1.

The datasets of soil type, vegetation type, and vegetation
fraction are interpolated and made consistent with the land–
ocean mask interpolated to the RSM grid from the Global
30 Arc-Second Elevation (Danielson and Gesch 2011).

ROMS, the oceanic component model of the RCM, is a free
surface and terrain following the primitive equation model
(Haidvogel et al. 2000; Shchepetkin and McWilliams 2005).
This model incorporates 30 vertical stretched terrain levels,
with a focus on enhancing resolution in the upper ;500 m of
the ocean. The horizontal grid employed in the ROMS follows

FIG. 1. The bathymetry (negative height) and topography (positive height in meters) from (a) CESM2 historical run
and (b) RSM–ROMS at 10-km grid spacing with the outline of the FA overlaid in a red contour.
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the staggered Arakawa C grid configuration. Various parame-
terizations are integrated into the ROMS, which include local
closure schemes based on the level 2.5 turbulent kinetic energy
equations (Mellor and Yamada 1982), a boundary layer formu-
lation rooted in the nonlocal closure scheme (Large et al. 1994),
second-order biharmonic horizontal diffusion (Ezer et al.
2002), and a generic length scale parameterization (Umlauf
and Burchard 2003). In this study, a time step of 300 s is uti-
lized for the ROMS, ensuring precise and detailed simulations
of oceanic processes. The ocean bathymetry used in the ROMS
is from 2-min gridded global relief data from NOAA National
Geophysical Data Center (2006). The orography over land and
the bathymetry in the ocean for the RSM–ROMS domain and
resolution used in the study with notable features labeled are
shown in Fig. 1.

The initial and lateral boundary conditions of the atmo-
sphere and the ocean are supplied to RSM–ROMS from the

CESM2 historical run. The initial and boundary conditions
are interpolated to the RSM–ROMS grid. The lateral bound-
ary conditions of RSM are provided at intervals of 6 h from
CAM6 of the CESM2 historical run. The ocean lateral bound-
ary conditions are provided from POP2 to ROMS at monthly
interval. The RSM–ROMS is integrated from 1 January 1985
through 31 December 2014.

3. Verification data

As stated earlier, the verification of the RSM–ROMS simu-
lation of the current climate is one of the objectives of this
study. Therefore, the verification data used in the study are
outlined in Table 2.

It may be noted that in comparing the model simulation to
the observations, we linearly interpolated the model simula-
tions to the observed grid when computing the differences be-
tween them. Otherwise, the fields were plotted on their original
grids. Furthermore, the analysis of the CESM2 historical run is
for the overlapping period of 1985–2014 of the RSM–ROMS
integration.

The satellite-based rainfall analysis used in this study is also
used to validate the diurnal variations of precipitation from the
model. This NASA IMERG product used in this study has been
validated at the diurnal scales, which indicate that its fidelity is
comparable to the available in situ observations in the southeast-
ern United States (Tan et al. 2019). Furthermore, the CESM2
historical simulations of CMIP6 failed to provide their model
output at subdaily intervals to evaluate its diurnal variations. In

TABLE 1. Outline of the atmospheric physics in RSM.

Physical parameterization Reference

Land surface Ek et al. (2003)
Boundary layer Hong and Pan (1996)
Deep convection Kain and Fritsch (1993)

and Kain (2004)
Shallow convection Tiedtke (1983)
Shortwave radiation Chou and Lee (1996)
Longwave radiation Chou and Suarez (1994)
Gravity wave drag Alpert et al. (1988)
Clouds (explicit) Zhao and Carr (1997)

TABLE 2. Verification datasets used in the study.

Variable Source Purpose
Temporal
resolution Spatial resolution

Period used in
the study

SST OISSTv2 (Reynolds
et al. 2007)

Verification of seasonal
mean SST and rainfall–
SST relationship

Daily 0.258 3 0.258 1985–2014

Depth of the 208C
isotherm in the ocean

SODA reanalysis
(Carton and Giese 2008)

Verification of the depth of
the seasonal mean 208C

Monthly 0.58 3 0.58 1985–2010

Surface ocean currents HYCOM-GOFS3.1
reanalysis (HYCOM

2024)

Verification of surface
currents and mixed layer
depth

Monthly 1/128 with 0.088 3
0.088 between 408S

and 408N

1994–2015

Sea surface height AVISO (https://www.
aviso.altimetry.fr/en/

home.html)

Verification of GEKE Monthly 1/88 1993–2022

Upper-air variables ERA5 (Hersbach et al.
2019)

Verification of seasonal
mean 850-hPa winds,
precipitable water

Monthly 0.258 3 0.258 1985–2014

Rainfall IMERG v7 (Huffman
et al. 2023, 2024)

Verification of seasonalmean,
interannual, daily, and
diurnal variations in rainfall

Half
hourly

0.18 3 0.18 2001–23

Land surface
temperature

CPC Global Unified
Temperature (CPC 2024)

Verification of seasonal
mean, interannual, and
daily variations in
surface temperature

Daily 0.258 3 0.258 1985–2014

TC fixes NHC “best track”
hurricane database

(HURDAT2; Landsea
and Franklin 2013)

Verification of TC genesis
and tracks

6 hourly 1985–2014
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addition, the variables available at daily interval from the
CESM2 integration are also limited. These limitations also
highlight the benefit of dynamic downscaling since we can
customize to provide higher temporal resolution data in the
absence of such data from the driving global model in addi-
tion to the higher spatial resolution from the RCM.

4. Results

a. Climatology

PRECIPITATION AND SURFACE TEMPERATURE

The seasonal climatology of observed precipitation is shown
in Figs. 2a–d, and the corresponding systematic errors from
CESM2 are shown in Figs. 2e–h and from RSM–ROMS in
Figs. 2i–l. The seasonal climatological precipitation from CESM2
and RSM–ROMS is shown in Fig. S1 in the online supplemental
material. The seasonal variation in the precipitation over the FA
is the most significant in the regional domain, with the annual
minimum in the winter of DJF (Fig. 2a) and annual peak in the
summer of JJA (Fig. 2c). This seasonal variation in precipitation
is comparatively weak in CESM2 (Figs. S1a–d), while the
observed seasonal precipitation seasonal cycle is mostly re-
stored in RSM–ROMS (Figs. S1e–h). The dry bias over the FA
in the summer in CESM2 (Fig. 2g) is significantly reduced in
RSM–ROMS (Fig. 2k). In the other three seasons of the
year, the wet bias over the FA is slightly more severe in
RSM–ROMS compared to CESM2 (Fig. 2 and Fig. S1). The
wet and dry bias in the surrounding oceans in DJF and JJA
appears to be more severe in RSM–ROMS in Figs. 2i and 2k
compared to CESM2 in Figs. 2e and 2g, respectively. It may
be noted that the systematic errors of the seasonal precipita-
tion in both CESM2 and RSM–ROMS in Fig. 2 and Figs. S1i–l
are considerably reduced in comparison with Bhardwaj and
Misra (2019; cf. Fig. 3; especially, the severe dry bias over pen-
insular Florida in the summer season). The comparison here is
relevant because Bhardwaj and Misra (2019) downscaled
CCSM4 (a previous generation of CESM2) with a slightly dif-
ferent version of RSM–ROMS (using a different cumulus pa-
rameterization scheme) run at 10-km grid spacing albeit, on a
much smaller domain than the current study.

The seasonal cycle of the hydroclimate of Florida is closely
tied to the seasonal cycle of the Loop Current and the evolution
of the SST in the neighboring oceans (Misra and Mishra 2016;
Misra et al. 2017b). In fact, it is shown that changes in the SST,
especially over the west Florida shelf, have a significant impact
on the hydroclimate of Florida (Misra and Bhardwaj 2021).
The study indicates that the SSTs in the west Florida shelf af-
fect the moisture flux convergence, which, in turn, impacts the
precipitation over peninsular Florida in the JJA season.

It is interesting to note that both in the observations and in
the RSM–ROMS simulation, the predominant north-to-south
gradient of precipitation over the FA over most of the seasons
is dominated by the east-to-west gradient between the coasts of
peninsular Florida in the summer. This is typical of the summer
season, where the southwesterly moisture flux of the Bermuda
high dominates and feeds the persistent diurnal variability of

sea-breeze thunderstorms in southwestern Florida (Bastola and
Misra 2013; Misra and Bhardwaj 2022).

The seasonal cycle of the surface temperature over land
(2-m air temperature) and the ocean (bulk SST) also shows
a robust seasonal cycle with DJF being the coldest and JJA
being the warmest (Figs. 3a–d). This is captured both in
CESM2 (Figs. S2a–d) and in RSM–ROMS (Figs. S2e–h).
Nonetheless, the CESM2 shows a warm bias over both land
and the oceans, especially the coastal oceans of CESM2 around
the FA (Figs. 3e–h). This bias is significantly ameliorated in
RSM–ROMS (Figs. 3i–l). However, the cold bias along the
coastal oceans in RSM–ROMS is more severe than in the rest
of the domain (Figs. S2i–l). In the case of CESM2, the coastal
bathymetry is poorly resolved, especially of the west Florida
shelf compared to RSM–ROMS, which leads to significant
issues in resolving or permitting the Loop Current and their
eddies in the historical run of CESM2 (Misra et al. 2019).
Furthermore, the SST in the coastal oceans of CESM2 is not
well defined and, as a result, depicted by “white spaces” in the
differences with the observed SST in Figs. 3e–h. It may be noted
that the verification data for SST are at 0.258 grid resolution,
which is ;2.5 times coarser in resolution than RSM–ROMS.
Additionally, the Gulf of Mexico region, especially the west
Florida shelf region, is not a well-observed region of the
global oceans (Muller-Karger et al. 2015; Weisberg et al.
2016). As a result, the SST analysis is dependent on satellite
estimates over the region, which is often covered by low-
level clouds (Wang and Enfield 2001; Misra and DiNapoli
2013; Misra and Bhardwaj 2022), which raises the uncer-
tainty of their retrievals. In comparison with Bhardwaj and
Misra (2019), the SST simulations of the current study over
the west Florida shelf and along the Atlantic coast of Florida
show considerable improvement in both CESM2 and RSM–

ROMS. For instance, the cold bias along the Atlantic coast
and the western edge of the west Florida shelf and the warm
bias over the west Florida shelf in RSM–ROMS in Bhardwaj
and Misra (2019; cf. Fig. 2) are reduced, especially in the fall
and winter seasons. Likewise, CESM2 also shows similar im-
provements over CCSM4.

The seasonal climatology of SST and surface air temperature
reveals several mesoscale features in RSM–ROMS (Fig. 3 and
Fig. S2), which verifies with the corresponding observations.
For instance, the relatively cooler temperatures over the
Appalachian Mountains across all seasons align more natu-
rally along the orography in RSM–ROMS like the observa-
tions. Similarly, the SST gradients in the Gulf of Mexico
aligned with the Loop Current circulation in the observations
(Figs. 3a–d) are also evident in the RSM–ROMS simulation
(Figs. S2e–h).

Similarly, the seasonal cycle of the precipitable water fol-
lows a similar cycle as precipitation with the moisture content
in the atmospheric column over the FA being the lowest in
DJF and highest in JJA (Figs. S3a–d). Furthermore, the north-
to-south gradient of the precipitable water over the FA is like
the precipitation and surface temperature gradients with it be-
ing weakest during the summer. In addition, the gradients of
precipitable water surrounding the Appalachian Mountains
across all the seasons are nicely captured in the RSM–ROMS
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FIG. 2. The seasonal climatology of rainfall (mm day21) from (a)–(d) observations (IMERGv7) and the corresponding system-
atic errors (mm day21) from (e)–(h) CESM2 and (i)–(l) RSM–ROMS for (a),(e),(i) DJF, (b),(f),(j) MAM, (c),(g),(k) JJA, and
(d),(h),(l) SON seasons. Only significant values at 5% significance level according to the t test are shaded for the differences. The
outline of the FA is overlaid in a thick black contour.
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FIG. 3. The seasonal climatology of surface temperature (8C) from (a)–(d) observations [OISSTv2 bulk SST and CPC SAT
over land], and corresponding systematic errors from (e)–(h) CESM2, and (i)–(l) RSM–ROMS for (a),(e),(i) DJF,
(b),(f),(j) MAM, (c),(g),(k) JJA, and (d),(h),(l) SON seasons. Only significant values at 5% significance level according
to the t test are shaded for the differences. The outline of the FA is overlaid in a thick black contour.
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simulation, especially during the spring and fall seasons of
MAM and SON, respectively. Once again, we note that the
seasonal bias of precipitable water over the FA is reduced in
RSM–ROMS compared to CESM2 except in the summer
when the former exhibits a severe dry bias (Fig. S4).

An objective comparison of these variables using the
Taylor diagram (Fig. 4) indicates that RSM–ROMS is supe-
rior to CESM2 as an aggregate over the FA in terms of the
seasonal climate of precipitation, surface temperature, and
precipitable water across most seasons. For example, the pat-
tern correlations of precipitation and surface temperature are
higher in RSM–ROMS than CESM2 in all seasons except in
the spring season. Similarly, the standardized variance is closer to
the unit circle in the case of RSM–ROMS for all three variables
with exceptions of precipitation in the fall and precipitable water
in the summer when CESM2 is closer to the unit circle. It is

important to note here that in the overall evaluation of an RCM,
even a comparable skill of the large scale as the driving global
model is considered a benefit if the permitted or resolved (meso-
scale) details are exhibited with better skill (Staniforth 1997;
Laprise et al. 2008; Davies 2014). In this case, RSM–ROMS
shows some significant reduction in the seasonal bias of these
variables over the FA while developing mesoscale gradients
that verify with observations (Figs. S1, S2, and S4).

The seasonal climatology of the mixed layer depth overlaid
with corresponding surface ocean currents is shown in Fig. 5.
The surface ocean Loop Current is apparent from the ocean
reanalysis in Figs. 5a–d, which also constitutes the upper
branch of the Atlantic meridional overturning circulation
(AMOC) transporting warm water from the Caribbean Sea
into the Gulf of Mexico through the Yucatan Channel. This is
simulated in both the model simulations (Figs. 3e–l). However,

FIG. 4. Standardized Taylor diagram for (a) DJF, (b) MAM, (c) JJA, and (d) SON seasonal mean from
RSM–ROMS and CESM2 simulations for precipitation (pr), precipitable water (pwat), and surface temperature
(ts) over the FA. The blue and red squares represent RSM–ROMS and CESM2, respectively. The ratios indicated in
(c) are out of range on display and show the ratio of the standard variances to correlation coefficients.
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the tilt and the northward intrusion of the Loop Current into
the Gulf of Mexico is more prominent in the RSM–ROMS sim-
ulation, while these features are largely absent in the CESM2
simulation. Some studies point out that the seasonality of the
Loop Current is poorly simulated in the global models because
of the inadequate resolution (Liu et al. 2015; Misra et al. 2016).

In fact, it is suggested that a grid resolution of 20 km or less is
required for permitting Loop Current and their eddies in the
model simulations (Hurlburt and Thompson 1980; Chérubin
et al. 2005). The seasonality of the mixed layer is prominent
with it being deepest in the winter and shallowest in the sum-
mer (Figs. 5a–d). This is largely simulated in both models,

FIG. 5. The seasonal climatology of surface ocean currents (m s21) and mixed layer depth (m; shaded) from (a)–(d) observations
(HYCOM-GOFS3.1 reanalysis), (e)–(h) CESM2, and (i)–(l) RSM–ROMS for (a),(e),(i) DJF, (b),(f),(j) MAM, (c),(g),(k) JJA, and
(d),(h),(l) SON seasons.
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although there are important subtle differences from observa-
tions as well as between the models. For instance, the mixed
layer depth around the Loop Current in CESM2 exhibits a
shallow bias that is ameliorated in RSM–ROMS. On the other
hand, RSM–ROMS exacerbates the shallow bias of the mixed
layer depth compared to CESM2 in the fall season from a slower
seasonal recovery from the preceding summer compared to re-
analysis or CESM2.

b. High-frequency variability

We examined the distribution of daily rainfall by fitting a
gamma distribution to the rainy days in JJA (see ST1 in the
supplemental section for the description of the methodology).
Gamma distribution is widely used to fit the distribution of
the daily rainfall given its versatility in accommodating a vari-
ety of shapes (Wilks 2006; Becker et al. 2009; Shi and Misra
2020). The two critical parameters of the gamma distribution
are the shape and scale parameters, the product of which pro-
duces the mean daily rainfall. The shape parameter determines
the skewness of the distribution. However, with the shape pa-
rameter being,1 in Figs. 6a–c, it suggests a highly skewed dis-
tribution in observations and the model simulations, which
implies many low rainfall days interspersed with moderate to
heavy rain events characterizes the summer season over the
domain. In fact, the shape parameter being ,1 even suggests
that the distribution is exponential. The observations in Fig. 6a
show a shape parameter that is more uniform across the FA

and outside of FA, over a large terrestrial part of the domain.
CESM2 in Fig. 6b shows a comparable distribution of the
shape parameter although it overestimates it across the FA
and most of the other terrestrial regions of the domain, which
suggests that its daily distribution of rainfall is less exponential
than observations. In other words, the CESM2 shape parame-
ter of daily rainfall in Fig. 6b is already suggesting a lesser fre-
quency of moderate to heavy rainfall events. On the other
hand, RSM–ROMS shows a much-improved shape parameter
in Fig. 6c compared to CESM2 in Fig. 6b. However, the shape
parameter is slightly overestimated over the western Atlantic
Ocean in RSM–ROMS but is yet an improvement over CESM2.
Impressively, the RSM–ROMS simulation has a comparable
JJA daily rainfall distribution along the coastal oceans of the FA
as observations.

The scale parameter, which determines the typical rainfall
amount per rain event, shows that the FA and the surrounding
oceans in JJA exhibit large values in the observations (Fig. 6d).
In contrast, CESM2 grossly underestimates the scale parameter
across the domain (Fig. 6e). In comparison, RSM–ROMS shows
comparable values of the scale parameter over the FA and the
surrounding oceans compared to the observations (Fig. 6f).
However, RSM–ROMS overestimates the scale parameter over
the Appalachians and east of it while severely underestimating
over the Gulf of Mexico, south of Louisiana. It may be noted
that Berner et al. (2012) indicate that increasing model resolu-
tions alone may not be necessarily beneficial in improving

FIG. 6. The (a)–(c) shape and (d)–(f) scale (mm day21) parameters of the fitted gamma distribution of daily rainfall in JJA from
(a),(d) IMERG, (b),(e) CESM2, and (c),(f) RSM–ROMS. The hatched regions indicate that the gamma distribution passes the
goodness of fit according to the chi-squared test at 95% significance level. The outline of the FA is overlaid in a thick black contour.
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FIG. 7. The standard deviation of daily surface air temperature (8C) and SST (8C) seasonally averaged from
(a)–(d) observations and (e)–(h) CESM2 and (i)–(l) RSM–ROMS for (a),(e),(i) DJF, (b),(f),(j) MAM, (c),(g),(k) JJA,
and (d),(h),(l) SON.
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FIG. 8. The GEKE (cm2 s22) from (a)–(d) observations (AVISO), (e)–(h) CESM2, and (i)–(l) RSM–ROMS for (a),(e),(i) DJF,
(b),(f),(j) MAM, (c),(g),(k) JJA, and (d),(h),(l) SON.
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atmospheric convection features and they argue for, additionally,
improvement in the physical parameterizations schemes that rep-
resent the subgrid-scale variations better. Similarly, in a multimo-
del study of diurnal variations in precipitation, Dirmeyer et al.
(2012) find that more than the changes in the horizontal resolu-
tion, the distinctive treatments of physics in the models can ac-
count for the differences in representing the diurnal cycle of
precipitation across models. Therefore, we contend that the im-
proved verification of RSM–ROMS in Fig. 6 may be a result of
the model physics, performing better at this grid resolution of
10 km. However, it may be noted that the shape and scale pa-
rameters in IMERG are far more inhomogeneous than either
of the two model simulations. This could suggest that daily
rain in IMERG is likely from smaller spatial-scale weather sys-
tems in the summer than what either of the models produce in
their simulations.

We also examined the distribution of the extreme rainfall ex-
pressed as the percentage of the number of wet days in JJA that
exceeded the 90th (R90p) and 95th (R95p) percentile thresholds
from IMERG, CESM2, and RSM–ROMS in Fig. S5. Most of
the regional domain shows over 8% and over 3% for R90p and
R95p in IMERG in Figs. S5a and S5d, respectively. This is
slightly overestimated in CESM2 and RSM–ROMS. However,
owing to the higher resolution of RSM–ROMS, the spatial

gradients of this metric are more strongly apparent and are con-
sistent with IMERG. Nonetheless, the biases in the two model
simulations (CESM2 and RSM–ROMS) are similar (Fig. S5).

We examine the daily variance of the surface temperature
both over land surface and ocean by each season in Fig. 7.
The daily land surface temperature variations show the least
variance in the over the FA compared to the rest of the ter-
restrial region in the domain (Figs. 7a–d). Furthermore, the
standard deviation of the observed land surface tempera-
ture is least in the summer compared to the rest of the year.
This is also observed in the model simulations (Figs. 7e–l).
In Figs. 7i–l, however, RSM–ROMS shows a larger variance
of surface temperature over land including that over the FA
than observations or CESM2. But the spatial pattern of the
variance of land surface temperature is comparable in both
model simulations and observations. The daily variance of
SST also appears comparable in both model simulations and
observations. The variability of the SST around the Loop
Current is underestimated in CESM2, which is improved
upon in RSM–ROMS. The variance of the SST in the
coastal oceans, especially along the west Florida shelf in
RSM–ROMS is comparable with observations. But on ac-
count of the coarse spatial resolution of CESM2, the west
Florida shelf is largely unresolved.

FIG. 9. The percentage of daily variance explained by the diurnal variation in precipitation for (a),(e) DJF, (b),(f) MAM, (c),(g) JJA,
and (d),(h) SON seasons from (a)–(d) IMERG and (e)–(h) RSM–ROMS. The outline of the FA is overlaid in a thick black contour. The
white space indicates that the diurnal variability of precipitation is undefined.
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In Fig. 8, we show the seasonal mean geostrophic surface
eddy kinetic energy (GEKE) derived from the monthly mean
sea surface height anomalies from observations, CESM2, and
RSM–ROMS simulations. We did not have access to daily sur-
face ocean currents from CESM2 historical simulation but had
access to their daily sea surface height anomalies from which
we could compute the GEKE (described in section ST2 of the
supplemental section). It may be noted that GEKE is often
used to study the variability of the oceans (e.g., Scharffenberg
and Stammer 2010, Jouanno et al. 2012). Furthermore, we can
compute the GEKE from satellite-derived sea surface height
anomalies, an independent source of observations. The GEKE
of the Loop Current system quantifies the turbulent energy as-
sociated with mesoscale eddies using geostrophic velocity
anomalies. The Loop Current and its extension into the Gulf
Stream is clearly visible by its large values and fine-scale struc-
ture of the GEKE in the observations that explains the meso-
scale meanders about the mean flow (Figs. 8a–d). The GEKE is
highest along the northern boundary of the Loop Current
where meanders and eddy detachment often occur (Figs. 8a–d).
There is also moderately elevated GEKE westward, from the
northward edge of the Loop Current, where eddies from the
Loop Current begin to drift slowly westward. However, the cor-
responding GEKE in CESM2 in Figs. 8e–h is weaker than the
AVISO GEKE by an order of magnitude. This is not surprising

given the coarse resolution of CESM2 and its bathymetry. This
could be a grave error considering that the Loop Current and
its eddies are an important component of the regional climate
of this region (Misra et al. 2016). For instance, the warm core
eddies of the Loop Current can sometimes become a critical
influencing factor in the life cycle of some of the TCs (Shay
et al. 2000). The RSM–ROMS simulation (Figs. 8i–l) nearly re-
stores this surface eddy kinetic energy of this coastal current
system from CESM2 and is comparable to the observations,
although the underestimation of this variability along the west-
ern Atlantic coast is apparent.

c. Diurnal variations in precipitation

The diurnal variability of climate is one of the fundamen-
tal and the fastest modes of climate variations, especially of
the terrestrial climate (Yang and Slingo 2001; Christopoulos
and Schneider 2021). Furthermore, diurnal variability of
precipitation is often used as a common benchmark for eval-
uating the performance of weather and climate models (Dai
and Trenberth 2004; Dirmeyer et al. 2012; Christopoulos
and Schneider 2021). These studies indicate that the diurnal
variations in precipitation have been a constant challenge
across generations of model development. The common
bias across models has been that the mean diurnal precipita-
tion is too early over land and the amplitude is weak over

FIG. 10. The amplitude of the diurnal variation in precipitation (mm day21) for (a),(e) DJF, (b),(f) MAM, (c),(g) JJA, and (d),(h) SON
seasons from (a)–(d) IMERG (black) and (e)–(h) RSM–ROMS. The outline of the FA is overlaid in a thick black contour. The white
space indicates that the diurnal variability of precipitation is undefined.
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the oceans (Randall et al. 1991; Collier and Bowman 2004;
Christopoulos and Schneider 2021).

Bastola and Misra (2013) indicated the importance of diur-
nal variation in precipitation on the seasonal mean precipita-
tion across southeastern United States from observations.
They showed that the volume error from calibrated hydrologi-
cal models in some of the watersheds in the southeastern
United States could be over 70% when subdaily rainfall is ag-
gregated to daily rainfall on account of diminishing the influ-
ence of the diurnal variations in rainfall. In Fig. 9, we show the
fraction of daily variance explained by the diurnal variability
of precipitation for each of the four seasons from observations
and RSM–ROMS. The observations show that diurnal varia-
tions explain over 60% of the daily variance across all four
seasons (Figs. 9a–d). In fact, the summer season shows that
the diurnal variations explain over 90% of the daily variance
in Florida Peninsula and over 70% of the daily variance in
other terrestrial parts of the domain (Fig. 9d). This is reason-
ably well simulated by RSM–ROMS, especially over the FA
(Figs. 9e–h). It should be mentioned that the IMERG rainfall
product used here for validation shows reasonable fidelity with
multiradar multisensor rainfall analysis in the southeastern
United States and in the coastal oceans (Tan et al. 2019). It is

noteworthy that both the observations and RSM–ROMS
show a relatively weaker fractional variance explained by
diurnal variations over the oceans compared to the terres-
trial regions of the domain. However, this contrast is stron-
ger in the RSM–ROMS simulation. The unavailability of
the historical CESM2 integration at subdaily intervals to di-
agnose the diurnal variability of precipitation has hampered
us to compare its diurnal variability.

Similarly, we compare the diurnal amplitude of precipitation
between the observations (Figs. 10a–d) and RSM–ROMS
(Figs. 10e–h). The observations in Figs. 10a–d indicate that the
seasonal diurnal amplitude of precipitation is pronounced over
Peninsular Florida, along the Gulf and the Atlantic coasts.
Furthermore, there is a distinct seasonality to the amplitude of
the diurnal variations. For example, large parts of southeastern
United States outside of the FA has the largest amplitude in
the winter coinciding with its wet season (Figs. 10a,b). In
comparison, Florida Peninsula shows its highest diurnal ampli-
tude of rainfall in the summer (Fig. 10c). The RSM–ROMS
simulation also displays a robust seasonal variability of the
diurnal amplitude across the domain (Figs. 10e–h). It cap-
tures the annual peak of the diurnal amplitude of rainfall
over Florida Peninsula in the summer. The RSM–ROMS,

FIG. 11. The phase of the diurnal variation in precipitation [local standard time (LST)] for (a),(e) DJF, (b),(f) MAM, (c),(g) JJA, and
(d),(h) SON seasons from (a)–(d) IMERG and (e)–(h) RSM–ROMS. The outline of the FA is overlaid in a thick black contour. The white
space indicates that the diurnal variability of precipitation is undefined.
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however, underestimates the diurnal amplitude in the southeast-
ern United States outside of the FA in the winter (Fig. 10e),
overestimates over the Appalachians in the spring (Fig. 10f), and
underestimates over the Appalachians in the fall (Fig. 10h). Fur-
thermore, RSM–ROMS tends to underestimate the diurnal am-
plitude of precipitation over the oceanic regions of the
domain throughout the year. The observations show a gradi-
ent of diurnal amplitude of precipitation between the open
ocean and the coastal oceans in the domain across all seasons.
This is also seen in the RSM–ROMS simulation, albeit much
weaker, with the amplitude along the coastal oceans being
weaker than observations.

The phase of diurnal precipitation as ascertained by the
time of the peak of diurnal precipitation from observations
and RSM–ROMS is shown in Fig. 11. This timing is rather uni-
form across the domain most of the year in the observations
and is between 1700 and 1900 h (Figs. 11a–d). However, dur-
ing the summer season, the diurnal peak of rainfall along the
Gulf Coast and peninsular Florida occurs between 1900 and
2100 h (Fig. 11c). The RSM–ROMS also shows some similar
features although it exhibits more spatial gradient than the
corresponding observations (Figs. 11e–h). In the summer, es-
pecially, RSM–ROMS shows a diurnal peak over a rage of
1900–2300 h. It is also interesting to note the earlier peak of di-
urnal precipitation between 1100 and 1500 LT along the west
Florida shelf in the summer in RSM–ROMS (Fig. 11g) and sim-
ilarly along the coasts of Cuba, which is unobserved. However,
most climate models display a tendency of showing diurnal
precipitation peaks too early over land (Collier and Bowman
2004; Dai 2006; Covey et al. 2016). In fact, Christopoulos
and Schneider (2021) find that diurnal precipitation peaks in
majority of CMIP6 models ;5.4 h too early over land, which
is a marginal improvement over CMIP5 models. In contrast
to these studies, our results stand out with diurnal peak of
rainfall delayed by 1–4 h. Since the Kain–Fritsch cumulus
parameterization scheme used in RSM–ROMS is based on

an entraining/detraining plume model that triggers convection
at a threshold CAPE, we speculate that this delay in the diurnal
rainfall is a result of the delay in reaching the threshold CAPE.
This may be a consequence of the 10-km grid resolution of the
RSM–ROMS simulation, which however will need to be tested
with resolution sensitivity integrations with RSM–ROMS.

d. Tropical cyclones

The track density of TCs is shown in Fig. 12 fromHURDAT2
and from the RSM–ROMS simulation. The seasonal track den-
sity can be viewed as a synthesis of seasonal TC counts, the spa-
tial distribution of TC genesis, and the resulting trajectories of
these TCs. Given the mesoscale nature of the TCs, these systems
are poorly resolved in the coarsely resolved CESM2 and is
therefore not attempted to diagnose them in the CESM2
simulation here. This is besides the fact that a number of fields
required to track TCs were not available from the CESM2
simulation.

An automated Lagrangian pointwise tracking algorithm,
TempestExtremes (Ullrich and Zarzycki 2017), is employed to
identify and track TCs with sustained wind speeds . 13 m s21,
using 6-hourly RSM–ROMS data. This algorithm was success-
fully used to diagnose TC tracks from RSM–ROMS simula-
tion in Jayasankar et al. (2023). This algorithm involves two
steps: (i) identifying suitable candidates at each 6-hourly time
step using threshold-based criteria that isolate candidate points
within the closed contours and (ii) generating tracks by linking
neighboring candidates over time and removing those that do
not exhibit consistent behavior. We used the 850-hPa geopoten-
tial criteria to identify the systems following Vishnu et al.
(2020). According to this criterion, TCs are identified as distur-
bances where the 850-hPa geopotential advances by 125 m2 s22

within a 108 radius from the center, accompanied by no less
than 82% relative humidity at 850 hPa and a surface geopoten-
tial below 800 m2 s22, persisting for a minimum of 2 days (i.e.,
eight 6-hourly time steps). The idea here is not to replicate the

FIG. 12. The track density of named TCs (maximum sustained wind speeds $ 17 m s21) over a 30-yr period from
(a) HURDAT2 and (b) RSM–ROMS simulation. The track density refers to TCs per 18 3 18 grid box per 6-h
interval.
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individual TC tracks of HURDAT2 in the RSM–ROMS simu-
lation but to realize the gross statistics of the climatological
track density of HURDAT2 in the RSM–ROMS simulation.

In Fig. 12, we observe that the RSM–ROMS simulation pro-
duces comparable TC track density over the western Atlantic
(along the Florida and Carolina Coasts) and over the Caribbean
region as HURDAT2. The RSM–ROMS simulation also produ-
ces TC tracks along the Gulf Coast of Florida, albeit slightly less
than HURDAT2. RSM–ROMS also slightly overestimates the
landfalling TCs in the northeastern FA, while it underestimates
them along the Gulf Coasts of the FA and over South Florida.

5. Discussion and conclusions

The dynamic downscaling of the regional climate to 10-km
grid spacing over the Floridan Aquifer (FA) is demonstrated in
this study as a beneficial strategy to overcome the limitations of
a coarser resolution (by approximately an order of magnitude)
global climate model simulation for the region. The FA is sur-
rounded by relatively warm ocean with a robust surface ocean
current that transports critically fresher and warmer water from
the tropical Caribbean Sea into the Gulf of Mexico, which is a
prime supplier of moisture for majority of weather events in
the region. Furthermore, the diurnal variation in precipitation
is a critical component of the FA hydroclimate, which influen-
ces the land surface processes including evapotranspiration and
surface temperature. Many of these aspects are poorly resolved
in the global climate models primarily owing to their coarser
resolution that does not permit some of these mesoscale fea-
tures of the regional climate.

In this study, we have downscaled a 30-yr (1985–2014) period
of the CESM2 historical run (which is part of the CMIP6) using
a regional coupled ocean–atmosphere model (RSM–ROMS).
RSM–ROMS features identical grids for both its atmospheric
and the oceanic components at 10-km grid spacing centered
over the FA. At this 10-km grid spacing, the coastlines and the
ocean bathymetry in RSM–ROMS appear more realistic com-
pared to the ;18 grid resolution of CESM2. As stated earlier,
the purpose of dynamic downscaling is not to necessarily im-
prove the large-scale features but instead to provide verifiable
mesoscale details over the regional domain. This was attempted
in this study.

The highlights of this validation over the FA are as follows:

• The seasonal mean precipitation bias appears to be compa-
rable in RSM–ROMS and CESM2 with the former reducing
the dry bias in the summer (or wet) season significantly com-
pared to the latter.

• There is a significant improvement in the seasonal mean sur-
face temperature bias both over the land and over the ocean
in RSM–ROMS compared to CESM2 over all seasons.

• There is also considerable improvement in the simulation of
the Loop Current and its variations in RSM–ROMS relative
to CESM2.

• The shape and scale parameters of the gamma distribu-
tion fitted to the daily rainfall variability over the JJA sea-
son appear to be comparable between the observations and

RSM–ROMS, while the CESM2 differs significantly from
the observations.

• The diurnal variations in precipitation in RSM–ROMS are
comparable to observations.

• There is a reasonable distribution of the climatological TC
track density over the domain in the RSM–ROMS simula-
tion compared to HURDAT2.

These highlights suggest that this dynamic downscaling effort
could be exploited for useful climate applications in many sec-
tors. Obviously, RSM–ROMS is far from a perfect model. We
also show the significant bias of the model especially along the
coastal oceans, over the orographic regions of the Appalachian
Mountains, and even in some of the mesoscale scale features
permitted in the RSM–ROMS simulation. For instance, the vari-
ability of the Loop Current in terms of the geostrophic surface
eddy kinetic energy is underestimated. Similarly, the terrestrial
diurnal amplitude and phase of rainfall across the domain in
RSM–ROMS shows gradients that are unsubstantiated in the
observations. We are continuously working on these issues to
further refine the simulation by conducting ongoing sensitivity
studies with the physics of the model, which will be a part of our
future work.

Our results in this study show further improvements in com-
parison with a previous study (Bhardwaj and Misra 2019), which
was conducted with a slightly different version of RSM–ROMS
and was forced with CCSM4 (a previous generation of CESM2).
These improvements are seen in the simulation of the seasonal
mean precipitation and SST in both CESM2 and RSM–ROMS
of this study compared to CCSM4 and the version of RSM–

ROMS used in Bhardwaj and Misra (2019), respectively.
Dynamic downscaling to high spatial and temporal resolution

appears to be an immediate solution to meet the needs for cli-
mate applications at the regional and local scales. Despite efforts
to raise the resolutions of the global climate models from their
current operational resolutions, the limitations of the computa-
tional resources have limited them to specialized experiments
(Hewitt et al. 2020; Haarsma et al. 2020; Moreno-Chamarro et al.
2022). Furthermore, we have seen firsthand that often the data
from these global models are not stored at high temporal
resolutions even at their coarse horizontal resolution, which
is sometimes critical for applications. In such instances, we
can customize dynamic downscaling for a limited domain to
meet the requirements of the application.
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 13 
Figure S1: The seasonal climatology of rainfall (mm/day) from (a, b, c, d) CESM2, (e, f, g, h) 14 

RSM-ROMS, and (i, j, k, l) (RSM-ROMS)-(CESM2) (mm/day) for (a, e, i) DJF, (b, f, j) MAM, 15 

(c, g, k) JJA, and (d, h, l) SON. Only significant values at 5% significance level according to t-16 

test are shaded for the differences. The outline of Floridan Aquifer is overlaid in thick black 17 

contour. 18 

  19 
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 20 
 21 

Figure S2: The seasonal climatology of surface temperature (C) from (a, b, c, d) CESM2, (e, f, 22 

g, h) RSM-ROMS, and (i, j, k, l) (RSM-ROMS)-CESM2 for (a, e, i) DJF, (b, f, j) MAM, (c, g, k) 23 

JJA, and (d, h, l) SON seasons. Only significant values at 5% significance level according to t-24 

test are shaded for the differences. The outline of Floridan Aquifer is overlaid in thick black 25 

contour. 26 

 27 

 28 
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 4 

 30 
Figure S3: Seasonal climatology of precipitable water (kg/m

2
) from (a, b, c, d) observations 31 

(ERA5), (e, f, g, h) CESM2, and (i, j, k, l) RSM-ROMS for (a, e, i) DJF, (b, f, j) MAM, (c, g, k) 32 

JJA, and (d, h, l) SON seasons. The outline of Floridan Aquifer is overlaid in thick black 33 

contour. 34 
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 36 
 37 
Figure S4: The climatological seasonal bias of precipitable water (kg/m

2
) of (a, b, c, d) CESM2 38 

and (e, f, g, h) RSM-ROMS, and (i, j, k, l) (RSM-ROMS)-(CESM2) for (a, e, i) DJF, (b, f, j) 39 

MAM, (c, g, k) JJA, and (d, h, l) SON. Only significant values at 5% significance level 40 

according to t-test are shaded. The outline of Floridan Aquifer is overlaid in thick black contour. 41 

 42 
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ST1 Fitting Gamma distribution to daily rainfall 44 

The Gamma distribution PDF, for a given variable y (    is given by: 45 

 (   
(            

  (  
                    (   

where   is the shape and   is the scale parameters of the distribution.   (   is the Gamma 46 

function defined by:  47 

 (   ∫    
 

 

                    (   

The shape and scale parameters are estimated from the data series using the 48 

maximum likelihood estimators following Thom (1958). The estimated  ̂  and  ̂  are 49 

calculated as follows: 50 
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where n is the number of values in  , and A is the sample statistic, which is the difference 51 

between the logs of the arithmetic and the geometric means (Wilks 2006). We determine 52 

the threshold for a wet day, t, as 0.1 mm/day, given that the measurable rain amount at an 53 

observation station is typically 0.1 mm (Groisman et al., 1999). The goodness-of-fit is 54 

tested using the Chi-square test following Wilks (2006).  55 
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 56 
Figure S5: The percentage of number of wet days in JJA when daily precipitation rate 57 

exceeds the (a, b, c) 90th (R90p) and (d, e, f) 95th (R95p) percentile thresholds from (a, d) 58 

IMERG, (b, e) CESM2, and (c, f) RSM-ROMS simulation. 59 

 60 

ST2 Computing seasonal climatology of the surface eddy kinetic energy 61 

 62 
We computed the seasonal mean climatology of the surface eddy kinetic energy (KG) as: 63 
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Where, i is the year with N being total number of years. 64 
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 ̅   is the seasonal mean surface eddy kinetic energy for season J and M is the total number of 65 

months in the season. The surface eddy kinetic energy for the jth month is given as: 66 
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