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Abstract
A comparative analysis of two sets of downscaled simulations of the current climate and the future climate projections over
Peninsular Florida (PF) and the West Florida Shelf (WFS) is presented to isolate the role of high-resolution air-sea coupling. In addition, the downscaled integrations are also compared with the much coarser, driving global model projection to
examine the impact of grid resolution of the models. The WFS region is habitat for significant marine resources, which has
both commercial and recreational value. Additionally, the hydroclimatic features of the WFS and PF contrast each other. For
example, the seasonal cycle of surface evaporation in these two regions are opposite in phase to one another. In this study,
we downscale the Community Climate System Model version 4 (CCSM4) simulations of the late twentieth century and the
mid-twenty-first century (with reference concentration pathway 8.5 emission scenario) using an atmosphere only Regional
Spectral Model (RSM) at 10 km grid resolution. In another set, we downscale the same set of CCSM4 simulations using
the coupled RSM-Regional Ocean Model System (RSMROMS) at 10 km grid resolution. The comparison of the twentieth
century simulations suggest significant changes to the SST simulation over WFS from RSMROMS relative to CCSM4, with
the former reducing the systematic errors of the seasonal mean SST over all seasons except in the boreal summer season.
It may be noted that owing to the coarse resolution of CCSM4, the comparatively shallow bathymetry of the WFS and the
sharp coastline along PF is poorly defined, which is significantly rectified at 10 km grid spacing in RSMROMS. The seasonal hydroclimate over PF and the WFS in the twentieth century simulation show significant bias in all three models with
CCSM4 showing the least for a majority of the seasons, except in the wet June-July-August (JJA) season. In the JJA season,
the errors of the surface hydroclimate over PF is the least in RSMROMS. The systematic errors of surface precipitation and
evaporation are more comparable between the simulations of CCSM4 and RSMROMS, while they differ the most in moisture
flux convergence. However, there is considerable improvement in RSMROMS compared to RSM simulations in terms of the
seasonal bias of the hydroclimate over WFS and PF in all seasons of the year. This suggests the potential rectification impact
of air-sea coupling on dynamic downscaling of CCSM4 twentieth century simulations. In terms of the climate projection
in the decades of 2041–2060, the RSMROMS simulation indicate significant drying of the wet season over PF compared to
moderate drying in CCSM4 and insignificant changes in the RSM projection. This contrasting projection is also associated
with projected warming of SSTs along the WFS in RSMROMS as opposed to warming patterns of SST that is more zonal
and across the WFS in CCSM4.
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Peninsular Florida (PF) has a rapidly growing population of
the elderly (Smith 2005; Carlson 2012) and require reliable
estimates of regional change in order to determine appropriate adaptation and mitigation strategies to a changing
climate. The regional climate projection although of great
societal relevance is however elusive. The difficulty primarily arises from the uncertainties of the interactions of the
large-scale with the local processes of the regional climate.
The exorbitant resources required to run very high-resolution

13

Vol.:(0123456789)

A. Bhardwaj, V. Misra

Global Circulation Models GCMs; (e.g. cloud and or ocean
eddy resolving scales) prohibit their regular deployment yet
for routine climate model integrations (Shukla et al. 2009;
Kirtman et al. 2012, 2017; Jia et al. 2014; Siqueira and Kirtman 2016; Laurindo et al. 2018). Nonetheless, some of these
recent studies demonstrate the ongoing effort to raise the
resolution of the models significantly from their current
values for climate integrations. The alternative has been to
regionalize the GCMs with either statistical or Dynamical
Downscaling (DD) methods. Neither of these two methods
is known to have a clear superiority over the other (Hewitson
and Crane 1996; Wilby and Wigley 1997). In this study,

we compare two sets of DD simulations of the current and
future climate over PF with the corresponding simulations
from the driving GCM. The intent of this paper is to motivate the use of high-resolution coupled ocean–atmosphere
models for regional climate projections for PF and surrounding oceans. In order to accomplish this task, we compare
the simulations of the current climate and projections of
the future climate between the fine and coarse resolution
models. Furthermore, we also highlight the differences in
the model integrations between coupled ocean–atmosphere
and uncoupled atmosphere models at the fine spatial resolution scales. The benefit of resolving air-sea coupling in DD

a
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d

Fig. 1  The mask for a Peninsular Florida (PF), and b West Florida Shelf (WFS). The ocean bathymetry and terrestrial topography used in c
RSMROMS (regional climate model used in the study) and d the driving general circulation model (CCSM4). The units are in meters
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is that ocean rectification can potentially lead to improved
simulation of the atmospheric climate of the region (Misra
and Mishra 2016; Misra et al. 2016).
The terrestrial hydroclimate of PF shows a distinct seasonality (Fig. 1a; Misra and Dirmeyer 2009; Misra and
DiNapoli 2012; Misra and Mishra 2016; Misra et al. 2017).
For example, Misra and Dirmeyer (2009) indicate the important role of evaporation on precipitation in the summer season, which is significantly diminished in the winter season.
Misra et al. (2017) indicate that the seasonal evolution in to
the wet, summer season over PF coincides with the gradual
warming of the Intra-Americas Seas that eventually enhances
the moisture flux into PF to initiate the onset of the rainy
season. Misra and Mishra (2016) also find that the seasonal
maturity of the warm coastal Florida Current also contributes to increased moisture flux over PF through the associated warming of the coastal SST. Furthermore, Liu et al.
(2012, 2013, 2015) indicate that all climate models in the
Coupled Model Intercomparison Project 5 (CMIP5) did not
adequately resolve the Loop Current system leading to a systematic cold bias in the IAS SST. Therefore, examining the
role of air-sea coupling on DD of GCM climate simulations
over PF would be interesting from aspects of assessment of
the current climate simulation and future climate projection.
The West Florida Shelf (WFS; Fig. 1b) is described as
being oligotrophic (Steidinger 1975; Dixon et al. 2014).
However, it supports significant commercial and recreational fisheries (https://www.st.nmfs.noaa.gov/commercial
-fisheries/). Furthermore, WFS also shows periods of harmful algal blooms (Heil et al. 2014; Weisberg et al. 2016a,
b). In fact, Weisberg et al. (2016a, b) from their analysis
of numerical simulations reveal that the interactions of the
Loop Current with the shelf slope can lead to anomalous
upwelling, which leads to renewal of inorganic nutrients and
foster potential harmful algal blooms.
We will be focusing on two regions in terms of validation
of the model simulation of the current climate and projection
of the future climate, which are over terrestrial PF (Fig. 1a)
and over the WFS (Fig. 1b). These regions assume significance from the obvious choices of PF and WFS being significant habitat for human population and marine resources,
respectively. Furthermore, our choices of these two subregions are dictated by the improved bathymetry of the
WFS region in the regional climate model used for this study
(Fig. 1c), which we would anticipate could cause significant
changes to the climate simulation from the driving GCM, if
air-sea coupling with shallower ocean is playing a critical
role in the region. In addition, the PF region is an obvious choice for further analysis given the earlier finding of
Misra and Mishra (2016) that terrestrial hydroclimate over
PF could be influenced by air-sea coupling in the surrounding oceans. Furthermore, some of the GCM studies indicate
that improving the simulation of the Gulf Stream leads to

large-scale structural changes in mean rainfall, especially
along the eastern US (Kirtman et al. 2012). There is also
some evidence to suggest that resolved oceanic mesoscale
features can affect the upper atmospheric features through
non-linear interactions (Kirtman et al. 2017).
In the following section, we provide a description of the
model experiment set up along with a brief description of the
models used in the study. The results from the coupled and
uncoupled DD along with comparison of the corresponding
GCM simulations and observations for the late 20th and mid
twenty-first centuries are discussed in Sect. 3 a and b respectively. The concluding remarks are discussed in Sect. 4.

2 Experiment set up and model description
The DD of the twentieth century historical simulation and the
corresponding projected climate simulation using the Reference Concentration Pathway (RCP) 8.5 emission scenario
(van Vuuren et a. 2011) of the Community Climate System
Model version 4 (CCSM4; Gent et al. 2011) is conducted in
this study. The DD to 10 km grid spacing is centered over
PF (Fig. 1c) and conducted over a time period of 1986–2005
for the twentieth century and 2041–2060 for the twenty-first
century using corresponding CCSM4 simulations as the lateral boundary conditions for the regional models.
One of the two DD was conducted with the Regional
Spectral Model (RSM; Kanamitsu et al. 2010 and; Misra
et al. 2017), which is a regional atmosphere model routinely
run for regional climate simulations with prescribed SST
(Chan and Misra 2011; Misra et al. 2013). The other DD was
conducted with the RSM-Regional Ocean Modeling System
(RSMROMS; Li et al. 2012; Misra et al. 2017), which is
the regional coupled ocean–atmosphere system. The atmospheric component, RSM, is identical for both the uncoupled and coupled DD integrations. The coarse resolution of
CCSM4 relative to RSMROMS is apparent in the land orography and ocean bathymetry features of the domain shown
in Fig. 1c, d. In CCSM4, the coarse coastlines manifest in
jagged edges of the coastlines and the topography over PF is
mostly below 10 m (Fig. 1d) when in RSMROMS it is over
30 m at least from northern panhandle to central Florida and
the coastlines conform more to realism (Fig. 1c). Similarly,
the WFS is broad and closely hugs the western Florida coastline in RSMROMS (Fig. 1c) unlike in CCSM4 (Fig. 1d).
Likewise, the Sigsbee Deep, the deepest part of the Gulf of
Mexico is more accurately depicted in the ocean bathymetry
of RSMROMS (Fig. 1c) than in CCSM4 (Fig. 1d), especially
as it extends closer to Cuba. It is disturbing to note that
in CCSM4 (Fig. 1d), the white spaces are neither ocean or
land points. This is because of the mis-match in the resolutions of the ocean and atmosphere component models in
CCSM4, which the flux coupler is able to easily handle and
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allow the model to integrate through, despite these so called
“orphaned” grid points. Therefore, the practical utility of
climate projections from such coarse grained climate models
for a region like the WFS or south Florida can be limited.
The RSM, following Juang and Kanamitsu (1994) has 28
terrain following vertical co-ordinate system of sigma (σ = p/
ps; where ps is surface pressure) and is based on the primitive
equations. The RSM is discretized using the spectral method
of double sine–cosine series with wall boundary conditions
(Tatsumi 1986). It uses the semi-implicit time integration
scheme. RSM uses the relaxed Arakawa-Schubert scheme
(Moorthi and Suarez 1992) for deep convection, shallow
convection scheme follows Tiedtke (1983), Hong and Pan
(1996) for boundary layer processes, Zhao and Carr (1997) for
the cloud scheme, land surface processes are parameterized
following Ek et al. (2003), gravity wave drag is parameterized following Alpert et al. (1988), shortwave and longwave
radiation follows from Chou and Lee (1996) and Chou et al.
(1999), respectively. Similarly, the Regional Ocean Model
System (ROMS) version 3.0 in RSMROMS uses 30 vertical
levels. This is a stretched terrain following (S) co-ordinate on
a horizontal staggered Arakawa-C grid (Haidvogel et al. 2000;
Shchepetkin and McWilliams 2005). The mixing scheme is a
local closure scheme following the level 2.5 turbulent kinetic
energy equations (Mellor and Yamada 1982) and generic
length scale parameterization of Umlauf and Burchard (2003).
The boundary layer formulation follows Large et al. (1994),
which is a nonlocal closure scheme based on the K-profile.
The horizontal grids in RSM and ROMS are identical, which
avoids interpolation of the variables exchanged between the
two components at the coupling interval.
The lateral and initial boundary conditions for the present
and future climate simulations for both RSM and RSMROMS
are from the corresponding CCSM4 simulation. The atmospheric grid resolution of CCSM4 is 1.25° × 0.9°. The zonal
grid spacing in the ocean component of CCSM4 is 1.11° and
the meridional grid spacing varies from 0.27° near the equator

to 0.54° at 33°N/S. Thereafter, the meridional grid spacing is
held constant at that resolution at higher latitudes. The prognostic variables of the CCSM4 are linearly interpolated for
initial and lateral boundary conditions for RSM and ROMS
at 6-h and monthly intervals respectively. We neglect the first
year of the RSMROMS integration in consideration of spinup issues of the upper ocean. Therefore, we use the remaining
20 years of the RSMROMS and RSM simulations of the current (1986–2005) and future (2041–2060) climate for analysis
with corresponding period from the CCSM4 integration used
for comparison. The validation datasets to validate the twentieth century simulations are indicated in Table 1.

3 Results
3.1 Simulation of the current (1986–2005)
hydroclimate
In this first sub-section of the “Results” Section we will analyze the model simulations for the 20 years of the current
climate (1986–2005). In the subsequent sub-section, we will
inter-compare the climate projections of the future climate
(2041–2060).
3.1.1 Surface temperature
The seasonal cycle of observed SST is robust in the domain,
especially over the WFS, where the temperatures are well
below 23 °C in the December-January-February (DJF;
Fig. 2a) season, with some warming in southern parts of the
shelf in the subsequent season of March-April-May (MAM;
Fig. 2b). The observed SST reaches a peak in the summer
season of June-July-August (JJA; Fig. 2c) when the temperature reaches over 28 °C across the WFS (Fig. 2c) and then
gradually drops in magnitude in the following SeptemberOctober-November (SON) season to around 26 °C (Fig. 2d).

Table 1  Verification datasets for model validation
Variable

Name of dataset
(Acronym used to
identify dataset)

Spatial resolution of
dataset

Temporal
resolution of
dataset

Available time period Source

1

Precipitation

TRMM-3B43
(TRMM)

0.25° × 0.25°

Daily

1998–2015

2

Ocean surface temperature

0.25° × 0.4° × 40
Levels

Monthly

1958–2001

3

Land surface temperature
Upper air variables
and surface evaporation

SODAv2.2.4 (Simple
Ocean Data Assimilation)
MERRA-2

0.5° × 0.625°

Daily

1979-present

MERRA-2

0.5° × 0.625°

Daily

1979-present

4

13

Huffman et al. 1995;
1997; Adler et al.
2000
Carton, and Giese,
(2008)
Suarez and Bacmeister
(2015)
Suarez and Bacmeister
(2015)
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Fig. 2  The climatological seasonal mean observed SST for a December-January-February (DJF), b March-April-May (MAM), c JuneJuly-August (JJA), and d September-October-November (SON) sea-

sons. The corresponding systematic errors of the seasonal mean SST
from e–h CCSM4, and i–l RSMROMS; for e, i DJF; f, j MAM; g, k
JJA, and h, l SON seasons. The units are in °C

This is not surprising given that earlier studies have recognized that the seasonal cycle of SST variations in the WFS
responds to corresponding seasonal changes in the surface
radiative and enthalpy flux forcing alongside subsurface
forcing of ocean circulation changes (Tolbert and Salsman

1964; Yang and Wisberg 1999; He et al. 2003; Weisberg
et al. 2004; Liu and Weisberg 2012). The relatively rapid
warming of the waters from the boreal winter to the summer
season in both the models is reasonably captured (Fig. 2e–g).
The warm bias over the WFS in the CCSM4 simulation is
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however predominant across all four seasons of the year
(Fig. 2e–h). The warm bias over the WFS is considerably
reduced in the RSMROMS (Fig. 2i–l) relative to CCSM4.
This is also ascertained by the lower Root Mean Square
Error (RMSE) in the RSMROMS simulation computed in
Table 2. We observe that the differences in RMSE between
the two model simulations range from about 0.74 °C (in
MAM season) to about 0.15 °C (in SON season) with the
exception that in the JJA season the RMSE in CCSM4 is
lower than in RSMROMS (Table 2). We argue that despite
the comparatively small difference in the RMSE between the
two model simulations, it is still a sign of major improvement for RSMROMS in the majority of the seasons because
CCSM4 produces smoother fields owing to its coarse resolution and therefore will tend to exhibit low RMSE (Wilks
2011). It may be noted that SST from the CCSM4 integration is prescribed for the uncoupled RSM integration.
Similarly, the RMSE of the land surface temperature over
PF exhibits lower values for RSMROMS relative to CCSM4,
except in the season of JJA. Here, the range of difference
in the RMSE between the two models is from 1.55 °C (in
the DJF season) to 0.2 °C (in the JJA season). Again, the
fact that the RSMROMS grid resolution is about an order
of magnitude higher than that of CCSM4 over land further
attests to the significance of this improvement in the simulation of the land surface temperature over PF in the majority
of the seasons.
In summary, RSMROMS shows an improvement of the
seasonal surface temperature over the WFS and PF compared to CCSM4, which is significant considering the
resolved mesoscale gradients by RSMROMS. The clear
benefit of resolving the shallow bathymetry of the WFS in
RSMROMS manifests with generally a lower RMSE in the
seasonal SST over WFS relative to CCSM4.
3.1.2 Surface precipitation
The observed seasonal cycle of precipitation is also equally
robust as the SST in the region with widespread drying
over both terrestrial PF and over the WFS in DJF (Fig. 3a)
and MAM (Fig. 3b) seasons, which is followed by the wettest JJA season (Fig. 3c) before the land-based precipitation
diminishes in the SON season (Fig. 3d). In fact, Misra et al.

(2017) indicate that the onset of the rainy season over PF is
rather dramatic with rain rates increasing by a factor of 3
on the day of the onset. In relation to the observed seasonal
mean precipitation, the systematic errors in all three models are comparatively large (Fig. 3e–p; Table 3). In the DJF
season, the wet bias over PF is severe and Table 3 indicates
that it increases from CCSM4 (Fig. 3e) to RSMROMS
(Fig. 3i) with RSM displaying the largest bias (Fig. 3m).
Similarly, the dry bias over the southern part of WFS is
also far more severe in RSM (Fig. 3m) in relation to the
other two models (Table 3).
The MAM season also shows a similar feature of RSM
showing the most severe wet bias over PF and over the
southern part of the WFS (Fig. 3n), followed by the dry
bias over PF in the RSMROMS (Fig. 3j) with the least bias
over PF in the CCSM4 simulation (Fig. 3f; Table 3). Furthermore, the dry bias over the WFS in the MAM season
is comparable in both CCSM4 (Fig. 3f) and RSMROMS
(Fig. 3j) but is least in the RSM simulation (Fig. 3n). This
is because in RSM, parts of southern WFS have dry bias
that compensates for the wet bias in the rest of the WFS
to an extent (Table 3).
The bias changes sign in the JJA season with all three
models displaying near comparable dry systematic errors
over the WFS and PF (Fig. 3g, k, o; Table 3). The wet bias
over PF returns in the SON season with comparable errors
in all three models (Fig. 3h, i, p; Table 3). It may be noted
that systematic errors of precipitation in the SON season
is the least for all three models compared to the other three
seasons (Table 3).
In terms of surface precipitation over the WFS and
PF, CCSM4 displays the least RMSE compared to either
RSMROMS or RSM except in the wet JJA season. In the
JJA season, RSMROMS shows the least RMSE over PF.
The improvement in the SST simulation in RSMROMS
could be one of the reasons for the improvement in surface
precipitation over PF. As Misra and Mishra (2016) noted
there is stronger influence of the surrounding oceanic SST
on the JJA precipitation over PF, while in other seasons
rainfall from frontal and other large-scale systems, which
could be sensitive to the boundary forcing is potentially
important. Furthermore, the systematic improvement of
seasonal precipitation across all four seasons over PF and

Table 2  RMSE of SST over West Florida Shelf (WFS) and land surface temperature (TS) over Peninsular Florida (PF)
DJF

SST (WFS)
TS (PF)
Units in °C

13

MAM

JJA

SON

CCSM4

RSMROMS

CCSM4

RSMROMS

CCSM4

RSMROMS

CCSM4

RSMROMS

1.31
2.38

1.16
0.83

1.30
0.88

0.56
0.45

0.36
0.61

0.96
0.81

0.98
0.91

0.83
0.83
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Fig. 3  The climatological seasonal mean observed precipitation for a
DJF, b MAM, c JJA, and d SON seasons. The corresponding systematic errors from e–h CCSM4, i–l RSMROMS, and m–p RSM for e, i,

m DJF; f, j, n MAM; g, k, o JJA; and h, l, p SON seasons. The units
are in mm d ay−1
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Table 3  RMSE of precipitation over West Florida Shelf (WFS) and over Peninsular Florida (PF)
DJF

PF
WFS

MAM

JJA

SON

CCSM4

RSMROMS

RSM

CCSM4

RSMROMS

RSM

CCSM4

RSMROMS

RSM

CCSM4

RSMROMS

RSM

0.93
1.34

1.17
1.20

1.59
1.61

0.30
0.92

0.90
1.0

1.10
0.71

3.12
2.57

2.74
2.71

3.13
2.23

0.67
0.56

0.73
0.76

0.69
1.01

Units in mm d ay−1
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Fig. 4  The climatological seasonal mean surface evaporation from
a–d observations, e–h CCSM4, i–l RSMROMS, m–p RSM for a, e, i,
m DJF, b, f, j, o MAM, c, g, k, o JJA, and d, h, l, p SON seasons. The

corresponding systematic errors from q–t CCSM4, u–x RSMROMS,
and y, z, aa, ab RSM for q, u, y DJF, r, v, z MAM, s, w, aa JJA, and t,
x, ab SON seasons. The units are in mm day−1

the WFS displayed by RSMROMS relative to RSM suggests the potential benefit of including air-sea coupling.

surface evaporation over PF is weakest (strongest) during the
DJF (JJA) season while over the WFS it is strongest (weakest) during the DJF (JJA) season. This is largely because of
the reduction in the soil moisture during the dry DJF season over PF which is replenished during the wet JJA season
that is critical for surface evaporation over land (Misra et al.
2018). In addition, the surface temperature and downwelling
shortwave flux is also comparatively lower in the winter and

3.1.3 Surface evaporation
The seasonal cycle of surface evaporation is quite interesting
with nearly opposite seasonal cycles over the terrestrial PF
and the oceanic WFS regions (Fig. 4a–d). For example, the
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spring seasons relative to the wet summer season that results
in the observed seasonal cycle of terrestrial surface evaporation. Over the oceans, the winds and the boundary layer
moisture gradient are stronger during the boreal winter season (not shown), which increases the surface evaporation
relative to the summer season. All three models capture this
feature of contrasting seasonal cycles of surface evaporation over PF and WFS (Fig. 4e–p). The systematic errors
of CCSM4 (Fig. 4q–t) suggest that the evaporative flux is
overestimated over the WFS and PF throughout the year.
These errors are comparable both over PF and the WFS in
CCSM4 (Fig. 4q–t) and RSMROMS (Fig. 4u–x; Table 4).
Although, in the RSMROMS simulation there is a strong
underestimation of evaporation along the western edge of
the WFS throughout the year except in the JJA season. The
systematic error of evaporation in RSM is the least in the
DJF season (Fig. 4y) and comparatively overestimated in
the MAM season (Fig. 4z; Table 4).
The systematic reduction of the RMSE in surface evaporation in RSMROMS compared to RSM across all four
seasons (Table 4) yet again reinforces the benefit of air-sea
coupling on the simulation of the climate in the region.
3.1.4 Moisture flux convergence
The reanalysis shows a rather dramatic seasonal shift
from moisture flux divergence over the WFS and PF in the
boreal winter and spring seasons to moisture flux convergence in the summer season before it reverts to divergence
over WFS again in the fall season (Fig. 5a–d). This suggests that the seasonal mean precipitation in the seasons of
DJF, MAM, and SON over WFS is exclusively sustained
by surface evaporation. Our analysis suggests that over PF
as well the surface precipitation is exclusively sustained by
surface evaporation in DJF (Fig. 5a) and MAM (Fig. 5b)
seasons. However, in boreal summer (Fig. 5c) and fall
(Fig. 5d) seasons there is additional contribution of moisture flux convergence on surface precipitation over PF. In
addition, comparing Figs. 4c and 5c it becomes apparent
that surface evaporation dominates over moisture flux convergence both over terrestrial PF and over the WFS during
the wet JJA season. All three model simulations show a far
less robust seasonal cycle of the moisture flux convergence

over both WFS and PF (Fig. 5e-p). For example, the moisture flux divergence prevails over the WFS throughout the
year in all three model simulations. Similarly, the shift
to moisture flux convergence from divergence over PF in
all three model simulations happen in the SON season
instead of the observed shift in the JJA season. Furthermore, Table 5 clearly indicates that CCSM4 displays the
least RMSE in moisture flux convergence over WFS and
PF in most of the seasons except in the JJA season when
RSMROMS displays the least. In addition, RSMROMS
consistently improves upon RSM with respect to systematic errors of the moisture flux convergence in all seasons except in the DJF and MAM seasons over the WFS
(Table 5).
3.1.5 Overall moisture budget
From the discussions in the previous sub-sections it is
clear that the precipitation in the winter and spring seasons
over the WFS and PF is sustained exclusively by surface
evaporation and in the boreal summer season there is some
additional contribution from moisture flux convergence.
All three models however portray a greater dependence of
precipitation on surface evaporation over both WFS and
PF especially in the summer season. In terms of the systematic errors in the individual terms of the hydrological
budget over PF and WFS, CCSM4 simulation generally
shows a higher fidelity than the other two regional model
simulations with some exceptions (Fig. 6). In the wet JJA
season, however, all three models show comparable fidelity, with RSMROMS showing a modest advantage over
the other two models (Fig. 6). The consequence of the
relatively coarser resolution of CCSM4 is likely to produce a far smoother field than the finer resolution RSM
and RSMROMS simulations, which tend to produce fine
scale features. Any dislocation of such mesoscale features
in the model simulation is likely to be penalized at verification more severely than not resolving such gradients
at all. It may also be noted that the verification data of
MERRA-2 is almost five times coarser than either RSM
or RSMROMS, which would imply that fine scale features
resolved in RSM or RSMROMS may not be necessarily

Table 4  RMSE of evaporation over West Florida Shelf (WFS) and over Peninsular Florida (PF)
DJF

PF
WFS

MAM

JJA

SON

CCSM4

RSMROMS

RSM

CCSM4

RSMROMS

RSM

CCSM4

RSMROMS

RSM

CCSM4

RSMROMS

RSM

0.41
0.91

0.41
0.89

0.47
2.21

0.91
0.61

0.89
0.60

1.03
1.26

0.47
0.72

0.46
0.70

0.49
1.08

0.56
0.32

0.52
1.25

0.68
1.27

Units in mm d ay−1
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Fig. 5  The climatological seasonal mean moisture flux convergence
from a–d observations, e–h CCSM4, i–l RSMROMS, m–p RSM for
a, e, i, m DJF, b, f, j, o MAM, c, g, k, o JJA, and d, h, l, p SON sea-

sons. The corresponding systematic errors from q–t CCSM4, u–x
RSMROMS, and y–ab RSM for q, u, y DJF; r, v, z MAM, s, w, aa
JJA, and t, x, ab SON seasons. The units are in mm d ay−1

Table 5  RMSE of moisture flux convergence over West Florida Shelf (WFS) and over Peninsular Florida (PF)
DJF

PF
WFS

MAM

JJA

SON

CCSM4

RSMROMS

RSM

CCSM4

RSMROMS

RSM

CCSM4

RSMROMS

RSM

CCSM4

RSMROMS

RSM

0.63
0.56

1.39
1.39

1.77
1.13

0.33
0.44

1.07
0.72

1.16
0.58

1.43
2.00

1.15
1.89

1.51
2.24

0.76
0.86

1.31
1.67

1.26
1.22

Units in mm d ay−1

resolved in MERRA-2. In Fig. 6, it may be noted that systematic errors of surface precipitation and evaporation
are quite comparable in CCSM4 and RSMROMS over
both the WFS and PF. The largest differences between
the two model simulations over these two regions are in
with reference to the moisture flux convergence (Fig. 6).
Therefore, it may be noted that despite the limitations of
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the coarse resolution of the verification data, it is revealing that RSMROMS displays a higher fidelity in the components of the moisture budget than RSM with very few
exceptions (Fig. 6), which suggests the potential role of
the rectification impact of air-sea coupling on the regional
model simulations.

The role of air-sea coupling in the downscaled hydroclimate projection over Peninsular Florida…
Fig. 6  Systematic errors of
precipitation pcp, moisture
flux convergence (MFC), and
surface evaporation Evp for
the four seasons over a PF and
b WFS. The units are in mm
day−1
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3.2 Simulation of the future climate (2041–2060)
In this section, we discuss the future climate projections
from these models after having analyzed the fidelity and
limitations of the models for its current climate simulation
in the previous sub-sections.
The CCSM4 future projection in Fig. 7a–d shows insignificant change in precipitation over PF and the WFS
throughout the year except in JJA season when there is a
slight drying tendency (< 0.5 mm day−1) in central and south
Florida parts of southwestern WFS (Fig. 7c). The future
projection of the seasonal rainfall in RSMROMS (Fig. 7e–h)
indicate that there is significant drying projected over PF
in the JJA season with south Florida displaying over 1 mm
day−1 drying. In contrast, the projections of RSM (Fig. 7i-l)
suggest that the drying over PF in the JJA season is statistically insignificant, while changes in precipitation over the
WFS in all four seasons are statistically significant. These
changes in precipitation are also marked by similar changes
in moisture flux convergence and surface evaporation (not
shown). For example, the projected drying over PF in JJA
season in CCSM4 (Fig. 7c) is consistent with corresponding
projected reduction in moisture flux convergence (Fig. 8a)
and relatively lower reduction in surface evaporation

Pcp

MFC

Evp

Pcp

MFC

Evp

Pcp

MFC

Evp

(Fig. 8d). However, in RSMROMS the projected drying over
PF in JJA (Fig. 7g) is sustained by a larger projected reduction in surface evaporation (Fig. 8e) and comparatively lower
projected reduction in moisture flux convergence (Fig. 8b).
In the RSM the projected change of precipitation over PF in
JJA is barely significant (Fig. 7k).
Despite the insignificant changes to the future hydroclimate of the WFS and PF in the rest of the year except in
the JJA season, there is significant and consistent warming
throughout the year in the projected SST over the WFS in
both CCSM4 and RSMROMS (Fig. 9). The biggest difference in the projected SST between the two models is that the
largest changes are oriented along the WFS in RSMROMS
while in CCSM4 the changes are more zonal. This pattern
of warm SST over WFS in RSMROMS stems from slowing of the Loop Current in the future climate (not shown)
and improved resolution of the bathymetry which makes the
ocean shallower and respond to changes in the atmospheric
fluxes. In oceanic downscaling of many GCM projections,
Liu et al. (2012, 2015) also indicated significant deceleration of the Loop Current, that resulted in a net ocean heat
flux from the warm Caribbean Sea in to the Gulf of Mexico.
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The role of air-sea coupling in the downscaled hydroclimate projection over Peninsular Florida…
◂Fig. 7  The projected (2041–2060) climatological seasonal mean dif-

ference of precipitation from the corresponding climatological seasonal mean of the current climate (1986–2005) from a–d CCSM4,
e–h RSMROMS and i–l RSM for a, e, i DJF; b, f, j MAM; c, g, k
JJA; and d, h, l SON seasons. The hashed regions are statistically significant at 90% confidence interval according to t-test. The units are
in mm day−1

4 Discussion and conclusions
This is one of the unique studies over Florida that has
attempted to compare coupled ocean–atmosphere and
uncoupled regional climate downscaling projections besides
comparing it with the coarse GCM driving the regional models. Traditionally, DD has been conducted in reduced systems with either atmosphere only or ocean only models that
have relatively higher resolution than their driving GCMs.
This comparative analysis is important for a region like PF,
which is poorly resolved in several of the coarse GCMs and
is surrounded by oceans with robust surface ocean currents
and broad continental shelf. The downscaling to 10 km grid
spacing in this study clearly shows the advantage in resolving the coastlines, the topography over PF, and the bathymetry in the surrounding oceans to be far more realistic than
its crude rendition in a GCM like the CCSM4.
The validation of the two decades of the twentieth century simulation does indicate that the fidelity of CCSM4 in
terms of the systematic errors of the seasonal mean variables
of the hydroclimate is difficult to overcome in either coupled or uncoupled atmospheric downscaling despite having
improved simulations of the SST in RSMROMS. This can
be a result of the lateral boundary forcing from an imperfect
driving GCM and the quality of the regional model itself
(Misra and Kanamitsu 2004; Rummukainen 2010; Feser
et al. 2011). The comparison of RSMROMS with CCSM4
however, showed the benefit of higher resolution in RSMROMS in resolving the ocean bathymetry in the WFS that
resulted in improved simulation of the seasonal SST.
In this study, a unique opportunity arises to assess the
potential rectification effect of air-sea coupling on the
regional simulation by comparing RSMROMS with RSM
driven by the same GCM (CCSM4). This comparison shows
that for a majority of the seasons, RSMROMS has a lower
systematic error of the seasonal mean precipitation, surface
evaporation and moisture flux convergence over the WFS
and PF compared to RSM. This clearly demonstrates the

impact of air-sea coupling in potentially rectifying some of
the systematic errors of RSM. We have chosen the highest
resolution and the latest global atmospheric reanalysis of
MERRA2 for validation of the moisture budget variables.
However, it may be pointed that MERRA2 is still about five
times coarser than the 10 km grid resolution of either RSM
or RSMROMS. Therefore, in this comparison it is quite possible that the RSM and the RSMROMS are being unfairly
penalized for producing features that are potentially unresolved in MERRA2. Notwithstanding these limitations in
MERRA2, our analysis reveals that RSMROMS displays
the least RMSE in the components of the moisture budget
in the wet JJA season relative to the other two models. This
result reinforces the benefit of using high-resolution coupled ocean–atmosphere models for simulating the wet season climate over the region, when precipitation is strongly
influenced by local forcing.
In terms of the climate projection in the decades of
2041–2060, the RSMROMS simulation indicate significant
drying over PF in JJA season relative to moderate drying
in CCSM4, which is contrary to the RSM simulation that
suggests insignificant changes to seasonal precipitation.
This projected change in summer season precipitation in
RSMROMS and CCSM4 is associated with corresponding
decrease in surface evaporation and comparatively smaller
reduction in moisture convergence. Another significant
difference in the projections between CCSM4 and RSMROMS is that of SST, especially over the WFS. The projected warming of SST in CCSM4 is more zonally oriented
as opposed to be along the WFS in RSMROMS. This latter
structure is likely a result of the more realistic bathymetry
of the WFS in RSMROMS and the slowing of the Loop
Current in a future warm climate.
The clear difference in the projections of the surface climate over WFS between RSMROMS and CCSM4 seems to
be a result of resolving the shallower bathymetry of WFS
in RSMROMS. Similarly, the differences in the projections
of the surface hydroclimate over PF across the simulations
of CCSM4, RSM, RSMROMS highlight the importance of
both resolution and air-sea coupling. We therefore believe
that the expansion of this study with more such downscaled
integrations with coupled ocean–atmosphere regional models to encompass the various uncertainties stemming from
internal variations of the climate, emission scenarios, and
GCMs is imperative.
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Fig. 8  The difference in the
projected (2041–2060) climatological JJA seasonal mean from
the corresponding climatological seasonal mean of the current
climate (1986–2005) of a–c
moisture flux convergence and
d–f surface evaporation from a,
d CCSM4, b, e RSMROMS and
c, f RSM. The hashed regions
are statistically significant at
90% confidence interval according to t-test. The units are in
mm day−1
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Fig. 9  The projected (2041–
2060) seasonal mean climatological difference from the
corresponding mean seasonal
current climate (1986–2005)
from a–d CCSM4, e–h RSMROMS for SST (°C) for a, e
DJF, b, f MAM, c, g JJA, and d,
h SON seasons. All the shaded
regions are statistically significant at 90% confidence interval
according to t test
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