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Foreword  

 The purpose of this document is to provide an informed opinion on future climate 
scenarios relevant to Florida. It  offers a primer on &ÌÏÒÉÄÁȭÓ vulnerabilities to climate 
variability and change. The document is an excellent compilation of diverse viewpoints on 
future climate projection. It implores the readers to be cognizant of the associated 
uncertainty but not to use that as an excuse for inaction in climate adaptation and 
mitigation. 
 Experts in diverse fields employed in institutions across Florida have contributed to 
this document and provided candid and informed assessments of future climate variation 
and change. The uniqueness of this document is that it broadens the discussion of a rather 
ÒÅÓÔÒÉÃÔÉÖÅ ÓÏÕÎÄÉÎÇ ÔÉÔÌÅ ÌÉËÅ ȰÃÌÉÍÁÔÅ ÓÃÅÎÁÒÉÏÓȱ ÔÏ ÉÎÖÏÌÖe experts in sociology, 
environmental law, and economics, in addition to oceanography and meteorology.  
 The earthȭÓ ÃÌÉÍÁÔÅ ÉÓ Á ÖÅÒÙ ÃÏÍÐÌÅØ ÓÙÓÔÅÍȢ  #ÌÉÍÁÔÅ ÉÓ ÉÎÔÉÍÁÔÅÌÙ ÉÎÔÅÒÒÅÌÁÔÅÄ ÔÏ 
many components of the earth system. However, climate is not limited to these interactions 
alone. It also includes the modulation of these interactions by external factors such as 
anthropogenic influence (or interference), volcanic eruptions, changes in solar activity, and 
changing planetary factors like orbital eccentricity, obliquity,  and precession. 
 Against this backdrop of complexity, this paper has tried to distill the information 
that is relevant to Florida. It is well understood that climate has no borders, and yet we 
focus here on Florida because of the huge demand for locally applicable information on 
climate change and variation. Therefore, time and again throughout this paper the impact 
of remote climate variations and change on Florida is emphasized. 
 Finally this document provides some initial suggestions to further fortify our 
understanding of the impact of global climate change on Florida. The caveat however, is 
that these fledgling suggestions will have to be further molded by a developing synergy 
between the federal, state, private stakeholders and university researchers. 
 
 
E. P. Chassignet, Director, Center for Ocean-Atmospheric Prediction Studies, and Co-Director, 

Florida Climate Institute, Florida State University, Tallahassee 
 
J. W. Jones, Director, Florida Climate Institute, University of Florida, Gainesville  
 
L. Berry, Director, Florida Center for Environmental Studies, Florida Atlantic University, Boca 

Raton  
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Executive S ummary  

This document comprises the viewpoints of experts in Florida from diverse fields on 
climate scenarios of the future with a focus on potential impacts on the state of Florida. A 
general perception of climate change is associated with uncertainty that entails different 
viewpoints and an implied limited  understanding of the impacts of climate change. This 
notion is amplified further when impacts of climate change are assessed locally over a 
region like Florida. It is the collective opinion of this group that we cannot wish away this 
uncertainty. The nature of the problem warrants a probabilistic projection although a 
determinist ic answer to the impact of climate change is most desirable. In fact the 
uncertainty in our understanding and predictions of climate variations is a natural outcome 
of the increasingly complex observing and modeling methods we use to examine 
interactions between the biosphere, atmosphere, hydrosphere, and cryosphere. 

It is shown that Florida represents a good example of a complex regional climate 
system, where relatively slow natural climate variations conflate or deflate the multiple 
sources of anthropogenic climate influences. Climate change in this document refers to all 
sources of anthropogenic influences, including greenhouse gas (GHG) emissions, aerosols, 
and land cover and land use change. In fact assessing climate change over Florida is so 
complex that climate change occurring remotely may have a larger impact than the direct 
influence of climate change on Florida. However the basic fact irrespective of the source of 
these variations and change is that Florida, with its vast and growing coastal communities 
and changing and growing demography will make itself more vulnerable to weather and 
climate events. With anticipation of further rapid increase in GHG emissions, it is prudent 
to act now in applying the necessary regional climate information that we have to educate 
the public and implement adaptation and mitigation plans. Some of the most apparent 
impacts of climate change and variability for Florida are as follows: 

(i)  Salt water intrusion from sea level rise is already becoming an issue for the 
freshwater demands of highly populated areas along the southeast coast, from the 
Florida Keys to Palm Beach. This issue may further worsen and become more 
widespread over time with climate change. 

(ii)  The displacement of communities, destruction of infrastructure and terrestrial 
ecology, and increased prospects of damage from storm surge would be additional 
consequence of sea level rise. 

(iii)  The likelihood of the change in the statistics of Atlantic tropical cyclone intensity 
has a huge implication for the sustenance of coastal and inland communities in 
terms of damage to infrastructure and property, human mortality, and the 
modulation of the accumulated fresh water source in the summer, especially in 
South Florida. 

(iv)  Remote impacts of any perceived climate change in the characteristics of El Niño 
and Southern Oscillation (ENSO; although none have been conclusively found so 
far) will have an implication on the seasonal climate variability over Florida, 
especially in winter and spring seasons. 



 x 

(v)  Likewise remote impact of climate change over North Africa can have implications 
on dust transport across the Atlantic Ocean, which can change the air quality and 
ÈÅÁÌÔÈ ÏÆ &ÌÏÒÉÄÁȭÓ ÎÅÉÇÈÂÏÒÉÎÇ ÏÃÅÁÎÓȢ 

(vi)  The uncertainty in the anticipated changes in Florida red tide (a harmful algal 
bloom) due to changes in ocean temperatures, long term variations of  local scale 
terrestrial runoff can make the fishing industry and the human population 
vulnerable. 

(vii)  &ÌÏÒÉÄÁȭÓ ÃÏÁÓÔÁÌ ÒÅÅÆÓȟ ×ÈÉÃÈ ÓÅÒÖe as a habitat for a variety of biota, are 
threatened by ocean acidification from increased levels of dissolved carbon 
dioxide. 

(viii)  There is anticipation of inevitable future increases in the wealth of Florida coastal 
communities, which would lead to further infrastructure development that will 
make the coastal regions far more susceptible to even moderate (and 
unanticipated) changes in climate. 

It is recommended that, with existing climate information, effective climate scenarios 
could be developed in the near term that would be useful to plan and test sustainable 
strategies for adaptation and mitigation of climate-related vulnerabilities. Ongoing 
scientific research is bound to further improve our ability to understand and predict our 
climate system to meet the strident demands for accurate climate projection. 

In addition the growing and aging population of Florida would make this State more 
vulnerable to climate variations and change. The demand for energy and water will 
proportionately grow, while changes in land cover, air quality, coastal waters from 
urbanization, industrialization and agriculture will be inevitable.  

Although it is pointed out in this document that sea level rise is one of the main issues 
confronting Florida in terms of the immediate impact of climate change, we have not 
included a description of it  in this document. This is because there are several reports that 
have recently been released on sea level rise. They are listed below for our interested 
readers: 

(i)  Sea Level Changes in the Southeastern United States: Past, Present and Future 
(Mitchum 2011; available from 
http://coaps.fs u.edu/~mhannion/201108mitchum_sealevel.pdf) 

(ii)  Past and projected trends in climate and sea level for South Florida (Obeysekera et 
al. 2011; available from 

http://my.sfwmd.gov/portal/page/portal/xrepository/sfwmd_repository_pdf/cci
report_publicationversion_14jul11.pdf) 

(iii)  IPCC workshop on sea level rise and ice sheet instabilities (Stocker et al. 2010; 
available from http://www.ipcc.ch/pdf/supporting -
material/SLW_WorkshopReport_kuala_lumpur.pdf) 

(iv)  Thirsty for answers: Preparing for the water-related impacts of climate change in 
American cities (Dorfman et al. 2010; available from 
http://www.nrdc.org/water/thirstyforanswers.asp

http://coaps.fsu.edu/~mhannion/201108mitchum_sealevel.pdf
http://my.sfwmd.gov/portal/page/portal/xrepository/sfwmd_repository_pdf/ccireport_publicationversion_14jul11.pdf
http://my.sfwmd.gov/portal/page/portal/xrepository/sfwmd_repository_pdf/ccireport_publicationversion_14jul11.pdf
http://www.ipcc.ch/pdf/supporting-material/SLW_WorkshopReport_kuala_lumpur.pdf
http://www.ipcc.ch/pdf/supporting-material/SLW_WorkshopReport_kuala_lumpur.pdf
http://www.nrdc.org/water/thirstyforanswers.asp
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SECTION 1                                                    

Anthropogenic I nfluence s on Floridaõs 

Climate                                                                          
V. Misra  

4ÈÅ ÐÈÒÁÓÅ ȰÁÎÔÈÒÏÐÏÇÅÎÉÃ ÉÎÆÌÕÅÎÃÅ on ÃÌÉÍÁÔÅȱ ÉÍÍÅÄÉÁÔÅÌÙ creates a vision of increasing 
Green House Gas (GHG) emissions, which are by far the strongest anthropogenic influence 
on the global climate, especially when one examines the global mean surface temperature 
trends. Even regionally, especially in the northern latitudes of the northern hemisphere, the 
warming trends in the surface temperature are clearly attributed to increasing GHG 
emissions. However, in other regions there are other competing anthropogenic influences, 
such as changes in aerosol concentrations, land cover and land use, and ozone 
concentration, as well as the nutr ient loading of stream flows and coastal waters due to 
increased terrestrial runoff. 

The southeastern United States (SE US), including Florida, is one of those rare regions in 
the planet that exhibit cooling trends in the terrestrial surface temperature in the second 
half of the 20th century (Trenberth et al. 2007; Portmann et al. 2009; DeGaetano and Alen 
2002; Figs. 1.1A and B). This cooling seems to be strongest in the late spring-early summer 
period of May-June. Many studies have tried to attribute this cooling trend (sometimes 
referred to as a Ȱ×ÁÒÍÉÎÇ ÈÏÌÅȱɊ ÔÏ ÃÈÁÎÇÅÓ ÉÎ sea surface temperature (SST; Robinson et 
al. 2002), land-atmosphere feedback (Pan et al. 2004), and/or  internal dynamics (i.e., 
chaotic behavior of the climate system; Kunkel et al. 2006). Portmann et al. (2009) suggest 
that these cooling trends relate to the fact that the May-June period in the SE US represents 
a period of abundant rainfall (Fig. 1.1C), which causes more evaporation and cloudiness 
that could result in a cooling trend, thus compensating for local greenhouse warming.  

In a more recent study, Misra et al. (2011) show that the inhomogeneous distribution of the 
surface temperature trends in the SE US is related to the degree of urbanization (Fig. 1.2a) 
and irrigation done on croplands (Fig. 1.2b and c). The argument put forth here is that the 
heat capacity and conductivity of building and paving materials allow for more heat to be 
absorbed during the day in urban areas than in rural areas. The absorbed heat then 
becomes available at night in urban areas to partially compensate for the nocturnal 
upwelling, leading to net decrease in long-wave radiation loss. So in Fig. 1.2a the linear fit 
to the scatter between the temperature trends and urbanization shows a positive slope, 
suggesting that with increasing urbanization there is an increase in temperature trends.  

Irrigation increases evaporation from the surface, resulting in cooling daytime surface 
temperatures (Tmax; Fig. 1.2b). On the other hand, nighttime minimum temperature can 
increase from irrigation, because wetting of soil raises its heat capacity and conductivity 
under weak wind conditions. Furthermore, daytime irrigation can also result in more 
moisture and cloudiness, which may compensate for nighttime long-wave radiation loss 
and lead to further warming of nighttime minimum temperatures (Fig. 1.2c). 
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Figure 1.1: (A) Minimum and (B) maximum temperature trends for May-June, and (C) mean precipitation 
for March-June. The data are from Global Historical Climatology Network Daily version 1 (GHCND). From 
Portmann et al. 2009. 
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There are a growing number of studies suggesting a future climate of unprecedented 
increases in GHG concentrations leading to heat waves, prolonged droughts, and more 
intense rain bearing systems, such as thunderstorms and hurricanes, in the SE US (Seager 
et al. 2009; Li et al. 2011; Ortegren et al. 2011). In fact, from the analysis of the climate 
model projections that contributed to the International Panel for Climate Change (IPCC) 
Assessment Report 4 (AR4), Seager et al. (2009) found summer precipitation increases 
over the SE US. However, there is a corresponding increase in evaporation from the 
increased surface temperatures of the continental region, which results in a net water 
deficit in the atmosphere, leading to a drier environment.  However, reconstruction of 
drought indices from tree rings suggests that droughts over the SE US in the medieval 
period (which included 20 uninterrupted years of drought from 1555-1574) dwarf the 
drought of the 20th century in their persistence (Seager et al. 2009). In recent decades, Li et 
al. (2011) indicate that the North Atlantic Subtropical High has become more intense, 
moved further westward with enhanced north-south movement, which has resulted in the 
increased interannual variability of summer precipitation  (the rainy season) in the SE US.   

Karl et al. (2009) using the suite of models in the Coupled Model Intercomparison Project 3 
(CMIP3) used in IPCC AR4 found that they project continued warming in all seasons across 
the SE US with rising rates of warming through the end of the 21st century. For low 
emission scenario Karl et al. (2009) diagnosed that the CMIP3 models projected a rise of 
4.50F by the 2080s and to about 90F for projections from high emission scenario. The model 
projections for precipitation is not discussed as they are relatively more uncertain to make 
a conclusive statement.  

 
 
 
 

Figure 1.2: The scatter plot of the linear trends (in 0F/century) of Tmin over (A) the southeastern US (which 
includes Florida, Alabama, Georgia, South Carolina and North Carolina) with Population Interaction Zone 
for Agriculture (PIZA; USDA-ERS 2005). A PIZA index of 1 is representative of rural areas, while 5 
indicates urban areas. (B) Same as (A) but with irrigation index (Siebert et al. 2006). (C) Same as (B) but 
with Tmax. The slope and its 95% confidence level obtained from the Monte Carlo approach are shown in 
the right top corner of all 3 panels. In all 3 panels, the trends for the June-July-August (JJA) season, when 
the impact of urbanization and irrigation is found to be strongest, are shown. 
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- Frequently Asked Questions  - 
 
What is land -atmosphere feedback?  

Land-atmosphere feedback refers to the interaction between the land and the atmosphere 
that leads to growth, decay, or sustenance of a weather or climate anomaly. The re-
evaporation from the land surface of the falling precipitation back in to the atmosphere is 
an example of positive land-atmosphere feedback. An example of negative land-
atmosphere feedback is the spinning down or weakening of a hurricane that moves 
onshore (landfalls) due to a relative increase in friction with the rough land surface and a 
cutoff of the abundant moisture that was formerly  available in the open ocean.  
 
Why are maximum (T max) and minimum (T min ) surface temperature s preferred for 
examining surface temperature trends instead of the mean surface temperature 
(Tmean)? 

Tmean is generally obtained by averaging Tmax and Tmin (although this definition of Tmean can 
vary in other parts of the world). Meteorological stations are equipped to measure Tmin and 
Tmax. Furthermore, surface temperature trends and variations in Tmax and Tmin represent 
different physical processes. Tmean trends may not be true representations of these physical 
processes. For example, Tmax generally represents a thicker layer of atmospheric behavior 
because Tmax is usually measured during the daytime, when the surface is relatively well 
coupled to the overlying atmosphere with a deeper atmospheric boundary layer (a distinct 
layer in the atmosphere). However, Tmin, which usually occurs at night, is measured when 
the atmospheric boundary layer is shallow and decoupled from the rest of the atmosphere, 
and thereby represents surface characteristics more than the overlying atmosphere.  
 
How to reconcile with the weak climate change signal in surface temperature over 
the southeast US from past observed data with climate model projections which 
show a significa nt increase in temperature by the end of the century?  

Indeed the surface temperature does not show a spatially coherent region of rising 
temperature trends in the last 60-50 years of available station data in the SE US. A spatially 
coherent warming trend as in the higher latitude regions provides persuasive evidence in 
itself of climate change. In the SE US there are pockets of rising surface temperature trends 
alongside regions of cooling temperature trends. Or adjacent observing stations have very 
different rates of linear temperature change. These features as pointed earlier suggest the 
impact of local features of SE US that either conflate or deflate the background linear 
temperature trends imposed by the increasing concentration of green house gases. Despite 
questionable climate model fidelity, the model projections suggest a significant rise in 
temperature under emission scenarios that are unprecedented in the recent past. 
Qualitatively the results of these model projections are persuasive because of our 
theoretical understanding of the way the climate system could behave under such 
increased concentrations of green house gases (including the possibility of the broadening 
of the tropical climate belt) but quantitatively they remain a big question. 
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SECTION 2                                                          

Uncertainty of Climate Projections                   
B. Kirtman, V. Misra, and D. Letson  

Weather and climate predictions are necessarily uncertain. The uncertainty comes from 
several sources:  

(i)  Initial condition uncertainty (chaotic behavior of the climate system or internal 
variability in Fig. 2.1) associated with errors in our observing systems or in how 
the observational estimates are used to initialize prediction systems (model 
error s play a significant role here); 

(ii)  Uncertainty in external forcing (scenario uncertainty in Fig. 2.1). This can be 
either natural (changes in solar radiation reaching the top of the atmosphere; 
changes in atmospheric composition due to natural forcing, such as volcanic 
explosions; and/or  changes in the shape and topography of continents or ocean 
basins) or anthropogenic (changes is the atmospheric composition and land 
surface properties due to human influences); 

(iii)  Uncertainties in the formulation of the models (model uncertainty in Fig. 2.1) 
used to make the predictions and assimilate the observations. These 
uncertainties are associated with a discrete representation of the climate system 
and the parameterization of sub-grid physical processes.  

In the language of uncertainty quantification, all three of these sources of uncertainty have 
elements that are aleatoric and epistemic. Aleatoric uncertainties are irreducible ɀ they 
cannot be completely suppressed by more accurate measurements. For example, if we use 
a discrete numerical model for the forecast problem but continually reduce the initial 
condition uncertainty by more accurate observations, the prediction will always be 
uncertain. This is because a discrete representation of the climate will always have an 
irreducible discretization error and therefore an associated irreducible uncertainty. In 
contrast, epistemic uncertainties are reducible and may be due to inaccurate 
measurements or known model errors. In this case, if we know how to reduce the model 
errors, we can reduce the uncertainty or perhaps quantify how much of the uncertainty is 
due to known model errors and how much we can expect to be able to reduce the 
uncertainty. 

To account for these sources of uncertainty, it is now accepted practice in the weather and 
climate communities to run ensembles of predictions using perturbed initial conditions, 
perturbed external forcing, and multiple models (including multiple different models and 
versions of the same model with perturbed or stochastic physics). For example, there have 
been systematic attempts ɀ through model sensitivity experiments ɀ to quantify how 
poorly constrained parameters in the atmosphere, land, and sea-ice component models 
impact the uncertainty in transient climate change projections (Collins et al. 2006) or how 
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uncertainties in GHG emission/concentration scenarios impact the projection/prediction.  

For the seasonal-to-interannual prediction problem, the natural variability of the climate 
system is larger than the forced climate change, and therefore the uncertainty is typically 
quantified by perturbing initial conditions and applying the multi-model or stochastic 
physics approach (i.e., assessing uncertainty due to model formulation) , with little 
attention paid to the uncertainties in the external forcing. As the prediction problem 
extends to longer time scales (i.e., decadal), the forced signal becomes comparable to the 
natural variability , and all three sources of uncertainty need to be considered. 

The prediction lead time, and the spatial and temporal averaging scale all have a bearing on 
the relative importance of the three sources of uncertainty (Hawkins and Sutton 2009). Fig. 
2.1 shows that at prediction time horizons of a decade or more, the model and scenario 
uncertainty take precedence over internal variability generated from initial condition 
uncertainty. However, at shorter spatial and temporal scales, internal variability be comes 
quite an important source of uncertainty, while scenario uncertainty is diminished (Fig. 
2.1). This is reminiscent of the committed climate change (Meehl et al. 2009; discussed 
later in section 9.0), where projections for the near term (10-30 years) are rather 
insensitive to the chosen scenario of GHG concentrations. 

 

 

Figure 2.1: Main panel: Total variance of the decadal-global mean surface air temperature split into the 
three sources of uncertainty (orange: internal variability; blue: model uncertainty; green: scenario 
uncertainty). Insets: Same as main panel but for lead times less than 20 years for (left) global mean and 
(right) North American mean. From Hawkins and Sutton (2009). 
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Hawkins and Sutton (2009) point to an interesting difference in the growth of the 
uncertainty between globally averaged variables and regionally averaged variables. If one 
examines the fractional uncertainty (defined as the ratio of prediction uncertainty to 
expected mean change; Hawkins and Sutton 2009) for a global mean (Fig. 2.2A) versus a 
given region, say, in this case the British Isles (Fig. 2.2B), the total fractional uncertainty is 
at a minimum for a forecast of lead time of 40 and 60 years respectively. This minimum is 
associated with the increasing dominance of model and scenario uncertainty with longer 
lead times.  And the difference in the time at which minimum fractional uncertainty occurs 
between the global mean (40 years) and the British Isles (60 years) stems largely from a 
slower rate of reduction of internal variability at regional scales. This objective measure of 
the time-varying behavior of total uncertainty gives substantive evidence for targeting such 
forecast periods in order to harvest useful prediction skill at the global and regional scales. 

 

 

In Fig. 2.3, Hawkins and Sutton (2009) show that, for predictions of the next decade, 
internal variability accounts for 40-60% of the total uncertainty in most regions. Some 
reduction of this initial condition uncertaint y can be achieved through proper initialization  
of the climate components, especially of the oceans (Smith et al. 2007). For predictions of 
the fourth decade, model uncertainty is the dominant contribution over most parts of the 
planet; for the ninth decade scenario, uncertainty takes the precedence. Likewise, model 
uncertainty could be narrowed further by attempts to improve the models. It may be noted 
that, even by the end of the century, the emissions scenario is less important than model 
uncertainty at higher latitudes, where climate feedbacks are quite important (Hawkins and 
Sutton 2009). 

Figure 2.2: Fractional uncertainty of the global and decadal mean surface air temperature for (A) global 
mean and (B) British Isles mean relative to the warming from the 1971-2000 mean. From Hawkins and 
Sutton (2009). 



 8 

 

 

The scenario uncertainty, especially the linkage of carbon emissions associated with 
economic activity is fuzzy for a host of reasons. Uncertainty in projecting future levels of 
human activities and technological change is inevitable and to a large extent irreducible. 
Choosing meaningful or relevant climate scenarios for research depends upon our current 
ability to predict social and economic processesɂsuch as the future course of globalization, 
economic priorities, regulation, technology, demographics, and cultural preferences. The 
evaluation of uncertainty in economic and technological factors and the effects on forecasts 
of carbon dioxide emissions have a relatively long history (e.g., Nordhaus and Yohe 
1983; Reilly et al. 1987). 

Trends in CO2 emissions and in the carbon intensity of the world economy can offer both a 
baseline and a historical range of variability. Recent growth of the world economy 
combined with an increase in its carbon intensity have led to rapid growth in fossil fuel 
CO2 emissions since 2000: comparing the 1990s with 2000ɀ06, the annual emissions 
growth rate increased from 1.3% to 3.3% (Canadell et al. 2007). Together, these effects 

Figure 2.3: The total variance of surface air temperature explained by left column: internal variability; 
middle column: model uncertainty; and right column: scenario uncertainty for first row: first decade; 
middle row: fourth decade; and bottom row: ninth decade. From Hawkins and Sutton (2009). 
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characterize a carbon cycle that is generating stronger-than-expected climate forcing 
sooner than expected.  

The utilization of a specific scenario from the many scenarios the IPCC considers for its 
projections is usually based on the proposed application of the climate projection. For 
example, if the concern is to prevent or plan for a low probability, high impact outcome, 
then one could choose a pessimistic scenario, such as the A2 scenario of the IPCC AR4. The 
A2 scenarioɂdeveloped on the premise of a future world of independently operating, self-
reliant nations with continuously increasing populations, regionally oriented economic 
development, and slower and more fragmented technological developmentɂprojects a 
near doubling of the CO2 concentration by the end of the 21st century from its present 
levels. 
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- Frequently Asked Questions - 
 

 If weather is hard to predict beyond 5 -7 days, then what is the basis for projecting 
climate out to 100 years in the future?  

The basis for projection of climate change is that the substantially increasing GHG 
concentrations exert an increasing radiative forcing on the earthȭÓ ÃÌÉÍÁÔÅȟ ÓÏ ÔÈÁÔ ÁÎÙ 
future change forced by this increased radiative forcing can be detected from its 
comparison with the present climate. Furthermore, weather prediction, which dwells on 
predicting the location, timing, and intensity of the weather (from 1-7 days duration) is 
overwhelmed and limited by the chaotic nature of the atmosphere that dominates with 
increasing lead time of the weather forecast. Climate predictions, far from predicting 
individual weather events, try to predict mean characteristics averaged at least over a 
month or beyond. Alternatively, climate projection could also dwell on change in the 
probability distribution function (pdf) of the variable of interest or low frequency 
variations of extreme weather events. The premise in climate prediction is that the slowly 
varying boundary conditions of the ocean surface, land surface,  changes in orbital 
parameters (Milankovitch cycles), and GHGs, condition the chaotic atmosphere to behave 
in a particular manner so that the change in their mean characteristics averaged over a 
period of time are predictable. 
 
How to make use of climate projections for hydrological applications, given that 
climate prediction or projection is based on changes to mean characterist ics? 

In fact hydrological applications of climate projection is most suited as they typically 
examine aggregate (averaged over a watershed or a riverbasin) changes. Hydrology has 
developed sophisticated disaggregation schemes to use coarse resolution meteorological 
data to compute for example, robust probabilistic estimates of integrated stream flow 
projections.  Similarly, hydrology has developed techniques to upscale to continental scale.  
 
Does uncertainty of climate projections increase with complexity of the numerical 
climate models?  

This is not necessarily true. It depends on the nature and dominance of the climate 
feedbacks prevalent in the model for the variable in question. The multitude of climate 
feedbacks prevalent in the current state of the art climate models can either damp or 
amplify the climate change signal in any given model depending on the dominating 
feedback mechanisms. 
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SECTION 3                                                                       

Mid -Century Expectations for Tropical 

Cyclone Activity  and Florida Rainfall          
D.  Enfield,  S.-K. Lee,  F. Marks, and M. Powell  

The question of future rainfall and Atlantic tropical cyclone (TC) activity and their probable 
impact on Florida water supplies and infrastructure on a greenhouse-warmed earth  is 
complex and has been the subject of considerable research since about 2005. TCs and 
rainfall are intertwined, because not only do TCs cause devastation to lives and 
infrastructure, they also contribute a significant part of the overall rainfall in Florida, which 
also includes contributions from frontal passages, tropical waves, and sea breeze 
frontogenesis. Moreover, it is likely that sea level rise and population growth will further 
exacerbate the negative impacts of future rainfall and TC activity on infrastructure and 
water supplies. Finally, natural multidecadal variability in both TCs and rainfall will 
probably modulate strongly the human-induced trends. Without going into great detail, this 
section will summarize what we presently know and expect over the coming century.  

3.1 Tropical Cyclone Activity 

ȰTop researchers now agree that the world is likely to get stronger but fewer hurricanes in 
ÔÈÅ ÆÕÔÕÒÅ ÂÅÃÁÕÓÅ ÏÆ ÇÌÏÂÁÌ ×ÁÒÍÉÎÇ ɉ"ÏÒÅÎÓÔÅÉÎ ςπρπɊȢȱ According to Knutson et al. 
(2010), future projections based on theory and high-resolution dynamical models 
consistently indicate that greenhouse warming will cause the globally averaged intensity of 
tropical cyclones to shift towards stronger storms, with intensity increases of 2ɀ11% by 
2100. However, modeling studies also consistently project decreases in the globally 
averaged frequency of tropical cyclones, and this projection is particularly applicable to the 
tropical Atlantic sector. The latest research published by Bender et al. (2010) builds on and 
is consistent with most of the previous work and is perhaps the best statement to date of 
what can be expected by the last decade of this century. The Bender et al. (2010) study uses 
two of the best high-resolution models, which both predict tropical cyclone development 
from observed initial conditions and which reproduce 20th-century tropical cyclone 
statistics well. By comparing the model storm statistics of 2080-2100 AD with 2000-2020 
AD, the authors have drawn conclusions regarding the likely changes in tropical cyclone 
statistics over that 80-year interval. Qualitatively, the results bear out the conclusions 
of the previous consensus: fewer total storms but more of the most intense ones.  The 
Bender et al. (2010) results may be summarized as follows: 

(i)  There is no evidence that global warming has already affected hurricane 
activity.  According to this study, the large multi-decadal variability in TC activity 
seen over the latter half of the 20th century may be largely natural and dwarfs any 
late-century changes that greenhouse warming might have produced. This analysis 
suggests that anthropogenic changes may not be distinguishable from natural 
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variability until about 2070 , a conclusion that is consistent with several other 
credible studies (e.g., Vecchi and Knutson 2011). 

(ii)  The number of category 4 and 5 storms (intense hurricanes comparable to 
Hurricane Andrew) forming in the Atlantic basin roughly doubles after 80 
years of greenhouse warming.  The average number of major Atlantic hurricanes in 
the late 20th century was about 14 per decade.  Of these, only a small percentage 
typically threatened or impacted Florida. In the last 30 years, only one such storm 
(Andrew) impacted South Florida, and the best estimate is that the frequency of hits 
by Category 5 storms is about once in 80 years (Landsea et al. 2004). If the Bender et 
al. (2010) estimates are accurate, the state might expect to see two storms like 
Andrew over a similar period centered on 2090. 

(iii)  The total counts of all  Atlantic storms decreases, becoming 28% fewer 
according to the 18 -model IPCC ensemble. As this includes the increase in the 
number of intense storms, it means there is a larger decrease in the number of 
tropical storms and weak hurricanes. Because a typical 20th-century decade had 
about 90 total storms, the Atlantic basin should see about 25 fewer total storms per 
decade by the end of the 21st century. Taking into account the increase in severe 
storms, the number of storms per decade of Category 3 and below will decrease on 
average from 76 to 47, or 38% fewer. Such storms include all of the ones that have 
impacted South Florida in the last 10 years. 

(iv)  In spite of the decrease in total storms, the damage caused by future storms is 
expected to increase by about  30%.  This is because damage increases 
exponentially with storm intensity such that even a moderate increase in the number 
of severe storms will outweigh the larger decrease in weaker storms. Major 
hurricanes (categories 3- 5) have accounted for 86% of all US damage despite 
constituting only 24% of US landfalls. According to Kerry Emanuel, co-author of the 
Knutson et al. (2010) ÓÔÕÄÙȟ Ȱan 11% increase in wind speed translates to roughly a 
φπϷ ÉÎÃÒÅÁÓÅ ÉÎ ÄÁÍÁÇÅȱ ɉ"ÏÒÅÎÓÔÅÉÎȟ ςπρπɊȢ  

The least accurate result of the Bender et al. (2010) analysis is probably the estimate of 
increased future damage (30%), which is almost assuredly too low for Florida. That is 
because the study did not take into account the augmenting effects of sea level rise on 
storm surge damage, nor the inevitable future increase of wealth and infrastructure of 
exposed coastal communities. The most significant improvement in projections of TC activity 
will come from the incorporation of storm surge models with GIS overlays of future sea levels, 
combined with estimates of demographic changes. )Ô ÉÓ ÉÎ ÔÈÅ ÓÔÁÔÅȭÓ ÉÎÔÅÒÅÓÔ ÔÏ ÒÅÃÏÍÍÅÎÄ 
to the climate research community that this be given a high priority.  

3.2 Future Rainfall 

3.2.1 Projections of Generalized Rainfall 

!ÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÅØÔÅÒÎÁÌÌÙ ÆÏÒÃÅÄ ÍÏÄÅÌ ÓÉÍÕÌÁÔÉÏÎÓ ɉ!ρ" ȰÍÉÄÄÌÅ-of-the-ÒÏÁÄȱ ÓÃÅÎÁÒÉÏɊ 
for the 21st century used in the IPCC AR4, eastern North America (25°N ɀ 50°N and 85°W ɀ 
50°W) will experience about a 3.6°C increase in the surface temperature and a 7% increase 
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in rainfall by the end of the 21st century (2080 ɀ 2099). On the other hand, the IPCC AR4 
projects that the Caribbean islands (10°N ɀ 25°N and 85°W ɀ 60°W) will experience about a 
14% decrease in rainfall by 2080-2099 with a larger decrease of 20% from June to August. 
This sharp discontinuity of the projected rainfall change across 25°N suggests that the 21st-
century climate projection for the state of Florida is quite complex and uncertain.  

Figure 3.1 shows the composite maps of the projected changes in rainfall in the 21st 
century for four seasons: (a) December, January, and February (DJF), (b) March, April, and 
May (MAM), (c) June, July, and August (JJA), and (d) September, October, and November 
(SON). Ten IPCC AR4 models under the A1B greenhouse forcing scenario are used to create 
these maps. As shown, Florida is expected to have an overall much drier climate in the 21st 
century. However, this drying condition is highly dependent on geographic location and 
also on season. During the winter season, the drying seems to be limited to the Florida 
Panhandle area. But, in spring, the entire region of Florida is projected to be much drier. In 
summer, the drying condition seems to be alleviated in northern Florida. However, 
southern Florida is expected to have a severe drying condition. During fall, all regions in 
Florida are subject to a weakly wet condition. As an average for Florida, the models project 
an 11% decrease in rainfall in MAM, an 8% decrease in JJA, a 5% decrease during DJF, and a 
3% increase in SON.  

It appears that the projected impact of climate change on Florida is most severe in South 
Florida in JJA and is linked to the broad drying in the Caribbean region, which is a robust 
feature in all IPCC AR4 models. Recent studies by Lee et al. (2011) and Rauscher et al. 
(2011) provide a physical explanation for the projected summer drying of the Caribbean 
region. They argue that the so-called differential inter-ocean warming is the main cause of 
the projected drying over the Caribbean in the 21st century. Specifically, they use idealized 
climate model experiments to show that the preferential warming of the tropical Indo-
Pacific in the 21st century induces a global average warming of the tropical atmosphere, 
thus increasing atmospheric static stability and decreasing convection over the tropical 
North Atlantic region of weaker warming.  

In summary, the IPCC projections are for less generalized (due to all sources) rainfall over 
the tropical North Atlantic and Florida, but with Florida near the transition from less 
rainfall to the south to greater rainfall in the north. Improved global climate models and 
dynamical downscaling (or high resolution climate modeling) studies targeted at Florida 
should be conducted to improve our projections for generalized rainfall. 
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3.2.2 Rainfall Components 

Unfortunately, rainfall is one of the least certain aspects of global climate models 
(especially at the regional level), which do not resolve many of the fine-scale interactions 
that produce rainfall over Florida, such as tropical cyclones and sea breeze frontogenesis. 
In this section we examine the logical expectation for several components of Florida rainfall 
to see how compatible they are with the IPCC projection. 

Figure 3.1: The composite maps of the projected changes in rainfall between periods 2080ɀ2100 and 2000ɀ
2020 for (A) December, January, and February (DJF); (B) March, April, and May (MAM); (C) June, July, and 
August (JJA); and (D) September, October, and November (SON), computed from ten IPCC AR4 model 
simulations under the A1B scenario. The unit is mm/day.  

 

 



 15 

Frontal passages produce rain mostly from late fall to early spring and more so in northern 
Florida, whereas in South Florida those months comprise the dry season. According to Held 
and Soden (2006), part of the global pattern of climate change is the migration of storm 
tracks farther poleward, which expands the dry subtropics and produces more rain at 
higher latitudes. The likely consequence of this is to reduce the influence of frontal 
passages on Florida rainfall, especially in northern Florida and preferentially in the cooler 
months. This seems qualitatively consistent with the IPCC projections (Figure 3.1). 

Tropical cyclones, including hurricanes of all intensities, are a major contributor to Florida 
rainfall dur ing the warm season (June through October). Even relatively weak tropical 
storms can significantly add to water supplies. Thus, in August 2008, a severe drought 
threatened water supplies and augured draconian conservation measures for populous 
coastal counties. The Lake Okeechobee reservoir, the flywheel for South Florida water 
management, was at record low levels. Then, on August 18-20, 2008 a single tropical storm 
ɉȰ&ÁÙȱɊ ÒÁÉÓÅÄ ÔÈÅ ÌÁËÅ ÔÏ ÏÐÔÉÍÁÌ ÌÅÖÅÌÓ ÆÏÒ ÍÁÎÁÇÅÍÅÎÔȟ ÁÌÍÏÓÔ ÏÖÅÒÎÉÇÈÔȢ "ÅÃÁÕÓÅ ÓÕÃÈ 
storms are expected to become considerably less frequent, droughts are likely to become 
more frequent and/or severe, over the next century, due to the reduction of water supplies 
toward the beginning of the cooler dry season in central and South Florida. Because less 
intense storms tend to produce copious rain, out of proportion to their wind intensity, and 
because significantly fewer such storms are expected, we would expect wet season rainfall 
to be less at the end of the 21st century due to the tropical cyclone component. This also is 
qualitatively consistent with the IPCC projections, especially for the summer months in 
South Florida. 

Despite the uncertainty of rainfall in global climate models, one particular consequence of 
greenhouse warming is much more certain: sea level rise. Most current estimates are for at 
least two feet and as much as five feet of rise by 2110 AD, and this can plausibly diminish 
×ÁÔÅÒ ÓÕÐÐÌÉÅÓ ÉÎ &ÌÏÒÉÄÁȭÓ Ô×Ï ÍÏÓÔ ÐÏÐÕÌÏÕÓ ÃÏÕÎÔÉÅÓ ɂ Miami-Dade and Broward ɂ 
through two mechanisms: (1) salt water infiltration of the Biscayne aquifer from higher sea 
level on the Atlantic seaboard and from marine inundation of the Shark Valley Slough 
(Everglades) east of the coastal ridge; and (2) decreased rainfall from sea breeze 
frontogenesis, also due to inundation of the Shark Valley Slough. The latter factor is another 
important component of summer rainfall in South Florida, and is also consistent with the 
IPCC projections of drying for that season. However, the global models do not resolve the 
convective processes at this reduced scale of interaction nor do they take into account the 
effect of marine inundation on the diurnal land heating. The amount of the rainfall decrease 
due to reduced sea breeze frontogenesis can best be estimated by running embedded 
mesoscale models with GIS overlays for increments of sea level rise. 

3.3 Multidecadal Variability 

Since instrumental records began in the late 19th century, SSTs in the North Atlantic have 
undergone several slow oscillations between relatively warm and cool conditions, with 
well documented impacts on North American rainfall (Enfield et al. 2001) and Atlantic 
hurricane activity (Goldenberg et al. 2001). For 2-3 decades at a time, the North Atlantic is 
predominantly warm, with more tropical cyclones and more rainfall in Florida, or cool, 
with fewer hurricanes and less rainfall. The rainfall variations in Florida have been 
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reflected in the changing hydrology of aquifers and the amount of inflow to Lake 
Okeechobee from central Florida (Figure 3.2). This Atlantic Multidecadal Oscillation (AMO) 
has been registered in tree ring chronologies from around the North Atlantic basin dating 
back at least four centuries. It is generally considered to be a natural, internal climate mode 
of the ocean-atmosphere system and is therefore likely to continue during the coming 
centuries, alternately enhancing or diminishing the expected trends in impacts due to 
greenhouse warming (Ting et al. 2009). The strength of the AMO and its impacts are the 
primary reason that many of the impacts of long-term climate change (such as discussed 
above for tropical cyclones) cannot be reliably detected during the 20th century, a situation 
ÔÈÁÔȭÓ ÌÉËÅÌÙ to persist for decades to come.  

 

 

It is important to realize that the IPCC AR4 projection shown in Figure 3.1 does not account 
for the impact of internal variability such as the AMO because the internally generated 
multidecadal signals are canceled out after applying the composite mean of the IPCC AR4 
models (Knight 2009; Ting et al. 2009). The inability of most global climate models to 

Figure 3.2: Florida rainfall tends to go in lock step with the North Atlantic sea surface temperature, being 
greater (less) during positive (negative) Atlantic Multidecadal Oscillation (AMO). Here we see the AMO 
(top left) compared with Florida Division-4 rainfall (shaded region, right) and the inflow to Lake 
Okeechobee computed from lake-level data and controlled outflows. This relationship is of fundamental 
importance for water management in South Florida. (Enfield et al. 2001) 

 
















































































