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Please note this is a working-draft document currently undergoing review and 
revision. The final version will be posted in March 2012 along with the final version of 
the 2012 Coastal Master Plan.  
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1.1 Foreword 
These technical documents were drafted in various stages of master plan development to support 

modeling that occurred in late 2010 ï early 2012.  Although the team tracked technical developments 

and updates in the literature since that time, documentation was not updated during this analysis.  It is 

envisioned that any developments not captured herein will be captured in future updates to the master 

plan.  

1.2 Introduction and Rationale  
To address uncertainties in the coastal Louisiana landscape and inform the 2012 Coastal Master Plan, 

project performance was evaluated across a range of possible future scenarios.  This document describes 

possible future scenarios that reflect specific environmental  uncertainties that impact coastal planning, 

including sea level rise, subsidence, hurricane frequency, hurricane intensity, Mississippi River discharge, 

rainfall, evapotranspiration, Mississippi River nutrient concentration and marsh collapse threshold.  A 

number of risk reduction uncertainties were also considered by the Risk Assessment model.  Figure 1 

shows which uncertainties serve as input to the various predictive models.  

 

Figure 1. A number of key environmental and risk reduction uncertainties were used as inputs to the predictive models.  

 

In order to capture the full range of plausible future conditions and key scientific uncertainties, a high-

low boundary was set for each uncertainty investigated.  In some cases, ranges in values were selected by 

modeling team members based on supporting science and their collective best professional judgment.  

For subsidence rates and values for the marsh collapse threshold, plausible ranges were determined by 

panels of experts that were convened to specifically address those uncertainties.  Next, two 

environmental  scenarios were developed to evaluate project effects taking into account the uncertainties.  

These environmental scenarios are considered moderate and less optimistic and were modeled using 
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values selected for each uncertainty within the ranges described below.  Moderate and less optimistic 

ÆÕÔÕÒÅ ÓÃÅÎÁÒÉÏÓ ÁÒÅ ./4 ÍÅÁÎÔ ÔÏ ÒÅÐÒÅÓÅÎÔ ȰÂÅÓÔ ÁÎÄ ×ÏÒÓÔ ÃÁÓÅ ÓÃÅÎÁÒÉÏÓȢȱ  

The environmental scenarios were paired with other scenarios reflecting uncertainty about future flood 

risk and potential funding available during th e project evaluation. Note that these scenarios do not 

necessarily cover the entire range of possible outcomes, but rather were designed to reflect substantially 

different, but reasonably-likely conditions or assumptions to use when evaluating coastal restoration and 

risk reduction projects.   

The magnitude of uncertainty for any future condition or scientific issue is intrinsically difficult to bound 

with upper and lower plausible values.  It becomes even more difficult to select values within those 

ranges to represent specific trajectories for those factors 50-years into the future.  In many cases CPRA 

used best professional judgment backed by literature and expert opinion to assign estimates of moderate 

and less optimistic conditions within the plausible ranges considered for each factor. The effect of varying 

uncertainties will be explored as part of the predictive modeling output analysis, and CPRA will revisit 

the ranges of these uncertainties as new data become available and the master plan is updated.   

It should be noted that the uncertainties referred to in this document are fundamentally different than 

the uncertainties described in the Model Uncertainty Analysis (Appendix D-27 - Model Uncertainty 

!ÎÁÌÙÓÉÓɊȢ  (ÅÒÅÉÎȟ ȬÕÎÃÅÒÔÁÉÎÔÉÅÓȭ ÒÅÆÅÒ ÔÏ ÄÒÉÖÉÎÇ factors that may change and should be considered when 

planning 50years into the future, as a means of capturing a variety of potential conditions and/or 

assumptions about how the system works. In the Model Uncertainty Analysis, uncertainties about 

parameters within the models were tested and described.  

1.3 Environmental Uncertainties Ranges and Values  
A number of key environmental uncertainties were identified by the modeling teams. These include sea 

level rise, subsidence, hurricane frequency, hurricane intensity, Mississippi River discharge, rainfall, 

evapotranspiration, Mississippi River nutrient concentration and the threshold of environmental 

conditions that may lead to marsh collapse (e.g., salinity and inundation).  Each of these parameters is 

considered a system uncertainty, with the exception of the marsh collapse threshold, which is considered 

a knowledge uncertainty. 

Ranges of high and low values for each uncertainty were chosen based on expert panel  recommendations 

or by using best professional judgment.  Backed by the literature, panel members and other technical 

personnel considered how each uncertainty may vary over the next 50 years.  Table 1 shows the plausible 

range for each environmental uncertainty and also the actual values that were selected from within each 

range.  These values were used to model moderate and less optimistic future conditions. Background 

information on how ranges were selected as well as why specific values were selected is provided in later 

sections of this document. The uncertainty factors, as well as their ranges will be reviewed and updated 

as necessary at a minimum of every 5 years for ongoing master plan updates. 
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Table 1. Nine environmental uncertainties considered in the modeling effort 

Environmental 
Uncertainty 

Plausible Range Moderate Value Less Optimistic Value 

Sea Level Rise 0.12 to 0.65 m over 50 years  
 (Appendix D-1 Eco-
Hydrology) 

0.27 m / 50 yr 0.45 m / 50 yr 

Subsidence 0 to 35 mm/yr; varies 
spatially  
(Appendix D-2 Wetland 
Morphology) 

0 to 19 mm / yr 
(values vary spatially) 

0 to 25 mm / yr 
(values vary spatially) 

Storm Intensity  
 

Current storm intensities to 
+30% of current intensities 
(Appendix D-25 Risk 
Assessment) 

+ 10% of current intensities 
 

+ 20% of current intensities 

Storm 
Frequency 

-20% to +10% of current 
storm frequency  
(Appendix D-25 Risk 
Assessment) 

Current storm frequency; 
(One Category 3 or greater 
storm every 19 yr) 

+ 2.5% of current storm 
frequency; (One Category 3 
or greater storm every 18 yr) 

Mississippi 
River Discharge 

-7%  to + 14% of annual 
mean discharge; adjusted for 
seasonality  
(Appendix D-1 Eco-
Hydrology) 

Mean annual discharge             
(534,000 cfs) 

-5% of mean annual 
discharge  
(509,000 cfs) 

Rainfall Historical monthly range (+/-
1 SD); varies spatially  
(Appendix D-1 Eco-
Hydrology) 

Historical monthly mean 
(values vary spatially) 

-0.4 SD from historical 
monthly mean (values vary 
spatially) 

Evapo-
transpiration 

Historical monthly range (+/-
1 SD); varies spatially 
(Appendix D-1 Eco-
Hydrology) 

Historical monthly mean 
(values vary spatially) 

+0.4 SD from historical mean 
monthly (values vary 
spatially) 

Mississippi 
River Nutrient 
Concentration 

- 45% to +20% of current N & 
P concentrations  
(Appendix D-1 Eco-
Hydrology) 

-12% of current 
concentrations (mg/L) 
Phosphorus = 0.19 
Nitrite + Nitrate = 1.1 
Ammonium = 0.038 
Org. Nitrogen = 0.67 

Current concentrations 
(mg/L) 
Phosphorus = 0.22 
Nitrite + Nitrate = 1.3 
Ammonium = 0.044 
Org. Nitrogen = 0.77 

Marsh Collapse 
Threshold  

Salinity (ppt) 
Swamp: 4-7 
Fresh Marsh: 6-8 
Inundation (water depth, 
cm) 
Intermediate Marsh: 31-38 
Brackish Marsh: 20-26 
Saline Marsh: 16-23   
(Appendix D-2 Wetland 
Morphology) 

Mid-range values of salinity 
and inundation result in 
collapse 
Salinity (ppt) 
Swamp: 6 
Fresh Marsh: 7 
Inundation (water depth, 
cm) 
Intermediate Marsh: 34 
Brackish Marsh: 23 
Saline Marsh: 21   
 

Lower 25
th
 percentile values 

of salinity and/or inundation 
ranges result in collapse 
Salinity (ppt) 
Swamp: 5 
Fresh Marsh: 7 
Inundation (water depth, 
cm) 
Intermediate Marsh: 33 
Brackish Marsh: 21 
Saline Marsh: 18   
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1.4 Risk Reduction Uncertainties Ranges of Values  
In addition to environmental uncertainties, a number of key uncertainties exist in terms of planning for 

an effective risk reduction program.  The risk reduction uncertainties include protection system fragility , 

pumping effectiveness, coast wide growth rate, population dispersion, and effectiveness of non-structural 

programs.   

The risk reduction uncertainties are handled differently than the environmental uncertainties, as they are 

not built around the M oderate and Less Optimistic  scenarios, per se; rather, the Risk Assessment model 

adds additional iterations of future uncertainty within  each of those environmental  scenarios.  Therefore, 

if the Risk Assessment model applied all possible risk scenarios for two environmental scenarios to help 

understand potential variations in future conditions, the experimental designs would yield in the tens to 

hundreds of combinations / scenarios.  

Additional information regarding these uncerta inties and their ranges is provided in Table 2; however, 

given the complexity of this set of uncertainties, detailed information regarding scenario generation is 

provided directly in the Risk Assessment Model Technical Report (Appendix D-25).  

 

Table 2. Ranges of values identified for the risk reduction uncertainties in coastal Louisiana 

Risk Uncertainty Ranges Approach 

Protection 
System Fragility 

None / Low / 
Medium / High 

This input is parameterized using the Factor of Safety (FOS) 
calculation utilized by the Corps of Engineers for underseepage and 
slope stability failure modes. The probability of failure of the 
protection system has four plausible levels: no failure, low, medium, 
and high. For the no failure case, we assume that the protection 
system cannot fail. For the medium case, we assume that the value 
of the FOS for seepage and slope stability failures is 1.0. For the low 
and high cases, we assume values for the FOS of 1.1 and 0.9, 
respectively. 

Pumping 
Effectiveness 

0 / 50 / 100% of 
rated capacity 

This scenario uncertainty reflects the possibility that pumps 
malfunction or become inoperable during a surge-based flood. 
Performance of all pumps is adjusted based on this factor to provide 
bounds on plausible damages with and without pumping. Similar to 
the IPET Risk and Reliability Analysis, the pumping system can 
operate at three levels: 0, 50, or 100 percent of rated capacity. 

Coast wide 
Growth Rate 

-1.0% to +1.5% /  yr 
 
Current: 0.67% 
 
 

Assets that can be damaged by flooding across coastal Louisiana 
expand according to discrete economic development cases. These 
cases are anchored against population growth trends in Louisiana 
prior to the 2005 hurricane season. Specifically, this uncertainty 
represents the annual coast wide population growth rate from 
2011-2060, starting from a 2010 basis of 2,215,459 people (2010 
Census estimate). The ranges are derived from a review of historical 
Census data, setting aside 2000-2010 due to the confounding 
effects of the four major hurricanes that occurred during this 
timeframe. The lower bound represents no overall growth in 
population on the coast. The upper bound is approximately 20% 
higher than the average annual coast wide population growth rate 
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Table 2. Ranges of values identified for the risk reduction uncertainties in coastal Louisiana 

Risk Uncertainty Ranges Approach 

from 1950-2000 (1.26%), and represents a doubling of the coastal 
population over the 50-year span. The mid (and nominal) rate is 
exactly the observed coastal growth rate from 1990-2000. 

Fraction of 
Population 
Growth in 
Urban Versus 
Rural Areas 

76% to 86%  
Current = 81% 

This uncertain parameter is designed to reflect changes in the 
distribution of population between concentrated (urban) and 
distributed (rural) asset areas. This parameter applies both to new 
growth and existing population along the coast. Urbanization 
information for 2011 is drawn from the U.S. Census, using the 
ά¦Ǌōŀƴ !ǊŜŀǎέ ŘŜŦƛƴƛǘƛƻƴΦ !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ нлмл /ŜƴǎǳǎΣ ум҈ ƻŦ ǘƘŜ 
Study Area population in South Louisiana lives in areas designated 
as urban. The lower bound for the scenario uncertainty parameter 
reflects an urban/rural split more reflective of 1990 conditions (5 
percentage point decline in urbanization), while the upper bound is 
simply an extrapolation reflecting plausible additional urbanization 
(5 percentage point increase in urbanization). 

Effectiveness of 
Non-Structural 
Programs 

Low 10-40%, 
Medium 40-60%, 
Medium-High 70-
80%, and Full 
Participation 100% 

The effectiveness of nonstructural projects is characterized by level 
of voluntary program participation. Participation rates vary by 
nonstructural project typeτelevation, flood-proofing, acquisitions, 
and easementsτand range over four different scenarios 
representing low, medium, medium-high, and full participation. 
Specific values for each project type and participation scenario are 
described in Appendix G-2- Nonstructural. 

1.5 Background Documentation (Environmental Uncertainties)  
Background documentation for each of the environmental uncertainties is included in the following 

sections. These sections include information on the values that were selected for each parameter to 

represent Moderate and Less Optimistic future conditions as well as background information on how the 

plausible high-low ranges were set.  For additional information on the risk reduction uncertainties, please 

refer to Appendix D-25 Risk Assessment Model and Appendix G-2 ɀ Nonstructural .   
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1.5.1 Sea Level Rise (SLR)  
Sea-level change can cause a number of impacts in coastal and estuarine zones, including changes in 

shoreline erosion, inundation or exposure of low-lying coastal areas, changes in storm and flood 

damages, shifts in extent and distribution of wetlands and other coastal habitats, changes to groundwater 

levels, and alterations to salinity intrusion into estuaries and groundwater systems (CCSP 2009).  For 

these reasons, it is considered a key driver in coastal planning efforts and an important component of the 

2012 Coastal Master Plan modeling effort.  

Sea level rise (SLR) ranges were established on a large set of data and literature available at the time 

(spring 2010).  Only global SLR rates were used, as the subsidence component of relative sea-level rise 

(RSLR) is accounted for separately in the modeling effort.  The low boundary for SLR assumed no 

acceleration of the current rate beyond a recent observed linear rate of 3.1mm/yr, determined by satellite 

altimetry, and yielded a total SLR of 0.12m over 50 years (IPCC, 2007). The high boundary for SLR 

assumed an acceleration of 1.005 X 10-4, consistent with the National Research Council (NRC 1987) 

scenario used to define the high SLR scenario for the Corps (USACE 2009), and resulted in an SLR of 0.65 

meters over 50 years (by 2060). Per input from the 2012 Coastal Master Plan Science and Engineering 

Board, CPRA will also consider a SLR of 0.78 meters over the next 50 years (Vermeer and Rahmstorf, 

2009) in later modeling efforts 

1.5.1.1 Range  
Plausible Range over 50 year s:  0.12 - 0.65 meters over 50 years 

1.5.1.2 Values Used in the Models    
Moderate Projections:   0.27 meters over 50 years  

Rationale:  CPRA selected a moderate SLR consistent with the non-linear (i.e. accelerating) NRC I 

scenario of 0.5 meters global SLR by 2100.  This value corresponds to the intermediate scenario defined in 

USACE (2009) over the 50-year master plan horizon. CPRA selected the NRC I value because it represents 

a mid-range value of the plausible range and it is in line with the USACE intermediate value.  

Moderate Calculation: 

E (t2-1986)-E(t1-1986)=a([t2-1986]-[t1-1986])+b([t2-1986]
2
-[t1-1986]

2
) 

E (2060-1986)-E(2010-1986)=(0.0031)([2060-1986]-[2010-1986])+ (2.36 X 10
-5
 )([2060-1986]

2
-[2010-1986]

2
) 

E (74)-E(24)=(0.0031)([74]-[24])+ (2.36 X 10
-5
 )([74]

2
-[24]

2
) 

E (50)=(0.0031)(50)+ (2.36 X 10
-5
 )(5,476-576) 

E (50)=(0.155)+ (0.11564) 

E (50)= 0.27064 m = ESLR 

 

Less Optimistic Projections :  0.45 meters over 50 years 

Rationale:  Given the establishment of the NRC I scenario as the moderate value for the master plan, 

CPRA considered a less optimistic condition to be a scenario where there the nonlinear acceleration in 

the rate of global SLR would be greater than that of the USACE intermediate scenario.  The next higher 

scenario considered by NRC is the NRC II scenario, which assumes 1 meter of global SLR by 2100.  This 

was considered the less optimistic projection for the master plan, though it does not correspond to any of 
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the USACE 2009 scenarios. The NRC II value was selected because it represents a less optimistic value of 

sea level rise when compared to the moderate value, without repreÓÅÎÔÉÎÇ ÔÈÅ Ȭ×ÏÒÓÅ ÃÁÓÅȭ ÏÆ ÔÈÅ 

plausible range identified (i.e., NRC III).  

Less Optimistic Calculation: 

E (t2-1986)-E(t1-1986)=a([t2-1986]-[t1-1986])+b([t2-1986]
2
-[t1-1986]

2
) 

E (2060-1986)-E(2010-1986)=(0.0031)([2060-1986]-[2010-1986])+ (1.005 X 10
-4
)([2060-1986]

2
-[2010-1986]

2
) 

E (74)-E(24)=(0.0031)([74]-[24])+ (1.005 X 10
-4
) ([74]

2
-[24]

2
) 

E (50)=(0.0031)(50)+ (1.005 X 10
-4
)(5,476-576) 

E (50)=(0.155)+ (0.49245) 

E (50)= 0.64745 m = ESLR 

 

1.5.1.3 Supporting Information for Setting the Range      
Over the past several million years global mean sea level (GMSL) has varied principally in response to 

global climate change (NRC 1987, IPCC 2007).    As global climate warmed and the glaciers retreated, 

water stored as continental ice was released, adding to the mass of water in the oceans and causing a 

corresponding rise in GMSL. Global satellite altimetry data and recent publications (Merrifield & 

Merrifield 2009) demonstrate that observed GSLR has not been evenly distributed across the world 

ocean; estimates of SLR in the Gulf of Mexico are highly variable, with the general pattern of higher rates 

of SLR in the center of the Gulf, near the Louisiana coast. Therefore, it is important to complete the 

regional interpolation of  global results. 

Recent climate research by the Intergovernmental Panel on Climate Change (IPCC) predicts continued or 

accelerated climate change for the 21st Century and possibly beyond, which will cause a continued or 

accelerated rise in GMSL.  The science behind this is extensive and has prompted the United States Army 

Corps of Engineers (USACE) to require consideration of the effects of SLR on all civil works construction 

projects in coastal and estuarine zones (USACE 2011).  The USACE plans their civil works projects over a 

50 year planning horizon, as does the master plan.   

An extensive literature review was conducted to ascertain the plausible range of ESLR in coastal 

Louisiana, and the predictive modeling Technical Advisory Committee1 (TAC) was asked to review the 

ÔÅÁÍȭÓ ÁÐÐÒÏÁÃÈ.  Three primary sets of information were considered when setting the plausible 50 year 

SLR range: the 2009 USACE SLR Guidance, a host of recent SLR literature, and recent altimetry data.   

 The 2009 USACE Guidance calls for three ESLR rates to be calculated: low, intermediate, and high 

(SLR Background Documentation 1, below).    

 The Corps guidance high rate seems to be greater than some recent estimates (see SLR Background 

Documentation 2, below), but in line with some others (e.g., Vermeer and Rahmstorf, 2009). 

                                                      

1  PM-TAC members: Steve Ashby, Ph.D., Research Hydrologist, USACE ς Engineer Research and Development Center, Vicksburg; John 

Callaway, Ph.D., Associate Professor, Environmental Science, University of San Francisco; Si Simenstad, Research Professor, School of 

Fishery Sciences, University of Washington, Seattle; and Fred Sklar, Ph.D., Chief Scientist, Everglades Division, South Florida Water 

Management District, West Palm Beach. 
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 Recent altimetry data shows variation in rates across coastal Louisiana (see SLR Background 

Documentation 3 below, Figures 2 and 3); however, east-west variation (Figure 4) was not applied for 

this effort, because IPCC (2007) indicates some patterns in altimetry data reflect cyclic/episodic 

events (e.g., ENSO) and are unlikely to continue in longer term. 

The low boundary for the master plan SLR range assumed no acceleration of the current rate beyond a 

recent observed linear rate of 3.1mm/yr, based on 1993-2003 satellite altimetry observations (IPCC, 2007), 

and yielded a total SLR of 0.12m over 50 years (from 2010 ɀ 2060). This is only slightly lower than the 

USACE low scenario of (USACE 2009) 0.16m over 50 years (Figure 2).   

The high boundary for the master plan SLR range assumed an acceleration of 1.005 X 10-4, consistent with 

the National Research Council (NRC) III scenario (NRC 1987) which is also used to define the high SLR 

scenario for the Corps (USACE 2009). It resulted in a SLR of 0.65 meters over 50 years (from 2010 - 2060), 

Figure 2.  

Per input from the 2012 Coastal Master Plan Science and Engineering Board, CPRA will also consider a 

SLR of 0.78 meters over 50 years (2010-2060) per Vermeer and Rahmstorf, 2009; this higher rate of SLR 

will be considered in future modeling efforts.  

The PM-TAC was in agreement with the approach taken for the master plan, and although the 2011 

USACE Guidance was issued after the range was set, it is still in line with the initial range set for the 

master plan.  

 
 

Figure 2. SLR trends from 2010 through 2060.  
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SLR Background Documentation ɀ 1 

USACE 2009 Sea Level Rise Guidance 

!ÄÁÐÔÉÎÇ ÔÈÅ 53 !ÒÍÙ #ÏÒÐÓ ÏÆ %ÎÇÉÎÅÅÒȭÓ 'ÕÉÄÅÌÉÎÅÓ ÏÎ )ÎÃÏÒÐÏÒÁÔÉÎÇ 3ÅÁ-Level Change into 

Civil Engineering Design (C i rcular No. 1165-2-211) for use in coastal Louisiana  

In accordance with the IPPC reports which predict that sea-level rise will accelerate in the next century 

and will likely affect a large fraction of coastal infrastructure, USACE civil works projects will now 

incorporate sea-level change in to planning, engineering design, construction, and operating projects.  

Planning and engineering design will consider the entire range of possible future rates of sea-level 

change, as it is highly uncertain. To produce effective plans in the face of this uncertainty, planning and 

design alternatives will consider at least three different scenarios of sea-level rise:  low, intermediate, and 

high sea-level rise. More scenarios may be considered which would fall in between the low and high 

values. These scenarios are defined as follows: 

 

Low Sea-Level Rise 

Low sea-level rise is computed by extrapolating the current rate of sea-level rise into the future. This rate 

will be derived from nearby tide gauges with an adequate data record to define a sea-level rise trend (> 40 

years). If reliable tide-gauge data are not available, hydrodynamic scientists at NOAA CO-Ops should be 

contacted for advice. 

 

Low SLR (m) = Contemporary RSLR rate (m/yr) X Project Life (yr) 

 

 

Intermediate & High Sea -level Rise 

The intermediate and high levels of sea-level rise are estimated by computing a eustatic sea-level rise rate 

using empirical functions derived by the NRC2. The functions predict an accelerated sea-level rise rate as 

compared to the IPCC (2007) predictions because it accounts for the possible deterioration of the 

Greenland and Antarctic ice sheets, a phenomenon that is not considered by the IPCC. The functions are 

defined in the following section. The computed eustatic rate (for either the intermediate or high rate 

scenario) is then added to the rate of vertical land movement (uplift or subsidence) likely affecting the 

project site. The rate of vertical land movement is estimated by subtracting the accepted rate of 

contemporary eustatic sea-level rise from the contemporary value of sea-level rise measured at the closest 

tide gauge (i.e., the rate of relative sea-level rise). 

                                                      

2
 ÆÒÏÍ ÔÈÅ .ÁÔÉÏÎÁÌ 2ÅÓÅÁÒÃÈ #ÏÕÎÃÉÌȭÓ ɉ.2#ȭÓɊ Ϋγβα ÒÅÐÏÒÔȟ 2ÅÓÐÏÎÄÉÎÇ ÔÏ #ÈÁÎÇÅÓ ÉÎ 3ÅÁ-level: engineering 

implications  
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Intermediate/ High Relative Sea-level Rise (m) =       

(Computed ESLR rate (m/yr) +Vertical Land Movement rate (m/yr)) X Project Life (yr) 

 

Where the Computed ESLR rate is calculated by the function defined in the following section. 

 

Computing the Eustatic Sea-level Rise (ESLR) rate using the NRC (1987) method 

The ESLR rate fuction is derived as  

 

E (t) = at+bt2    (1) 

 

where E is the ESLR at time t (in m) a is the contemporary eustatic sea-level rise rate (the long term rate 

(1950-2000) has been identified as 0.0017 m/yr although satellite altimetry data have shown the 

contemporary rate (1993-2003) is closer to 0.0031 m/yr),3 t is the project life in years, and b is the 

expected acceleration in the rise of eustatic sea-level over the project life. The suggested b value: 

 

for the intermediate sea-level rise, b = 2.36 X 10-5 

for the high sea-level rise, b = 1.005 X 10-4 

 

However, these b values were derived from 1986 values so equation 1 is operationalized to solve for the 

ESLR (E) between to point in time, t1 and t2 as: 

 

E (t2-1986)-E(t1-1986)=a([t2-1986]-[t1-1986])+b(([t2-1986]2-[t1-1986]2)  (2) 

 

where t1 is the initial year (i.e., the first year of the project) and t2 is the year in which you are calculating 

the ESLR for (i.e., the end of the project/design period). 

 

 

 

 

 

                                                      

3
 From IPCC 2007 AR4 Report  http://www.ipcc.ch/publi cations_and_data/ar4/wg1/en/ch5s5-5-2-2.html  

http://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch5s5-5-2-2.html
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SLR Background Documentation ɀ 2 

Recently Published Sea Level Rise Rates 

Study 
Publish 

Date 
Value Units Time Period Method Comments 

Bahr et al. 2009 0.183 m ~2000-2100 
Analysis of current 

glacial dynamics 

Accounts for SLR from glacial & ice sheet 

melt only ; With no further warming  

Bahr et al. 2009 0.373 m ~2000-2101 
Analysis of current 

glacial dynamics 

Accounts for SLR from glacial & ice sheet 

melt only ; With current warming trend 

(no acceleration) 

Bindoff et al. 2007 3.1 mm/yr  1993-2003 Altimetry based GIA adjusted 

Blanchon et al. 2009 ~6 m 121 kyr BP 
Geological analysis 

(coral) 
SLR assumed due to ice sheet instability 

Cazenave et al. 2008 2.5 mm/yr  2003-2008 Altimetry based Total sea-level, GIA adjusted 

Cazenave et al. 2008 1.9 mm/yr  2003-2008 
GRACE (gravity 

measurements) 
Measured from a change in ocean mass 

Cazenave et al. 2008 1 mm/yr  2003-2008 
GRACE (gravity 

measurements) 
Only from ice sheets 

Cazenave et al. 2008 0.31 mm/yr  2003-2008 Altimetry - GRACE Only steric (thermal expansion) 

Cazenave et al. 2008 0.37 mm/yr  2004-2008 Argo Only steric (thermal expansion) 

Cazenave et al. (after 

Bindoff 2007) 
2008 1.6 mm/yr  1993-2003 Altimetry based Only steric (thermal expansion) 

Cazenave et al. (after 

Bindoff 2007) 
2008 1.2 mm/yr  1993-2003 Altimetry based Only estimated land ice contribution  

Cazenave et al. (after 

Meier et al., 2007) 
2008 1.1 mm/yr  2003-2008 

Mass balance model, 

remote sensing 
Only from glaciers and icecaps 

Church and White 2006 1.7 mm/yr  

20th 

century 

mean 

Tide gauge & satellite 

altimetry  
  

Church and White 2006 0 mm/yr  1820 
Tide gauge & satellite 

altimetry  
  

Church and White 2006 3 mm/yr  ~2000-2006 
Tide gauge & satellite 

altimetry  
  

Hock et al. 2009 0.79 mm/yr  1961-2004 Mass balance model 
Mean SLR attributed to all mtn glaciers 

and ice cap melt 

IPCC 4 2007 
0.18-

0.59 
m  

between 

means of 

1980-1989 

and 2090-

Modeled   
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Study 
Publish 

Date 
Value Units Time Period Method Comments 

2099 

IPCC 4 2007 
0.18-

0.79+ 
m 

means of 

1980-1989 

and 2090-

2100 

Modeled 
With land ice melt (Antarctic & 

Greenland) 

Leuliette  and Miller  2009 0.8 mm/yr  2004-2007 Argo Steric rise 

Leuliette  and Miller  2009 0.8 mm/yr  2002-2008 GRACE Mass rise 

Leuliette  and Miller  2009 1.5 mm/yr  2004-2008 Argo + GRACE Steric + Mass Rise 

Leuliette  and Miller  2009 2.4 mm/yr  2002-2009 Altimetry (Jason-1) Total sea-level, GIA adjusted 

Leuliette  and Miller  2009 2.7 mm/yr  2004-2009 Altimetry (Envisat)  Total sea-level, GIA adjusted 

Peltier 2009 0.63 mm/yr  2002-2007 GRACE & GIA Model (Ice) mass loss from Greenland 

Peltier 2009 0.12 mm/yr  2002-2007 GRACE & GIA Model (Ice) mass loss from Alaska 

Peltier 2009 0.34 mm/yr  2002-2007 GRACE & GIA Model (Ice) mass loss from Antarctica 

Pfeffer et al. 2008 0.8 m 2000-2100 Kinematic analysis 

Most probable considering kinematic 

constraints to land ice melting/ glacier 

dynamics; >2 m rise unlikely 

Rahmstorf 2007 0.5 - 1.4 m 1990 - 2100 Semi-empirical model 
Using TAR scenarios, linear rise 

assumptions, w/ land ice melt 

Rahmstorf 2007 0.38 m 1991 - 2100 Semi-empirical model 

Using TAR scenarios, linear rise 

assumptions, w/ land ice melt; Lowest 

rate Possible without a reduction in rate 

Ramillien et al. 2008 0.19 mm/yr  2003-2006 
GRACE (gravity 

measurements) 
Terrestrial Water 

Shapard and 

Wingman 
2007 0.35 mm/yr  

current 

(~2007) 

Mass balance analysis, 

remote sensing 

Current SLR due to ice sheet melt 

(Greenland, west Antarctic) 

Siddall et al. 2009 
0.07-

0.82 
m 2000-2100 Semi-empirical model 

Using long term geological data, w/ land 

ice melt ; Range based on IPCC 4 

predicted temp rise range 

Vermeer and 

Rahmstorf 
2009 0.79-1.9 m 1990-2100 Semi-empirical Model 

This is a temperature linked model that 

when correlated over the past century 

(hindcasting) explains 98% of the 

variance; It performs very well based on 

the data 
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SLR Background Documentation ɀ 3 

USGS Altimetry Data on Sea Level Rise 

Per Brady Couvillion and Greg Steyer, USGS 

 

Figure 3. Even at the global scale, it appears that the southeastern portion of the Louisiana coast is experiencing higher SLR 
rates than that of the southwestern portion of the coast.  

 

 

Figure 4. The average of points with an asterisk beside them is 3.04mm/yr, which is very close to the USACE SLR guidance of 
3.1mm/yr for the entire coast.  
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1.5.2  Subsidence 
Resource management and policy decisions must consider the effects of subsidence, as it is a key driver 

ÁÆÆÅÃÔÉÎÇ ÃÈÁÎÇÅ ,ÏÕÉÓÉÁÎÁȭÓ ÃÏÁÓÔÁÌ ÌÁÎÄÓÃÁÐÅȢ  Although observed rates of subsidence span two orders of 

magnitude in coastal Louisiana, with the largest values exceeding 10.0 mm yr-1 [3 ft per century], there 

are no procedures for predicting subsidence rates into the future for planning purposes.  

To identify plausible ranges of future subsidence rates and assess spatial variation across the coast a panel 

of technical experts was convened in September 2010. The product of this panel was a spatially explicit 

map that represented future (i.e., 50 years) ranges of subsidence rates. The map divides the Louisiana 

coastal zone into 17 areas, each with a unique range of possible future subsidence rates.  These rates vary 

significantly within and among areas, but in general the lowest rates (as low as 0mm/yr) are found in 

areas north of Lake Pontchartrain and in Western Louisiana and the highest rates (up to 35mm/yr) are 

ÐÒÉÍÁÒÉÌÙ ÆÏÕÎÄ ÉÎ ÔÈÅ "ÉÒÄȭÓ &ÏÏÔ $ÅÌÔÁȢ   

1.5.2.1 Range  
Plausible Range over 50 years:  0 ɀ 35 millimeters per year, depending on geographic area 

1.5.2.2 Values Used in the Models    
Moderate Projections :  Lower 20th percentile of the plausible ranges were selected for each specific 

region  

Rationale:  Based on recent research from USGS and Kolker et al. 2011, subsidence rates in southern 

Louisiana appear to be slowing. Because historical observations may represent maximum values to expect 

in the future, the moderate projection values reflect a relatively-low rate within the plausible range for 

each zone. Because high values in the subsidence ranges account for outliers, CPRA used best 

professional judgment to select the lower 20th percentile values of the plausible ranges under the 

assumption that a moderate projection would be on the lower end of the range.  

Less Optimistic  Projections:   50th percentile (mid-point values) of the plausible ranges were selected 

for each specific region.  

Rationale:  Based on recent research from USGS and Kolker et al. 2011, subsidence rates in southern 

Louisiana appear to be slowing. Because historical observations may represent maximum values to expect 

in the future, CPRA used best professional judgment to assign mid-range values within the plausible 

range for each zone as the less optimistic projection values. It was assumed that mid-range values of the 

plausible ranges represent a reasonable less optimistic projection.  

1.5.2.3 Supporting Information for Setting the Range  
This appendix details the results of an expert advisory panel meeting held on September 14, 2010. The 

charge to the panel was to identify plausible future (i.e., 50 yr) subsidence ranges for regions across 

coastal Louisiana for use as input to the Wetland Morphology model.  

Attendees : Mark Kulp (UNO), Michael Stephen (Coastal Engineering Consultants), Joe Dunbar (USACE-ERDC), Del Britsch 

(USACE-MVN), Roy Dokka (LSU), Kyle Straub (Tulane), Torbjörn Törnqvist (Tulane), Chacko John (LGS), Denise Reed (UNO), 

Mandy Green (CPRA), Melanie Saucier (CPRA), Jennifer Mouton (CPRA), Rick Raynie (CPRA), Rickey Brouillette (CPRA) , Clayton 

Breland (CPRA), Steve Melton (CPRA), Kristen DeMarco (CPRA), Brian Vosburg (CPRA), Alaina Owens (Brown and Caldwell)  
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Meeting Facilitator  ɀ Joseph Kelley, University of Maine 

Planning Committee ɀ Del Britsch (USACE-MVN), Torbjörn Törnqvist (Tulane,)Carol Parsons (CPRA), Mandy Green (CPRA), 

Denise Reed (UNO), Alaina Owens (Brown and Caldwell)  

The causes of subsidence in coastal Louisiana are complicated as they include a multitude of 

environmental processes and human activities. Likely, subsidence is caused by a combination of these 

processes, with the relative influence of each dependent on the location the subsidence is observed and 

the time period in which the observations are made. Therefore, a proper understanding of coastal 

subsidence will be built on knowledge of each process as well as where and when each process is most 

influential  (Reed and Yuill 2009). 

Contemporary research describes six primary processes causing subsidence in coastal Louisiana (Reed and Yuill 

2009):  

 Tectonic Subsidence . Southern Louisiana contains many identified fault zones formed from the 

development of the Gulf of Mexico basin and the Mississippi River Delta. Fault slip in these areas may 

result in net downward movement of the surface topography and subsidence.  

 Holocene Sedi ment Compaction . Large quantities of riverine sediment have been deposited within 

the Mississippi River delta where it naturally compresses and consolidates over time. Sediment 

compaction reduces the overall volume of sediment initially deposited, resulting in subsidence. 

Compaction rates are primarily controlled by properties of the sediments, the depth of the 

compacting sediment column, the load imposed above the compacting sediments, and the time-

dependent natural dewatering processes taking place within the sediment.  

 Sediment Loading . The large load imposed by the accumulation of riverine sediment in the 

Mississippi River Delta region since the last ice-age has induced a downward flexure in the underlying 

lithosphere causing regional subsidence.  

 Glacia l Isostatic Adjustment (GIA) . Coastal Louisiana lies just outside the periphery of the location 

of a large ice sheet (the Laurentide ice sheet) that existed during the last ice age. The strain of the ice 

sheet on the underlying lithosphere produced uplift (a forebulge) due to isostatic compensation along 

its outer margins. Ice sheet retreat during the Holocene has led to gradual subsidence along the 

forebulge. The relatively high viscosity of the lithosphere produces a very slow response time to 

loading and unloading. 

 Fluid Withdrawal . Areas experiencing water and hydrocarbon withdrawal from subsurface 

reservoirs have been spatially correlated to spatial gradients of subsidence in southern Louisiana. 

Fluid withdrawal induces a decrease in pressure within the reservoir which may promote local 

sediment compaction or reactivate fault slip within the nearby fault zones that are often associated 

with underground fluid reservoirs.  

 Surface Water Drainage and Management . Anthropogenic manipulation of the regional hydrology 

has drastically altered the magnitude and path of both surface and subsurface runoff. Dewatering of 

formally inundated soil initiates sediment consolidation and the oxidation of soil organics which 

reduces soil volume. 



Appendix C ɀ Environmental Scenarios  

 

 LouiǎƛŀƴŀΩǎ /ƻƳǇǊŜƘŜƴǎƛǾŜ aŀǎǘŜǊ tƭŀƴ ŦƻǊ ŀ {ǳǎǘŀƛƴŀōƭŜ /ƻŀǎǘ 

DRAFT 2012.01.12 
Page C-18 

These processes are not necessarily isolated mechanisms occurring independently from one another. 

Some processes entail similar mechanics or they experience significant feedback from one another 

making it di fficult to partition the causes of subsidence. However, to increase the efficiency of subsidence 

management, it is desirable to know what subsidence processes may most influence a specific area and 

which ones may be disregarded, even if the distinction is approximated. 

The Louisiana Applied Coastal Engineering and Science (LACES) division of CPRA engaged the Louisiana 

Geologic Survey (LGS) to assemble available data on subsidence as part of their compilation of 

Quaternary geology.  This effort considers past rates for which measurements are available rather than 

estimating future rates.  Although information on past subsidence rates is useful and the compilation will 

be of great value both scientifically and for coastal planning, they cannot be used directly to provide 

future rates for several reasons including: 

 Some approaches to measuring subsidence rates (e.g., C14 dating) average rates of thousands of years 

and variation in rates over century time scales is masked; 

 Existing measurements of subsidence using different techniques, e.g., C14 vs. re-leveling data, show 

markedly different rates which could be caused in part by the different time scale of measurement; 

 There is some evidence, e.g., the work of Morton and others, that subsidence in the late 20th century 

×ÁÓ ÈÉÇÈÅÒ ÉÎ ÓÏÍÅ ÁÒÅÁÓ ÔÈÁÎ ȬÂÁÃËÇÒÏÕÎÄ ÒÁÔÅÓȠȭ 

 Many experts consider episodic events, e.g., fault movement, as important factors controlling 

subsidence, and future fault movement may not be detected in measurement of past rates. 

To ensure individual predictive models work together and with the Planning Tool, predictive modeling 

team needed to identify subsidence rates that could be used (e.g., spatial and temporal units of variation, 

and preliminary ranges for rates) in the very near term to meet the 2012 Coastal Master Plan schedule. 

Although notional data could be used for this purpose, the issue of subsidence is so important that the 

modeling team recommended that a map of subsidence ranges be developed for use in the master plan 

effort.  

A series of papers were reviewed prior to the panel meeting.   

1. Denise J. Reed and Brendan Yuill (University of New Orleans): Understanding Subsidence in Coastal 

Louisiana. A report targeted at resource managers that summarizes subsidence and the issues related 

to subsidence in coastal Louisiana. 

2. Del Britsch (USACE): Map of Relative Subsidence Rates. A map that displays natural long term 

relative subsidence rates from radio carbon dating of buried peat deposits. 

3. Roy Dokka (Louisiana State University), Giovanni Sella (NOAA/NGS), and Timothy Dixon (University 

of Miami) : Tectonic control of subsidence and southward displacement of southeast Louisiana with 

respect to stable North America. A publication that states that GPS data collected between 1995 and 

2006 suggest that southeast Louisiana, including New Orleans and the larger Mississippi Delta, are 

both subsiding vertically and moving southward with respect to stable North America.  

4. Timothy Dixon (University of Miami) et al: Subsidence and flooding in New Orleans. This publication 

presents a subsidence map of the City of New Orleans, generated from space-based synthetic-

aperture radar measurements.  
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5. Erik Ivins (California Institute of Technology), Roy Dokka (Louisiana State University), and Ronald 

Blom (California Inst itute of Technology): Post-glacial sediment load and subsidence in coastal 

Louisiana. By using a viscoelastic Earth model, detailed geologic parameters and GPS data, this 

publication demonstrates Holocene sedimentary loading in the Gulf and Mississippi River delta 

capable of contributing to 1ɀ8 mm/yr of subsidence over areas of 30ɀ0.75 x 103 km2. 

6. Mark Kulp (University of New Orleans): Thesis Chapter and Maps in Powerpoint. A thesis chapter 

and map showing millennial-scale subsidence patterns from age-depth relationships of buried peat 

strata that have been corrected for paleo sea-level change.  

7. Kurt D. Shinkle (NOAA/NGS) and Roy Dokka (Louisiana State University): Rates of Vertical 

Displacement at Benchmarks in the Lower Mississippi Valley and the Northern Gulf Coast. A report 

that states that subsidence is occurring at substantially higher rates than previously reported and 

proposes the need for a Height Modernization Program. 

Panel Findings  

The panel findings are summarized below with notes for each region and a coast wide map of predicted 

future subsidence ranges. 

Notes about the coast wide map:  

 Spatial boundaries depicted on the map are subject to change and represent a broad characterization 

of variation in subsidence rates across the coast, which is appropriate for use in the 2012 Coastal 

Master Plan update process.   

 Ranges provided in this document should only reflect vertical lowering of the surface due to 

subsidence. Rates do not include eustatic sea level rise.    

 Ranges represent ambient future subsidence ranges. Effects of future projects on subsidence rates 

(e.g., compaction due to loading) are considered elsewhere in the modeling process.  

 This map may be revised for future planning efforts following examination of the compilation of 

historical and current subsidence rates being generated by the Louisiana Geological Survey.  

Topics for future consideration:  

Certain topics will need additional follow -up moving forward, as funding allows: 

 For how long following active development do ridges subside at greater rates than the surrounding 

marsh?  

 Short-term (rapid) subsidence events vs. long-term (chronic) subsidence. 
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Plausible Future Subsidence Ranges for Sub -regions of Coastal Louisiana  

Notes to Support Subsidence Map, Figure 5 

North of Lake Pontchart rain (Region 1) : The Pleistocene terrace was assigned a 0 mm/yr  rate of 

subsidence.  

Lake Pontchartrain Region (Region 2)  ÆÒÏÍ ÔÈÅ 0ÌÅÉÓÔÏÃÅÎÅ ÓÏÕÔÈ ÔÏ .Å× /ÒÌÅÁÎÓȭ ÌÅÖÅÅÓ ÁÎÄ ÅÁÓÔ ÔÏ 

South Point):  Benchmark and tide gauge data suggest 2-5 mm/yr  of subsidence.  A number of fault lines 

running through the Lake are likely contributors to localized subsidence.  

Pontchartrain Landbridge (Region 3) : Benchmark and tide gauge data suggest 2-9 mm/yr  of 

subsidence, from the Rigolets to the Pearl River. There is a thin Holocene layer in this region, but still 

areas of deep, soft soils and associated potentially high rates of localized subsidence.  

Upper Terrebonne/Barataria (Region 4) : The upper basins have lower benchmark-based subsidence 

measurements and were assigned subsidence rates of 2-10 mm/yr . Lower rate reflects maximum from 

peat-based measurements. 

Lower Mississippi River Corridor (Region 10) : A buffer distance along the Mississippi River was 

ÅÓÔÉÍÁÔÅÄ ÆÒÏÍ #ÏÒÐÓ ÏÆ %ÎÇÉÎÅÅÒÓȭ ÒÅÃÏÒÄÓ ÏÆ ÓÕÂÓÕÒÆÁÃÅ sands (approximately 2 miles on either side of 

river).  This region extends from New Orleans to Empire and is estimated to be subsiding at a rate of 6-25 

mm/yr  based on benchmark data and the thick Holocene package (overlies the 40m isopach unit).  

Lake Borgne to the Chandeleur Islands (Region 11) :  This region was assigned subsidence rates from 

3-10 mm/yr . This is the depositional site of the St Bernard delta, which includes sand deposits that 

undergo less subsidence due to compaction. However, there are high rates of localized subsidence, such 

as within Lake Borgne and in and around the MRGO region as documented by benchmark data.  

Modern Delta (Region 12) : The river delta from Empire to the Gulf of Mexico had little data but was 

estimated to have extreme rates of subsidence, 15-35 mm/yr , based on the thick sediment package and its 

compaction. 

Terrebonne/Barataria coastal regions (Region 13) : Boundaries were selected to coincide with the 40m 

isopach contour of Holocene sediment over the Pleistocene. The range of subsidence values here, 6-20 

mm/yr , were observed in benchmark and tide gauge records. Numerous faults and oil and gas 

production occur in this region and contribute to subsidence.  

Atchafalaya region (Region 14) : The boundary coincides with the eastern edge of the Pleistocene and 

incorporates the modern delta. The range of subsidence values here, 3-10 mm/yr , accurately reflects 

benchmark and tide gauge measurements. The lower rate is higher than further west due to increased 

Holocene thickness; the upper rate is lower due to a lack of active faults and human activities. Sediment 

accretion from the Atchafalaya also compensates for some Holocene compaction on the delta.  

Calcasieu/Mermentau and Teche (Region 15) : The range of values, 1-15 mm/yr  reflects very low 

ÓÕÂÓÉÄÅÎÃÅ ÒÁÔÅÓ ÂÁÓÅÄ ÏÎ #ÏÒÐÓ ÏÆ %ÎÇÉÎÅÅÒÓȭ ÄÁÔa on buried landforms/peats and much higher values 

based on some benchmark records. While most of the benchmarks were in the 6-10 mm/yr range, the 

outliers around 15 mm/yr were near oil wells, impounded areas, and/or fault zones that could continue to 
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actively subside. The benchmark values reflect the past 50 years, and do not evaluate the consolidation of 

the substrate above the base of the benchmarks4, while the lower rates reflect more than a thousand years 

of subsidence.  

Salt Domes (Region 16) : Deviations from these rates occur for the salt domes of the Five Islands within 

this unit. The island features are uplifting5 from 2mm/yr (long -term rates) to 3mm/yr (recent 

measurements). Enhanced subsidence adjacent to the diapirs is accounted for within the regional range 

of subsidence rates. 

 Jefferson, Avery, Weeks, Cote Blanche, and Belle Island (Region 16) 6: -3 to -2 mm/yr 

Poldered Areas (Regions 5, 6, 7, 8, 9, and 17): The general approach to be applied to polders across the 

coast is to use the low end value for the larger area within which it is found and a high-end value 

depending on the geological setting. The low value represents the long-term (i.e., over millennia) rate of 

subsidence and the upper value reflects the potential for anthropogenic modifications including drainage, 

loading by infrastructure, etc. associated with urban and agricultural development within poldered areas.  

 Delta Plain:  The high end value is 35mm/yr reflecting the great thickness of peat soils that could be 

subject both to compaction and dewatering due to human activities within the polders.  

o New Orleans metro, New Orleans East, West Bank, Jefferson, (Region 5):  2-35mm/yr 

o Chalmette, (Region 6):  3-35mm/yr 

o St. Charles/Hwy 90 communities, (Region 7):  2-35mm/yr 

o Gheens, (Region 8):  2-35mm/yr  

o Larose to Golden Meadow, Clovelly farms, (Region 9):  6-35mm/yr 

 Chenier Plain 7: The high-end value is 6mm/yr due to their location on mostly Pleistocene deposits 

which are less subject to anthropogenically caused consolidation.  

o Lake Charles, Delcambre, Erath, and Abbeville, (Region 17): 1-6mm/yr

                                                      

4
 Geodetic and tide gauges generally do not measure subsidence of the surface of the Earth because they are attached to 

monuments that penetrate into the Earth. Such methods cannot measure any subsidence that occurs between the bottom of the 

monument and the surface. 

5
 For range of rates see Autin, W.J. 2002. Landscape evolution of the Five Islands of south Louisiana: scientific policy and salt 

dome utilization and management. Geomorphology 47: 227-244. 

6
 The Hackberry salt dome was not considered explicitly; it was assigned subsidence rates of Region 15.  

7
 &ÏÒ ÔÈÅ ÐÕÒÐÏÓÅÓ ÏÆ ÓÅÔÔÉÎÇ ÐÌÁÕÓÉÂÌÅ ÓÕÂÓÉÄÅÎÃÅ ÒÁÎÇÅÓȟ ÓÅÖÅÒÁÌ ÁÒÅÁÓ ÉÎ ÔÈÅ #ÈÅÎÉÅÒ 0ÌÁÉÎ ×ÅÒÅ ÃÏÎÓÉÄÅÒÅÄ ȬÐÏÌÄÅÒÅÄȭ  
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Figure 5. Plausible Future Subsidence Ranges for Sub-regions of Coastal Louisiana 
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1.5.3 Storm Intensity 
Understanding potential changes in storm intensity over the next 50 years is vital for the CPRA to 

formulate a risk reduction program. This uncertainty involved modifying the current intensity of 

storms to reflect likely changes in storm climates over the next 50 years.  After examining 

literature and consulting with the Risk Assessment modeling team it was decided that the current 

state of intensity be represented as a 0% change and that any future storm scenarios would vary 

around that value.  Overall, hurricanes are predicted to become less frequent but more intense in 

the future.  However, warming sea surface temperatures in the Gulf of Mexico, a likely future 

condition, could result in more frequent hurricanes in that area. The boundaries for intensity 

were thus determined to be 0% to +30% of the nominal or current value of 0%. 

1.5.3.1 Range  
Plausible Range over 50 years:  0% to +30% change from current 

1.5.3.2 Values Used in the Models    
Moderate Projections:  +10% change from current  

Rationale:  Based on discussions with storm damage experts (Risk Assessment modeling team, 

personal communication), CPRA used best professional judgment to select +10% of current storm 

intensit ies to represent moderate projections.  Current conditions represent the low end of the 

plausible range, therefore +10% was considered appropriate for a moderate projection. Although 

global and regional models typically predict these types of values out 100 years, potential change 

was estimated at 50 years.  

Less Optimistic Projections:  +20% change from current  

Rationale:  Based on discussions with storm damage experts (risk assessment modeling team, 

personal communication), CPRA used best professional judgment to select +20% of current storm 

intensities to represent less optimistic future conditions.  A +30% change from current intensities 

was set as the highest plausible value, therefore a +20% change from current was considered 

representative of a less optimistic projection.  Although global and regional models typically 

predict these types of values out 100 years, potential change was estimated at 50 years. 

1.5.3.3 Supporting Information for Setting the Range  
Assessing potential shifts in storm intensity in coastal Louisiana is difficult due to the tendency of 

these analyses to focus on global and Atlantic tropical cyclone patterns; little analysis has focused 

on these patterns in the Gulf of Mexico.  Daily et al. (2009) describes that storms making landfall 

on the East Coast have different genesis and intensification characteristics than those making 

landfall on the Gulf Coast. The study indicates that weak tropical storms will likely increase as sea 

surface temperatures (SSTs) increase, but no change is expected in the frequency of hurricane 

strength storms making landfall.   

High resolution modeling results display an increase of 20-30% in tropical storm intensity in the 

ÎÏÒÔÈÅÒÎ ÈÅÍÉÓÐÈÅÒÅȭÓ ×ÁÒÍÅÒ ÃÌÉÍÁÔÅÓȢ !Ó ÔÈÅ ÔÏÔÁÌ ÎÕÍÂÅÒ ÏÆ ÓÔÏÒÍÓ ÃÏÎÔÉÎÕÅÄ ÔÏ ÄÅÃÒÅÁÓÅȟ the 

maximum wind speed for the remaining storms increased (Bengtsson et al. 2007). More recently, 
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in their review of predictive models, Knutson et al. (2010) found that storms were becoming more 

intense globally, experiencing an increase in wind speed of up to 11% (+21% of central pressure 

fall).   In some individual basins, projections had a much larger range (+15% or more), and those 

models with higher resolution tended to show higher increases in intensity. Basic theory shows 

that as temperatures warm, the potential for storms to increase in intensity increases (Emanuel 

1987; Emanuel 2007; Emanuel et al. 2007).  

Knutson et al. (2010) reviewed tropical cyclone projections since 2006 and found that most high 

resolution models predict a decrease in the frequency of globally averaged tropical storms (-6% to 

-34%) there is a significant increase (roughly 100%) in the frequency of high intensity Category 4 

and 5 hurricanes. In addition, a new compilation from NOAA Geophysical Fluid Dynamics 

Laboratory researchers (Bender et al. 2010) was able to reproduce both high intensity storms (i.e., 

Category 3 and higher) as well as weaker storms in a warmed climate using an ensemble of 18 high 

resolution models.  Similar to the findings of Knutson et al. (2010), the models in the Bender 

compilation predict a decrease in the overall frequency of all tropical storms and hurricanes  by -

28%, an 81% increase in the frequency of Category 4 and 5 hurricanes in the Atlantic basin, and a 

near doubling of Category 4 and 5 storms globally.  The greatest change was seen as a maximum 

220% increase in storms with wind speeds greater than 145 miles per hour (mph) for the ensemble 

of 18 models.  Although storm intensity is uncertain there is agreement in models that more, 

greater intensity, storms are likely.  

If current trends toward a warmer climate continue, it is predicted that globally the tot al number 

of hurricanes may decrease, but that the frequency of stronger Category 4 and 5 storms will 

increase (Anthes et al. 2006; Emanuel 2007, 2005; Emanuel et al. 2007).  Emanuel (2005) has 

shown that since 1949 the annual duration of North Atlantic and Western North Pacific storms 

that impact the East Coast has increased by about 60%, and in the same period the average wind 

speed has increased by 50%.  Concurrently, stronger hurricanes seem to have doubled in 

proportion, although globally the total num ber of hurricanes has remained approximately the 

same.  Particularly in the North Atlantic, a correlation between increasing SSTs has been observed 

simultaneously with a significant increase in tropical storm duration and frequency (Arpe & Leroy 

2007; Emanuel 2005, 2007; Webster et al. 2005). 

Although Gulf of Mexico-specific predictions are uncertain, we can assume that the intensity of 

storms will follow the global pattern identified above by research, and that future storms will be 

more intense than current levels.  Because there is a gap in local research, and the predictive 

models for the master plan only look ahead 50 years, we capped the upper end of the plausible 

range at 30% above current, which is a lower value than identified in some model reviews. 

Predictions are largely in agreement that overall there will be fewer tropical storms and 

hurricanes globally (decreasing in frequency) but that the remaining storms proportionally will  

increase in intensity.  To clarify, globally there will be a greater proportion of stronger category 4 

and 5 storms, and those storms will be more intense with respect to wind speed and central 

pressure, although overall there is likely to be fewer storms.   
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1.5.4 Storm Frequency 
Understanding potential changes in storm frequency over the next 50 years is vital the Coastal 

Protection and Restoration Authority to formulate a risk reduction program. This uncertainty 

involved modifying the current frequency (storms/degree longitude/year) of storms Category 3 

and higher to reflect likely changes in storm climates.  After examining literature and consulting 

with the Storm Surge and Wave and Risk Assessment modeling teams, it was decided that the 

current state of frequency be represented as a 0% change and that any future storm scenarios 

would vary around that value.  Overall, hurricanes are predicted to become less frequent in the 

future. However, warming sea surface temperatures (SSTs) in the Gulf of Mexico, a likely future 

condition, could result in more frequent hurricanes in that area. The current approach for storm 

frequency is to start with the underlying rate from LACPR/IPET of 0.04 storms/degree/year coast 

wide and then modify the rate of storms of category 3 or higher. Accounting for this, the 

boundaries for frequency should be -20% to +10% of the nominal or current value of 0%.   

1.5.4.1 Range  
Plausible Range over 50 years:  -20% to +10% change from current  

1.5.4.2 Values Used in the Models    
Moderate Projections:  0% change from current (i.e., approximately one Category 3 or greater 

storm every 19 years) 

Rationale:  It has been posed that the frequency of hurricane formation in the Gulf of Mexico may 

actually increase slightly in response to warming sea surface temperatures (SST). There is a fair 

amount of certainty that SSTs in the Gulf will become warmer, so we can infer that a few of these 

storms forming in the Gulf will reach category 3 status and should be accounted for in the 

environmental uncertainties. In a future with less frequency of storms entering the Gulf from the 

North Atlantic but more frequent storm formation in the Gulf, it is possible that the total number 

of storms impacting coastal Louisiana may remain the same. Based on discussions with storm 

damage experts (risk assessment modeling team, personal communication), CPRA used best 

professional judgment to select current storm frequencies to reflect moderate projections. 

Although global and regional models typically predict these types of values out 100 years, 

potential change was estimated at 50-years. 

Less Optimistic Projections :  +2.5% change from current (i.e., approximately one Category 3 or 

greater storm every 18 years) 

Rationale:  If storm frequencies in the North Atlantic are not reduced and storm genesis increases 

locally in the Northern Gulf of Mexico the frequency of hurricanes impacting the Louisiana coast 

could potentially increase. Based on discussions with storm damage experts (risk assessment 

modeling team, personal communication), CPRA used best professional judgment to select a 

+2.5% change in current storm frequencies to characterize less optimistic projections. Although 

global and regional models typically predict these types of values out 100 years, potential change 

was estimated at 50-years. 
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1.5.4.3 Supporting Information for Setting the Range  
Assessing potential shifts in storm frequency in coastal Louisiana is difficult due to the tendency 

of these analyses to focus on global and Atlantic tropical cyclone patterns; little analysis has 

focused on these patterns in the Gulf of Mexico.  Daily et al. (2009) describes that storms making 

landfall on the East Coast have different genesis and intensification characteristics than those 

making landfall on the Gulf Coast. The study indicates that weak tropical storms will likely 

increase as sea surface temperatures (SSTs) increase.   

Knutson et al. (2010) reviewed tropical cyclone projections since 2006 and found that most high 

resolution models predict a decrease in the frequency of globally averaged tropical storms (-6% to 

-34%) there is a significant increase (roughly 100%) in the frequency of high intensity Category 4 

and 5 hurricanes. In addition, a new compilation from NOAA Geophysical Fluid Dynamics 

Laboratory researchers (Bender et al. 2010) was able to reproduce both high intensity storms (i.e., 

Category 3 and higher) as well as weaker storms in a warmed climate using an ensemble of 18 high 

resolution models.  Similar to the findings of Knutson et al. (2010), the models in the Bender 

compilation predict a decrease in the overall frequency of all tropical storms and hurricanes  by -

28%, an 81% increase in the frequency of Category 4 and 5 hurricanes in the Atlantic basin, and a 

near doubling of Category 4 and 5 storms globally.  The greatest change was seen as a maximum 

220% increase in storms with wind speeds greater than 145 miles per hour (mph) for the ensemble 

of 18 models.  Although storm intensity is uncertain there is agreement in models that more, 

greater intensity, storms are likely.  

Researchers investigating historic storm patterns in the Northern Gulf of Mexico found an 

increase in the frequency of weak tropical storms if SSTs are raised. According to the 

Intergovernmental Panel on Climate Change (IPCC), it is considered likely that SSTs across all 

ocean basins will increase in the future (Bengtsson et al. 2007).  Dailey et al. (2009) evaluated the 

relationship of SSTs and tropical storm land fall risk and determined that storms making landfall 

in the United States Gulf Coast have different genesis and intensification patterns than those 

making landfall along the East Coast.  According to the analysis, under a warmer SST scenario, 

storm genesis in the northern Gulf of Mexico will increase, but the close proximity to land will 

likely not allow enough time for these storms to intensify before moving over land and 

dissipating. For weak tropical storms, there was a 14% increase in the frequency of storms making 

landfall in the Gulf, but almost no discernable change in the frequency of stronger, hurricane 

strength storms in either warmer or cooler SST conditions.  A recent study evaluating the 

probability of intense hurricane strikes in the Gulf of Mexico based on sediment cores (Wallace & 

Anderson 2010) supports this analysis; cores can only detect the most intense storms and detected 

no discernable trend in their frequency.   

If current trends toward a warmer climate continue, it is predicted that globally the total number 

of hurricanes may decrease, but that the frequency of stronger Category 4 and 5 storms will 

increase (Anthes et al. 2006; Emanuel 2007, 2005; Emanuel et al. 2007).  Emanuel (2005) has 

shown that since 1949 the annual duration of North Atlantic and Western North Pacific storms 

that impact the East Coast has increased by about 60%, and in the same period the average wind 

speed has increased by 50%.  Concurrently, stronger hurricanes seem to have doubled in 
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proportion, although globally the total number of hurricane s has remained approximately the 

same.  Particularly in the North Atlantic, a correlation between increasing SSTs has been observed 

simultaneously with a significant increase in tropical storm duration and frequency (Arpe & Leroy 

2007; Emanuel 2005, 2007; Webster et al. 2005). 

Consensus from experts suggests it is probable that global mean tropical cyclone frequency will 

either decrease or remain essentially unchanged in a warming environment.  However, because it 

is likely that SSTs in the Gulf of Mexico will increase in the future, it is possible that storms may 

form more frequently in the Gulf and could potentially reach a central pressure equal or higher to 

a Category 3 storm and increase the frequency somewhat. 

Because the predictive models evaluating the effects of storms on the Louisiana coastline will only 

evaluate hurricanes that are Category 3 and higher, the potential increase in the frequency of 

weak tropical storm formation in the Gulf is not necessary for incorporation into the model.  

However, because little research has focused on tropical cyclone patterns in the Gulf of Mexico it 

may be reasonable to assume that some storms may increase in intensity to Category 3 or higher, 

and it is prudent to consider scenarios of increased Category 3 and higher storm frequency for 

purposes of the master plan. 
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1.5.5 Mississippi River Discharge 
With the effects of global climate change still largely unknown, the future state of the 

environment is also uncertain.  One import ant component of environmental uncertainty for 

consideration in the 2012 Coastal Master Plan technical planning process is how discharge rates in 

the Mississippi River may change over the next fifty years.  Such changes may manifest in greater 

or lesser variation in discharge rates, changes in discharge seasonality, increases in extreme 

flooding events, etc.  These changes may be linear, accelerate or decline over time, or vary widely, 

and are important to restoration planning as changes in river discharge (and associated sediment 

load) must be accounted for when planning varied uses of the River.  Current literature for  

climate change effects on river discharge was reviewed to assess this issue and a plausible range of 

-7% to +14% change from mean annual Mississippi River discharge was set.  

1.5.5.1 Range  
Plausible Range over 50 years:  -7% to +14% change from mean annual discharge 

1.5.5.2 Values Used in the Models    
Moderate Projections:  0% change from mean annual discharge (i.e., 534,000 cfs) 

Rationale:  Although CPRA recognizes that seasonal discharge patters may shift in the future, best 

professional judgment was used to assign current mean annual discharge as a component of a 

moderate projection. The assumption is mean annual discharge would remain the same into the 

future.  

Less Optimistic Projections :  -5% change from mean annual discharge (i.e., 509,000 cfs) 

Rationale:  "ÅÃÁÕÓÅ ÔÈÅ ÏÂÊÅÃÔÉÖÅ ×ÁÓ ÎÏÔ ÔÏ ÍÏÄÅÌ ÔÈÅ Ȭ×ÏÒÓÔ ÃÁÓÅȭ ÉÎ ÔÅÒÍÓ ÏÆ ÔÈÅ ÐÌÁÕÓÉÂÌÅ ÒÁÎÇÅ 

set, best professional judgment was used to assign a 5% decrease in current mean annual 

discharge as a component of a less optimistic projection. The assumption is a slight decrease in 

current mean annual discharge rate. 

1.5.5.3 Supporting Information for Setting the Range  
A review of the current literatur e indicated that for many mid-latitude river basins including the 

Mississippi, future annual discharge rates are not predicted to vary greatly (Arora & Boer 2001, 

Nijssen et al. 2001a, Nijssen et al. 2001b, Milly et al. 2002, Arnell 2003, Manabe et al. 2004, Nohara 

et al. 2006) (Table 3). Mid -latitude rivers around the world experience similar effects from climate 

change including variations in amount and timing of discharge. While the causes of the changes 

are still uncertain, many published studies indicated that increased precipitation may cause 

slightly more elevated annual discharge, and many also noted an earlier onset of peak discharge. 

From the published papers (Table 3), a range of predicted annual discharge changes was 

assembled from +14% to -7%.   
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Table 3.  Predicted river discharge 

Paper Predicted Annual Discharge Change Primary cause 

Arora & Boer 2001 +5% Increased precipitation 

Milly et al. 2002 +14% Intensification of global water cycle 

Manabe et al. 2004 -7% Decreased precipitation 

Nohara et al. 2006 +0.2% Precipitation similar to prior levels 

 

The Mississippi River has a well-defined seasonal discharge curve with flow rising in the winter 

and reaching its maximum in the spring, falling in the summer and coming to a minimum in the 

fall.  Predictions of changes to annual discharge do not adequately describe the complexity of a 

seasonal flow regime. To show the seasonality, predicted monthly contribution percentages of 

river discharge were used. A few of the reviewed papers (Nijssen et al. 2001a, Nijssen et al. 2001b, 

Arnell 2003, Nohara et al. 2006) included figures which showed monthly predictions of future 

discharge. For the purposes of this analysis, Figure 6 from Arnell (2003) was used as the basis for 

monthly contribution percentages. AÒÎÅÌÌȭÓ predictions were based on the Intergovernmental 

Panel on Climate Change Special Report on Emission Scenarios emissions scenarios, and 

therefore, are more broadly applicable to the body of climate change science. However, to fit the 

model for the analysis, daily contribution percentages were calculated using historical data from a 

twenty year dataset from 1990 to 2009, and the historical daily percentages were used in lieu of 

future daily predictions.  

Some papers suggest that due to climate change, the maximum and minimum flows may begin to 

shift temporally  (Arnell 2003, Manabe et al. 2004, Nohara et al. 2006). A few authors suggested 

that peak flows may occur earlier in the year due to increased rainfall in the winter and less in the 

summer (Arnell  2003, Manabe et al. 2004). However, Nohara et al. (2006) suggests that peak flow 

will be delayed by a month. If  the future predictions are based on Arnell (2003), a shift to earlier 

peak flows would be taken into account. A shift toward later peak flows can be explored by 

changing monthly contribution percentages by an appropriate amount using the predictions by 

Nohara et al. (2006). 
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Figure 6. Observed (dark line) and simulated (light line) runoff regimes in nine catchments. Obtained from Arnell, 
2003. 
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1.5.6 Rainfall 
With the effects of global climate change still largely unknown, the future state of environmental 

drivers in coastal Louisiana is also uncertain.  One important component of environmental 

uncertainty for consideration in the 2012 Coastal Master Plan technical planning process is how 

rainfall in coastal Louisiana may change over the next fifty years.  Such changes may manifest in 

greater or lesser variation in rainfall amounts, changes in seasonality, increases in extreme 

flooding events, etc.  These changes may be linear, accelerate or decline over time, or vary widely.   

Historical records of precipitation for western, central and eastern regions of the coast from eight 

monitoring stations were examined and monthly ranges were established based on +/- 1 SD for 

average historical monthly values.   

1.5.6.1 Range  
Plausible Range over 50 years:  Historic monthly range (+/ - 1 standard deviation) in inches. 

1.5.6.2 Values Used in the Models    
Moderate Projections :  Varies by region, but assumes future rainfall patterns equal to the 

average historical monthly values. Please note, per recent model refinements, these values may 

change for future analyses. 

Rationale:  Considering the plausible range is historic monthly values +/- 1 standard deviation 

CPRA used best professional judgment to assign current conditions as part of the moderate 

projection, as it falls in the middle of the plausible range. Assumes no change from present 

conditions.  

Less Optimistic Projections :  -0.4 SD of average historical monthly values. Please note, per 

recent model refinements, these values may change for future analyses. 

Rationale:  Considering the range was historic monthly range (+/ - 1 standard deviation) CPRA 

used best professional judgment to assign -.4 SD to represent less optimistic projections. This 

assumes slightly drier conditions and the value falls in the lower end of the range but not at the 

end of the range.  

1.5.6.3 Supporting Information for Setting the Range  
The Eco-Hydrology modeling team estimated the brackets for precipitation by using historical 

monthly averages from 1961-1990 for 8 monitoring stations in coastal Louisiana and using +/- 1 

standard deviation around that value to serve as the higher and lower ends for future predictions.  

Please note these locations do not represent actual monitoring stations but rather points where 

precipitation was extracted from a gridded data field. 

 

Precipitation 

Stations 1 2 3 4 5 6 7 8

Latitude 29.75 29.75 29.75 29.583 29.583 29.583 29.917 30.083

Longitude -93.083 -92.75 -92.083 -91.417 -90.75 -90.417 -89.917 -93.25
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Figure 7. Precipitation station 1 and monthly averages +/- 1 SD.  

 

 

Figure 8. Precipitation station 2 and monthly averages +/- 1 SD. 
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Figure 9. Precipitation station 3 and monthly averages +/- 1 SD. 

 

 

Figure 10. Precipitation station 4 and monthly averages +/- 1 SD. Same as Figure 11, as this ΨǎǘŀǘƛƻƴΩ Ŧŀƭƭǎ ǿƛǘƘƛƴ ǘƘŜ 
same Eco-Hydrology box.  
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Figure 11. Precipitation station 5 and monthly averages +/- 1 SD. 

 

 

Figure 12. Precipitation station 6 and monthly averages +/- 1 SD. 
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Figure 13. Precipitation station 7 and monthly averages +/- 1 SD. 

 

 

Figure 14. Precipitation station 8 and monthly averages +/- 1 SD. 
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1.5.7 Evapotranspiration 
With the effects of global climate change still largely unknown, the future state of environmental 

drivers in coastal Louisiana is also uncertain.  One important component of environmental 

uncertainty for consideration in the 2012 Coastal Master Plan technical planning process is how 

evapotranspiration in coastal Louisiana may change over the next fifty years.  Such changes may 

manifest in greater or lesser variation in evapotranspiration rates, changes in rates by seasonality 

due to temperature shifts, etc.  These changes may be linear, accelerate or decline over time, or 

vary widely.   

Historical records of evapotranspiration for western, central and eastern regions of the coast from 

eight monitoring stations were examined and monthly ranges were established based on +/- 1 SD 

for average historical monthly values.   

1.5.7.1 Range  
Plausible Range over 50 years:  Historic monthl y range (+/- 1 standard deviation) 

1.5.7.2 Values Used in the Models    
Moderate Projections:  Varies by region but assumes future evapotranspiration patterns equal 

to the average historical monthly values.  

Rationale: Considering the plausible range is historic monthly values +/- 1 standard deviation 

CPRA used best professional judgment to assign current conditions as a component of a moderate 

projection, as it falls as a mid-point of the plausible range. Assumes no change from present 

conditions. 

Less Optimistic Projections :  + 0.4 SD of average historical monthly values.  

Rationale:  Considering the plausible range is historic monthly values +/- 1 standard deviation 

CPRA used best professional judgment to assign +0.4 to represent less optimistic projections, as 

falls in the lower end of the range but not at the end of the range. Assumes warmer and drier 

conditions, as reflected in increased drought indices and reduced local rainfall. 

1.5.7.3 Supporting Information for Setting the Range  
The evapotranspiration (ET) brackets were based on 10 interpolated points acquired from the 

North American Regional Reanalysis (NARR) long-term, high resolution datasets run by NOAA 

National Centers for Environmental Prediction.  A reanalysis uses climate observations from 

many different sources (ground stations, remote sensing, radar, satellites, ships, etc.) and a 

numerical model to simulate one or more aspects of the Earth system and combines them to 

objectively generate a synthesized estimate of the state of the system.  The Eco-hydrology Team 

obtained monthly averages for the period of record on the order of 20-30 years and then 

estimated the monthly range using a +/- 1 standard deviation as with precipitation.  Given that no 

stations monitor ET in coastal Louisian these data were determined to be the best source to 

determine plausible ranges for future scenarios.  Expert opinion from the Eco-hydrology Team 

concurs that the data utilized here are the best spatial representation of ET for the area of 
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interest. Please note these are not actual monitoring  stations but represent points where 

evapotranspiration was extracted from a gridded data field. 

 

 

Figure 15. Evapotranspiration interpolated point 1 and monthly averages +/- 1 SD. Same as Figure 16, as this 
ΨǎǘŀǘƛƻƴΩ Ŧŀƭƭǎ ǿƛǘƘƛƴ ǘƘŜ ǎŀƳŜ 9Ŏƻ-Hydrology box.  

Evapotranspiration 

Points 1 2 3 4 5 6 7 8 9 10

Latitude 29.639 29.581 29.523 29.463 29.403 29.851 29.793 29.671 29.547 30.353

Longitude -91.509 -91.197 -90.889 -90.581 -90.269 -91.133 -90.821 -90.201 -89.581 -89.361



Appendix C ɀ Environmental Scenarios  

 

 LouiǎƛŀƴŀΩǎ /ƻƳǇǊŜƘŜƴǎƛǾŜ aŀǎǘŜǊ tƭŀƴ ŦƻǊ ŀ {ǳǎǘŀƛƴŀōƭŜ /ƻŀǎǘ 

DRAFT 2012.01.12 
Page C-45   

 

Figure 16. Evapotranspiration interpolated point 2 and monthly averages +/- 1 SD. 

 

 

Figure 17. Evapotranspiration interpolated point 3 and monthly averages +/- 1 SD. 
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Figure 18. Evapotranspiration interpolated point 4 and monthly averages +/- 1 SD. 

 

 

Figure 19. Evapotranspiration interpolated point 5 and monthly averages +/- 1 SD. 
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Figure 20. Evapotranspiration interpolated point 6 and monthly averages +/- 1 SD. 

 

 

Figure 21. Evapotranspiration interpolated point 7 and monthly averages +/- 1 SD. 
















