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– 1 –
Introduction

 

in the Chesapeake 2000 

critical question

• important questions

relevant technical questions 

 – 2 –
Climate Drivers of Change

in the Chesapeake Bay

Developing 
a more comprehensive and sophisticated understanding 

Section I
Knowledge Gaps and Research Priorities
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of the possible changes in regional precipitation and the 
implications of potentially unprecedented combinations 
of temperature and precipitation is essential.

– 3 –
Monitoring Change

and 

The Bay Program must 
evaluate the consequences of climate change for existing 
monitoring systems and ensure that sampling designs 
provide adequate statistical power to detect trends and 
differentiate sources of improvement or degradation.

– 4 –
Impacts on Chesapeake Bay 

Program Restoration Strategies

What 
are the implications of climate change for the Bay Program’s 
efforts to restore water quality and living resources? 

Chesapeake 2000

Critical Climatic Drivers of           
Change Question:

How will climate change alter regional precipitation 
patterns and what are the most important aspects of 
precipitation change for ecosystem and watershed 
processess?

Important Questions:

and regional air temperature? How might 
this relationship change under future climatic 
conditions?

• Can existing watershed models (e.g., the CBP  
Phase V model) accurately simulate runoff and river 

of precipitation and temperature?

• How will climate-driven changes interact with 
concurrent changes, such as land use/land cover 
shifts, invasive species, and social and economic 
processes, to alter the physical environment (e.g., 
the timing and magnitude of stormwater runoff)?

Critical Monitoring Question:

How should a Baywide monitoring system be 
designed, deployed, and operated to detect and 
differentiate climate-driven changes from other 
sources of change?

Important Questions:

• Can the existing monitoring system provide 
the statistical power needed to detect trends  
reliably in the climatic variables associated with 
key management decisions, including peak water 
temperatures, summer wind regimes, as well as the 
frequency and severity of droughts?

• Which environmental measures provide the most 
sensitive indicators of climate change?

• Which environmental indicators are relatively 
insensitive to climate change?

• How can information about the relative sensitivity 
of physical, chemical, and biological indicators be 
conveyed to policymakers, managers, and other 
stakeholders to inform resource management?
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The Bay Program and its partners should 
assess the vulnerability of living resource restoration 
efforts to climate change and require that projects take 

changing conditions. 

– 5 –
Adaptive Responses to

Changing Climatic Conditions

resilient adaptive 

 

The Bay Program must develop methods to 
calculate TMDLs that explicitly incorporate information 
about changing climatic conditions. 

The Bay Program and its partners must assess 

management practices.

Critical Restoration Strategy Question:

How will state tributary strategies and living resource 
restoration strategies perform under changing 
climatic conditions?

Important Questions:

• How will climate change alter the cost or 
feasibility of achieving water quality and living 
resource restoration goals?

• What are the implications of sea-level rise for tidal 
wetland loss, shoreline and nearshore erosion, 
inundation of low-lying coastal communities, and 
shoreline hardening strategies?

• What are the implications of climate change for 
non-indigenous species, diseases, pathogens, and 
pests?
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The Bay Program and its partners 
can and should increase the resilience of its activities to 
uncertain precipitation regimes and adapt them to rising 
temperatures and sea levels.

– 6 –
Next Steps

The 
Bay Program and its partners must take immediate action 
to understand the consequences of changing climatic 
conditions and make consideration of climate change an 
integral part of decision-making.

6.1 Understanding the consequences of 
climate change

The Bay Program and its partners can and should 
immediately require all major resource management 
decisions to evaluate changing conditions on both the 

management options that increase resilience or facilitate 
adaptation to changing conditions. 

6.2 Understanding ecosystem processes

The Bay 
Program and its partners can and should provide direct 
support and, when possible, encourage research sponsors 
to provide targeted resources for climate-change-related 
research on key ecosystem processes.

6.3 Research coordination and leadership

Critical Climate Adaption Question:

How can restoration strategies be designed, deployed, 
and monitored to ensure that they are resilient and 
adaptive to changing climatic conditions?

Important Questions:

• How can water quality regulations be made 

changing climatic conditions?

• How can ecological restoration strategies antici-
pate rising sea levels and changing temperature 
regimes?

• How should management practices be altered to 
increase their resilience to future precipitation 
regimes? 

• How can coastal landowners make resilient and, 
when possible, adaptive decisions about their 
responses to rising sea levels?
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No 
institutional focal point for climate change research and 
development activities relevant to the Chesapeake Bay 
currently exists.

The Bay 
Program and its partners should take the lead in estab-
lishing an organization that links climate science, policy, 
and management throughout the watershed as quickly as 
possible. 

6.4 Climate Change Action Plan

The Bay Program 
and its partners should take immediate action to promote 
and support the development of a Baywide Climate 
Change Action Plan.
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– 1 –
Introduction

 

– 2 – 
Climatic and Hydrologic Processes 

Affecting the Bay

Section II
Research Review
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Figure 1. Projections from the IPCC Third Assessment Report 
(TAR), except for panel d, for 6 scenarios described in Naki enovi  
and Swart [2000] and in the box on page 16 of this report: a) CO2 

emissions; b) modeled levels of CO2 according to the Bern carbon-
cycle model; c) global mean surface air temperature change from 
1990 from the average of nine TAR models. Data for a, b, and c come 
from Appendix H of Houghton et al. [2001]. Panel d shows global 
mean sea-level change from 1990 using dH/dt = a(T - TO), in which a 
= 3.4 mm yr-1 o C-1 [Rahmstorf, 2007], H is sea level, T is global mean 
air temperature, and TO is the temperature 0.5 o C below the 1951–
1980 average temperature. In panel c, the 1990 temperature was 
about 0.3 o C greater than the 1951–1980 average. We, therefore, 
add 0.8 o C to temperature in panel c to get T - TO, giving a value of 
1.7 mm yr-1 for dH/dt, which is within the error of the observed rate 
[Church et al., 2004].   w
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IPCC Climate Change Scenarios

The United Nation’s Intergovernmental Panel on Climate Change (IPCC) has developed a set of socioeconomic 
scenarios as the basis for climate change modeling and policy analysis.  The following verbatim descriptions from 
Nakicenovic and Swart [2000] are the most widely used scenarios:

 A1 Future world of very rapid economic growth, global population that peaks in the mid-21st century 

underlying themes are convergence among regions, capacity building, and increased cultural and social 
interactions, with a substantial reduction in regional differences in per capita income. The A1 scenario family has 
three groups that describe alternative directions of technological change in the energy system: fossil intensive 

relying too heavily on one particular energy source, on the assumption that similar improvement rates apply to 
all energy supply and end use technologies). 

 A2 A very heterogeneous world where the underlying theme is self-reliance and preservation of local 
identities.  Fertility patterns across regions converge very slowly, which results in continuously 

increasing population.  Economic development is primarily regionally oriented and per capita economic growth 
and technological change are more fragmented and slower than other storylines.

 B1 A convergent world with the same global population, that peaks in mid-century and declines 
thereafter, as in the A1 storyline, but with rapid change in economic structures toward a service and 

technologies.  The emphasis is on global solutions to economic, social, and environmental sustainability, including 
improved equity, but without additional climate initiatives.

 B2 A world in which the emphasis is on local solutions to economic, social, and environmental 
sustainability.  It is a world with continuously increasing global population, at a rate lower than A2, and 

with intermediate levels of economic development, and less rapid and more diverse technological change than in 
the B1 and A1 storylines.  While the scenario is oriented toward environmental protection and social equity, it 
focuses on local and regional levels.

When considering future conditions in the Chesapeake Bay, it is important to note that no direct connection exists 
between these global storylines and regional conditions.  This situation makes it important to consider carefully 
the implied relationship between global drivers and local and regional conditions (e.g., population size, technology 
choices, etc.).  The U.S. EPA Global Change Research Program is currently developing tools to provide national 
and regional realizations of IPCC storylines for urban land cover through their Integrated Climate and Land Use 
Scenarios (ICLUS) project.
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2.3 Precipitation

th

Figure 2. Annual average surface temperature from the mouth 
of the York River (VIMS pier), the mouth of the Patuxent River (CBL 
pier), and the average throughout the mainstem Bay (Bay average). 
The VIMS data come from Austin (2002) and the CBL data come 
from Secor and Wingate (2008). The VIMS data are part of the VIMS 

data using measurements from the Chesapeake Bay Water Quality 

station, then by year, before taking the arithmetic mean of all stations.
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2.4 Streamflow

Figure 3. Seasonal temperature (top) and precipitation (bottom) changes averaged over the Chesapeake Bay watershed with respect to 1971 
to 2000 predicted under the A2 scenario by seven climate models for 2010 – 2039, 2040 – 2069, and 2070 – 2099.  At the far right of each 
panel are the annual average changes for the seven-model mean and the overall model range (reproduced from Najjar et al. [2008]).
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Figure 4. Projected change in the annual mean temperature (a and b) and precipitation (c and d) of the Chesapeake Bay watershed for six 
IPCC scenarios (see Figure 1) averaged over seven climate models (a and c) and the four highest ranked (b and d). From Najjar et al. [2008].

.
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Reference Region CO2 
Scenario Period

Number of 
GCMs

Annual 

McCabe and Ayers 
(1989)

Delaware River Basin Doubling – 3 - 39 to 9

Moore et al. (1989) Mid-Atlantic/New England Doubling – 4 - 32 to 6

Najjar (1999) Susquehanna River Basin Doubling – 2 24 ± 13

Neff et al. (2000) Susquehanna River Basin 1% yr 
-1 increase

1985 – 1994 
to 

2090 – 2099

2 - 4 to 24

Wolock and McCabe 
(1999)

Mid-Atlantic 1% yr 
-1 increase

1985 – 1994 
to

2090 – 2099
2 - 25 to 33

Hayhoe et al. (2007) Pennsylvania/New Jersey
A1F1 and B1 1961 – 1990 

to 
2070 – 2099

2 9 to 18

2.5 Sea level

Figure 5. Long-term sea-level change at two locations in the Chesa-
peake Bay: Baltimore, MD (upper Bay) and Sewells Point, VA (lower 
Bay). Data are annual mean differences from the 1950 – 2000 

Oceanographic Products and Services.

Year

Table 1. 
(reproduced from Najjar et al. [2008]).
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2.6 Storms

th

Figure 6. The relationship between annual sediment yield and 

2 = 0.88) with a forced 
zero intercept, y = 3 x 10-5x2 - 0.0325x.  The estimates come from 

(TSS) concentrations. These TSS values are based on a statistical 
model calibrated with TSS observations from several monitoring 
stations. Langland et al. (2006, p. 13) offer details on data sources 
and methodology.
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2.7 Climatic and hydrologic            
processes summary 

Unc

– 3 -
Fluxes of Nutrients and

Sediment from the Watershed

3.1 Non-point pollution by              
sediment and phosphorus

Section 2: Summary of Questions  – 
Climatic Processes

• What are the projected changes in pH and 
carbonate ion concentration in Chesapeake Bay?

• How can the range of future precipitation projects 
be understood, better constrained, and assigned 
useful measures of uncertainty?

• Why do climate models fail to capture the historic 
increase in precipitation in the Chesapeake Bay 
watershed?

• Why is the historic rate of warming in the lower 
Chesapeake watershed substantially lower than 
that in the upper portion of the watershed?



Climate Change and the Chesapeake Bay 23

3.2 Non-point pollution by nitrogen



Climate Change and the Chesapeake Bay24

Figure 7. The fractional delivery of net anthropogenic nitrogen 
inputs (NANI) for 16 major watersheds in the northeastern 
United States plotted as a function of mean discharge, mean 
precipitation, and mean temperature. The relationships for discharge 

respectively). The relationship for temperature is weaker (p = 0.11) 
(taken from Howarth et al. [2006]).
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3.3 Atmospheric deposition of nitrogen Figure 8. Annual nitrogen loading (103 kg yr-1) in the Western 
Branch of the Patuxent River in Maryland as a function of annual 
precipitation and mean annual temperature (the  represents the 
historical average climate). The plot is based on a series of HSPF 
model simulations generated with the automated, iterative assessment 
capability in the BASINS Climate Assessment Tool (reprinted from 
Johnson and Kittle [2007]).
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3.4 Freshwater wetlands
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3.5 Point source pollution

3.6 Summary of watershed 
biogeochemistry

Section 3: Summary of Questions – 
Fluxes of Nutrients and Sediment from 
the Watershed

• What is the actual rate of nitrogen deposition in 
the Chesapeake Bay watershed, particularly for 
nitrogen gases such as NO, NO2, HONO, and NH3 
and especially near emission sources? How will 

• What controls the retention versus export of 
nitrogen once this nutrient is deposited onto the 
landscape? How does this partitioning differ for 
forests and developed lands?

• How will climate change affect the retention 
versus export of deposited nitrogen in forests and 
developed lands?

• What is the relationship between sediment-bound 
loading and precipitation intensity?
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– 4 –
Bay Physical Response

4.1 Circulation

4.2 Salinity

4.3 Suspended sediment



Climate Change and the Chesapeake Bay 29

 

in situ

4.4 Bay physics summary – 5 –
Living Resources 

5.1 Food webs, plankton, and 
biogeochemical processes

Section 4: Summary of Questions –   
Bay Physical Response

• How does Bay circulation respond on seasonal and 
interannual time scales to changes in freshwater 
forcing and sea level?

• What is the sensitivity of Bay salinity to sea-level 
rise? Can model predictions be tested through 
existing Bay monitoring systems?

•
and suspended sediment levels in the Bay?

• How will climate-induced changes in shoreline 
erosion, biological production, resuspension, 

sediment?

• What factors cause extreme warm events in 
Chesapeake Bay?
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a

5.1.1 Nutrient cycling and plankton productivity

a

Prorocentrum minimum
Dinophysis acuminata Cochlodinium 
heterolobatum C. polykrikoides 

Alexandrium monilatum 
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5.1.2 CO2 effects on phytoplankton

p Prorocentrum minimum Microcystis aeruginosa

p

Synechococcus
Heterosigma akashiwo

P. minimum

 

5.1.3 Temperature effects on plankton
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Cochlodinium 
polykrikoides

Alexandrium monilatum

5.1.4 Harmful algal blooms and pathogens

Skeletonema costatum

P. minimum

Heterosigma

.
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Dinophysis acuminata 

Enteromorpha

Ulva

.
Aureococcus 

anophagefferens

Vibrio , 

 
V. cholerae

V. cholerae V. parahaemolyticus
.

Vibrio 

5.1.5 Dissolved oxygen

1  www.cdc.gov
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d dT

d dT 
S

d dT

5.2 Submerged aquatic vegetation

Zostera marina

Ruppia maritima
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5.3 Estuarine wetlands
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Scirpus olneyi

Spartina patens 

S. olneyi

Scirpus olneyi
 

Phragmites australis

Phragmites

5.4 Fish and shellfish

2  Information for Maryland and Virginia coastlines is available at: 
ccrm.vims.edu
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5.4.1 Temperature impacts on fish and shellfish

A

Farfantepenaeus

Mytilopsis leucophaeata Ischadium recurvum

Mya arenaria

Mnemiopsis 
leidyi

 

Alosa 
sapidissima

Micro-
pogonias undulatus  
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Pseudopleuronectes 
americanus

M. leidyi

M. leidyi 

Crassostrea virginica

Perkinsus marinus Haplospo-
ridium nelsoni 

P. marinus
C. virginica 

Limnodrilus
Eustrongylides
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5.4.2 Salinity impacts on fish and shellfish

Perkinsus Haplo-
sporidium

M. leidyi Chrysaora 
quinquecirrha 

M. leidyi 
C. quinquecirrha

M. leidyi, 

5.4.3 Plankton production impacts on fish and shellfish 
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5.4.4 Dissolved oxygen impacts on fish and shellfish

Acipenser 
oxyrhynchus

5.4.5 Other impacts on fish and shellfish

Fundulus heteroclitus
Gambusia holbrooki

Cynoscion 
nebulosus Callinectes sapidus

 

5.5 Living resources summary
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– 6 –
Cultural, Social, and               
Economic Research

6.1 Status of research

6.2 Anthropological perspectives

“The impacts of future climate change are 
expected to be felt earliest and most keenly at Arctic latitudes.” 

“The primary threat is from rising 

Section 5: Summary of Questions –  
Living Resources

• Which of the observed changes in the abundance 
or distribution of living resources in the Chesa-
peake Bay have been caused, at least in part, by 
climate change?

• Have rising temperatures contributed to increases 
in the prevalence or effects of pathogens living in 
the Chesapeake Bay?

• How will food web dynamics mediate biotic 
responses to climatic change?

• How will host-pathogen systems (and other 
coupled biological systems) respond to changing 
conditions?

• What are the implications of climate change for 

• Will global and regional increases in atmospheric 
CO2 concentrations lead to distinct phytoplankton 
speciation unlike the composition currently 
observed?

• Will increasing frequencies of extreme events (e.g., 

bacterial community (including pathogens) more 
deleterious to current living resources and general 
public health?

• Will increasing water temperatures favor increased 
heterotrophy, elevated pathogenic bacteria levels, 
enhanced nutrient recycling, and (through altered 
meteorology) increased harmful algal blooms and 
anoxia?

• Which coastal areas and shorelines are more 
vulnerable to combinations of sea-level rise, 
shoreline hardening, and land use change?
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sea levels which are expected to bring damage to coastal infra-
structure, increased risk of disease from insects and HABs, 
changes to renewable and subsistence resources, and loss of 
cultural resources and values.”

•

•

•

•

We are all Smith Islanders (chesapeakeclimate.
org/index.cfm), 
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6.3 Natural resource economics

 

3 Those providing insurance products and services based solely on 
historic observations will be especially unprepared to address future 
risks, as past conditions will become increasingly unreliable guides 
to future outcomes. Addressing this problem will require changes in 

mechanisms to allow the use of models and predictive information in 
rate setting). The 2005 publication, “Climate Change Futures: Health, 
Ecological, and Economic Disruptions,” which was co-sponsored by the 
re-insurer Swiss Re and the United Nations Development Programme, 
describes many of the relevant issues. Several insurers have created a 
substantial foundation of information on climate change impacts and 
adaptive business strategies, perhaps most notably Swiss Re, Munich 
Re, and more recently, AIG.

understate the 

.

Brevoortia tyrannus Morone 
saxatilis Leiostomus xanthurus
Paralichthys dentatus

Alosa sapidissima A. pseudoharengus
A. aestivalis

6.4 Adaptive responses
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.

www.cara.psu.edu

.

Figure 9. Results of an analysis of neighborhood design and 

Neighborhood Development Program. These elements are divided 

its sensitivity to climate change or its potential use in adapting to 
changing climatic conditions (from Pyke et al. [2007b]).
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.

– 7 –
Summary

.

Section 6: Summary of Questions –  
Social and Economic Research

• How will climate change alter economic 
opportunities for individuals and the Bay region as  
a whole? 

• How will climate change affect individual livelihoods 
and the conditions facing sensitive groups, such as 
waterman or farmers?

• How much will it cost to adapt to changing 
conditions (i.e., achieve existing performance goals 
under future conditions)? 

• How can we ensure that Bay monitoring systems 
are capturing and analyzing the most important 
pieces of information on the “human dimensions” 
of climate change?
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within 

now
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