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Regional Ocean Dynamics 

Recent research suggests higher rates of sea-level rise 
along the Mid-Atlantic coast during the past decade 
or two21-23 and links this trend with the decline in 
strength of the Gulf Stream.26 Sea-level projections for 
Maryland should take such regional ocean dynamics into 
consideration. As the Gulf Stream flows from the coast 
at Cape Hatteras and turns north-eastward, the Coriolis 
force, resulting from the rotation of the earth, acts to 
force water offshore. To balance this effect, ocean water is 
drawn off the shelf in the Middle Atlantic Bight and the 
sea surface along the coast is typically about one meter 
lower than in the open ocean on the far side of the Gulf 
Stream. If the flow of this massive current declines, the 
height gradient is diminished, with the sea surface falling 
in the open ocean, but rising along the coast. As the figure 
below shows, sea level at Chesapeake Bay tidal gauges 
varied over several years in relation to variations in Gulf 
Stream flow. Beginning around 2004, however, the flow of 
the Gulf Stream went into steady decline and, by 2007, sea 
level at the tide gauges in the Middle Atlantic Bight was 
showing a steady increase. It is important to keep in mind, however, that this analysis has just recently been published and 
understanding is likely to evolve as more scientists investigate the phenomenon. 

Factoring in changes in ocean dynamics into sea-level rise projections for the rest of the 21st century is not a 
straightforward matter. It is uncertain whether the recently observed trend will continue. Other ocean dynamic processes 
may also play a role. For the purpose of these projections of relative sea-level rise for Maryland, model projections of the 
ocean dynamic contribution to sea-level rise for Washington, DC are used: best projection of 0.17 m by 2100, with a low of 
0.13 m and high of 0.19 m.25

The trajectory of the Gulf Stream is apparent in the warmer temperatures 
(red) to the northeast off of Cape Hatteras. The force of the Gulf Stream 
flow affects sea level in the Chesapeake Bay (MODIS-NASA).

At Maryland tide gauge stations (colored lines) low frequency modes of relative sea 
level, including decadal oscillations and sea-level rise, closely mirror changes in the 
Gulf Stream strength derived from satellite altimeter data (gray line).26
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Vertical Land Movement

Determination of the rate of vertical land movement (VLM) is not a simple matter, but has been estimated using several 
techniques. A rate of VLM of -1.7 mm yr-1 was assumed for coastal Maryland in the 2008 Maryland Assessment. This was 
based on published interpretations of tide gauge data and re-leveling surveys that suggested VLM of -1.7 to -2.4 mm yr-1 
for coastal Maryland.30 More recently, VLM rates estimated for Maryland tide gauge stations located within the Chesapeake 
Bay ranged from -1.3 at Baltimore to -1.9 mm yr-1 at Cambridge31, 32, where subsidence due to groundwater withdrawals 
may have played a role. A higher rate of -2.73 mm yr-1 was estimated for Ocean City, on the Atlantic coast of Maryland, but 
this is based on a much shorter gauge record, beginning only in 1975. 

Estimates of VLM determined from tide gauge measurements are derived by difference from estimates of sea-level rise 
that are complicated and uncertain. VLM can also be estimated from geological sea-level indicators, such as microfossils 
in salt-marsh deposits and isotope dating; through repeated measurements of elevation by a geographic positioning system 
(GPS); or computer models of glacial isostatic adjustment (GIA). However, these estimates may not agree, in part because 
of the different time periods for which they 
can be applied.33 Models of GIA, corrected for 
associated changes in sea surface height resulting 
with changes in gravity as the crust adjusts, can 
indicate what the expected effect on tide gauge 
measurements should be.34 Estimates from one 
model are available for tide gauge sites around 
the world and indicate the net GIA effect on 
relative sea level to range from 0.76 to 1.02 mm 
yr-1 for Maryland tide gauge sites.35 Finally, using 
geological methods, VLM over the last 4,000 
years was estimated to have been -1.3 mm yr-1 
for a site within the inner Chesapeake Bay.36 
For the purpose of this projection of relative 
sea-level rise in Maryland, a best-estimate 
VLM adjustment of 1.5 mm yr-1 continuing 
throughout the 21st century was used, with 
1.3 mm yr-1 as a low estimate and 1.7 mm yr-1 
as a high estimate. It should be kept in mind, 
however, that VLM may be greater locally due 
to sediment compaction and groundwater 
withdrawal effects. 
 

Multiple Ways to Estimate Vertical Land Movement

Releveling of land surveys

Models of glacial isostatic adjustment and 
other crust movements

Repeated elevation measurements using 
Global Positioning System

Subtraction of assumed sea-level rise from 
tide gauge records

Geological interpretation of sediment record 
using microfossils and dating techniques



14

Changes in Tides and Storm Surges

In terms of human infrastructure, it is not only mean sea level that 
is of concern, but the height of tides and storm surges. Tidal range 
in a semi-enclosed bay or estuary is influenced by the depth of the 
water body. It can be reduced farther away from its connection with 
the sea due to frictional resistance, or it can be magnified if the 
morphology of water body creates resonance at the same frequency 
of tidal oscillation, for example in the Bay of Fundy. If sea level rises 
substantially this will increase the volume of the estuary and thus 
reduce frictional resistance along the bottom and change its resonance 
properties. Increasing tidal range over time has, in fact, been observed 
at a number of East Coast tide gauges.37 

The tidal range in the Chesapeake Bay is greatest at the mouth 
and decreases up the Bay due to friction along the bottom acting to 
slow tidal currents as the tide progresses from the mouth to the head 
of the estuary. A one-meter rise in sea level will allow more efficient 
propagation of the tidal wave in the bay and shift the resonant period 
closer to the tidal frequency. As it does, it could increase the tidal 
amplitude resulting in an approximate 0.05 m (0.16 ft) increase in 
tidal range over much of the Maryland portion of the bay, but a much 
greater increase of up to 0.2 m (0.66 ft) in the upper bay and the heads 
of some of its tidal rivers.38 

Modern record storm surges of more than 2 m (7 ft) were 
experienced in portions of the Chesapeake Bay during Hurricane 
Isabel in 2003; storm surge levels were highest in the uppermost Bay 
and tidal Potomac River near Washington, DC.39 While the frequency 
of tropical storms is not projected to increase as a result of global 
warming during the 21st century, highly intense storms are projected 
to become more common.40 Moreover, because of warming of sea 
surface temperatures, tropical storms should maintain more of their 
intensity as they progress to the higher latitudes along the Mid-Atlantic coast. 

Leaving aside assessment of the consequences of changing tropical storm intensity that are beyond the scope of this 
assessment, the height of storm surges experienced in the Chesapeake Bay would increase for any given storm strictly as 
a function of the deepening of the bay due to sea-level rise. If mean relative sea level, and thus the average depth of the 
bay, would increase by one meter, storm surge heights would be expected to increase even more. The amount of increase 
has not yet been modeled for the Chesapeake Bay and deserves further study, however one study indicated that storm 
surges could increase 20-50% more than the relative sea-level rise for wetland-fronted, shallow bays in coastal Louisiana.41 
Furthermore, as tidal range would be expected to increase in the upper reaches of the bay and its tributaries, high water 
events driven by southern winds or storm surges coinciding with astronomic high tides would be further exaggerated. 

A one-meter rise in sea level will shift the resonance 
response of the Chesapeake Bay toward 24 hours, 
thus increasing tidal range in the upper Bay.38
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Putting It All Together

Using the National Research Council’s (NRC) projections of global mean sea-level rise as a starting point, projections 
of relative sea-level rise in Maryland are made here through adjustment for the “fingerprint” effects of the land-ice 
contributions, as well as inclusion of the dynamic ocean contributions and the effects of vertical land movement.42 
Fingerprint adjustments for reductions in land ice are appropriate because the effects of loss of ice mass in Greenland on 
sea levels along the U.S. East Coast are not the same as the loss of an equivalent mass in Antarctica.34 Sea level will increase 
less close to the ice mass because the gravitational attraction of ocean water is diminished and will increase more farther 
away from the site of the declining mass. Fingerprint adjustments were used by the NRC in estimating the effects on 
relative sea level along the U.S. West Coast. Similarly, land-ice change scale factors appropriate to Maryland’s location were 
applied to the contributions of glaciers (0.9), Greenland (0.5)43, and Antarctica (1.25)44 to the relative components of global 
mean sea level (GMSL) rise projected by the NRC. 

The adjusted contributions can thus be summed for thermal expansion, land-ice loss, dynamic ocean effects, and 
vertical land movement (VLM). These are presented as Best, Low, and High projections of relative sea-level rise for 
Maryland for 2050 and 2100. As points of reference, our Low projection for 2100 is approximately equal to the National 
Climate Assessment’s (NCA) Intermediate-Low Scenario after adjustment for VLM; our Best projection is about 0.3 m 
(1 ft) lower than the NCA Intermediate-High Scenario; and our High Scenario is nearly 0.45 m (1.5 ft) lower than the NCA 
Highest Scenario. With regard to the Army Corps of Engineers planning scenarios, our Best projection is slightly lower 
than Scenario II and our High projection is equivalent to Scenario III after adjustment for VLM. Neither the NCA’s Lowest 
Scenario or the Corps’ Scenario I appear to be realistic considerations based on the recent NRC projections.

Global 
Mean Sea-level Rise
(National Research Council 2012)

Thermal 
(m)

Glaciers 
(m)

Greenland 
(m)

Antarctica 
(m)

GMSL Rise

meters feet

2050 best 0.10 0.06 0.06 0.07 0.3 0.9
2050 low 0.04 0.05 0.04 0.03 0.2 0.6
2050 high 0.19 0.07 0.10 0.13 0.5 1.6

2100 best 0.24 0.14 0.20 0.24 0.8 2.7
2100 low 0.10 0.13 0.15 0.08 0.5 1.7
2100 high 0.46 0.19 0.34 0.48 1.4 4.6

Maryland 
Relative Sea-level Rise

Thermal 
(m)

Glaciers 
(m)

Greenland 
(m)

Antarctica 
(m)

Dynamic 
(m)

VLM 
(m)

Relative SLR

meters feet

2050 best 0.10 0.05 0.03 0.09 0.09 0.075 0.4 1.4
2050 low 0.04 0.05 0.02 0.04 0.07 0.065 0.3 0.9
2050 high 0.19 0.06 0.05 0.16 0.10 0.085 0.7 2.1

2100 best 0.24 0.13 0.10 0.30 0.17 0.15 1.1 3.7
2100 low 0.10 0.12 0.08 0.10 0.13 0.13 0.7 2.1
2100 high 0.46 0.17 0.17 0.58 0.19 0.17 1.7 5.7
Land ice change fingerprint
scale factors 0.009 0.005 0.0125



16

The challenge in responding to Governor O’Malley’s directive is to provide sound and actionable advice based on current 
scientific understanding. This must be done mindful of, but despite, the uncertainties. Based on the synthesis provided 
here, the following recommendations are provided:

1.	 It is prudent to plan for relative sea-level rise of 2.1 feet by 2050 in order to accommodate the high end of the National 
Research Council (NRC) projections as adjusted for regional factors particular to Maryland. Based on the various 
methodologies available today, it is very unlikely to rise more than that within that timeframe. This would essentially 
constitute an increase in mean sea level, on top of which storm surge would have to be factored in, to judge the risks to 
land-based facilities.

2.	 Providing planning advice for the end of the century is more challenging, both because the actual greenhouse gas 
emissions trajectory is unknown and because of greater uncertainties in the models of sea-level response, particularly 
regarding the rate of loss of the mass of polar ice sheets. How one should use the guidance provided by our projections 
depends both on the longevity of investments at risk and the acceptance of risk. For example, if one were concerned 
about an investment in facilities or public infrastructure the useful life of which is not intended to extend beyond this 
century or which could tolerate very occasional inundation, one might find it acceptable to use our Best projection of 
sea-level rise of 3.7 feet for adaptation planning. [Note that the projection derived by the 2008 Maryland Assessment for 
the higher emissions scenario was 3.4 feet.] If, on the other hand, one is concerned about facilities and infrastructure 
intended to be useful well into the next century or for which any risk of inundation is unacceptable, it might be prudent 
to use our High projection of relative sea-level rise of 5.7 feet. Such considerations are beyond the scope of this report. 
Furthermore, planners and engineers should also take into consideration anticipated changes in storm surge heights 
and tidal flood levels as a result of future sea-level rise, a subject deserving further research.

3.	 The projections presented here are 
improvements on those used in the 2008 
Maryland Assessment because they 
are based on the recent process-based 
projections by the National Research 
Council and include a range of possibilities 
that reflect uncertainties about greenhouse 
gas emissions and the responses of 
climate and land ice. In contrast with the 
scenario-based approaches used in the 
U.S. Army Corps of Engineers guidance, 
the National Climate Assessment, and 
adaptation planning in the neighboring 
states of Delaware45 and Virginia,46 these 
new projections also narrow the range of 
possibilities and define probabilities based 
on current scientific evidence. Because our 
scientific understanding will continue to 
improve and the trajectories of greenhouse 
gas emissions will become clearer over time, 
periodic updating of these sea-level rise 
projections should be undertaken. Certainly, 
the new sea-level rise projections in the 
forthcoming Intergovernmental Panel on 
Climate Change (IPCC) should be considered. 

Practical Advice for Adaptive Planning

Newly developed projections of relative sea-level rise for 
Maryland compared with the National Climate Assessment 
scenarios,18 adjusted in the same manner for Vertical Land 
Movement. Ranges for the Maryland projections span High to 
Low projections, with the Best projection indicated by thick lines.
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4.	 Maryland’s Climate Action Plan addresses both actions taken to limit the magnitude of climate change (commonly 
referred to as mitigation) and those taken to adapt to climate change. This is appropriate as they are two sides of the 
same coin: adaptation is required even if aggressive mitigation is undertaken, but without mitigation adaptation 
becomes increasingly daunting.47 This is particularly evident with regard to sea-level rise, which will continue to occur 
through this century and into the next as a result of the global warming that has already occurred. Furthermore, global 
warming will be substantially greater in subsequent centuries, unless greenhouse gas emissions are substantially reduced 
during this one.

Sea-level rise map showing land inundation under current conditions (top left), under 2 feet of 
sea-level rise (top right), under 4 feet of sea-level rise (bottom left), and under 6 feet of sea-level rise 
(bottom right). Maps are derived from high resolution LIDAR imaging and are taken from NOAA Sea 
Level Rise and Coastal Flooding Impacts Viewer (http://www.csc.noaa.gov/digitalcoast/tools/slrviewer).
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