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Abstract

In order to set nutrient and sediment load targets for the Chesapeake Bay, projections of changing
environmental conditions to 2055 have been considered. This article expands the analysis to 2085.
Under the CMIP5 RCP 4.5 ensemble scenario, temperature and precipitation trends for the
Chesapeake Bay watershed prior to midcentury have a rate of change more than twice that of the
post midcentury trend. Prior to midcentury, runoff and nutrient loading to the Bay estuary are
projected to increase. In this analysis, model simulations for post midcentury suggest the trend of
increasing runoff may be reduced. The combined effect of a reduced trend in temperature and
precipitation increases post midcentury with continued sea level rise in the RCP 4.5 scenarios leads
to a decreasing trend in Chesapeake hypoxia post midcentury resulting in a leveling off of dissolved
oxygen water quality degradation.

Keywords: changing environmental conditions; Chesapeake Bay; temperature; sea level rise;
integrated environmental models; hypoxia; watershed management; total maximum daily load;
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1. Introduction

Located on the U.S. mid-Atlantic coast, the Chesapeake Bay has the largest surface area of any
estuary in the contiguous United States, and like many East and Gulf coast estuaries is impacted by
elevated nutrient loading and hypoxia (Boynton et al., 1995; Boynton and Kemp, 2008). In 2010, the
Chesapeake Bay Program (CBP), a State and Federal partnership, developed the Chesapeake Total
Maximum Daily Load (TMDL), which is a eutrophication management plan to improve water quality
and habitat (USEPA 2010; Linker et al., 2013). The science behind the 2010 TMDL is documented in
eleven articles in a JAWRA Featured Collection (JAWRA, 2013) and in USEPA (2010).

Changing environmental conditions was recognized in the 2010 TMDL as an influence on
Chesapeake Bay water quality but was excluded from the 2010 target loads because of insufficient
information to quantify its impact on nutrient and sediment loads and water quality standards (Pyke
et al., 2008; USEPA, 2010). Since establishing the TMDL, extensive research has been carried out to
estimate the impact of changing environmental conditions on temperature and precipitation (Najjar
et al.,, 2010; Melillo et al., 2014; Romero-Lankao et al., 2014; Bhatt et al., 2023), tidal wetland erosion
(Cornwell et al., 2021; Cerco and Tian, 2021), sea level rise (Irby et al., 2018; St-Laurent et al., 2019;
Tian et al., 2022; Cai et al., 2021) and other factors affecting pollutant loads to the Bay (Linker et al.,
2023).
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A previous assessment of changing environmental condition effects on the Chesapeake Bay and
its watershed, was done as part of the Midpoint Assessment in 2020 to set additional nutrient and
sediment reductions required to maintain water quality standards under 2025 environmental
conditions. The previous assessment conducted for pre midcentury used four decadal periods
centered on 2025, 2035, 2045, and 2055, conditions that are three, four, five and six decades,
respectively, beyond the end year of the 1993-1995 critical period, and the 1991-2000 base hydrology
and nutrient loads used to set the 2010 Chesapeake TMDL allocations (Linker et al., 2013). The
assessment was based on CBP decision making approaches with the model findings providing the
basis for additional nutrient and sediment reductions applied to achieve living resource-based TMDL
water quality standards under 2025 environmental conditions. Key drivers were considered,
including changes in precipitation volume and intensity, evapotranspiration, atmospheric carbon
dioxide (CO2) concentration, streamflow, and nutrient and sediment loads (Bhatt et al., 2023; Bertani
et al., 2021). The impacts of other environmental drivers, including water-column warming, sea level
rise, tidal wetland loss, and phenological changes in nutrient loading were also examined (Tian et al.,
2021; Cerco and Tian, 2021; Cai et al., 2021; Cornwell et al., 2021; Testa et al., 2021; Basenback et al.,
2021). Model simulations using integrated watershed, airshed, and estuarine models suggest that, by
midcentury, changing environmental condition is likely to increase streamflow and nutrient loads to
the Bay estuary (Karl and Knight, 1998; Rice et al., 2017; Bhatt et al., 2023; Shenk et al., 2021a). In the
Bay, warming will reduce dissolved oxygen solubility and increase respiration and stratification (Irby
et al., 2018; Tian et al., 2021), exacerbating hypoxia. These results indicate that increasing nutrient
reductions will be needed to maintain habitat-based water quality standards of dissolved oxygen
(DO). Overall, the study from 1995 to midcentury (2055) showed increasing temperatures, flows and
loads, and a complex interaction with sea level rise on the Bay’s restoration goals. A detailed
discussion of these findings is documented in thirteen articles in a JAWRA Featured Collection
(JAWRA, 2022).

Understanding near term changes prior to mid-century are critical for informing strategies to
meet Bay restoration goals. Longer term, however, a related goal of Chesapeake Bay Program
modeling and planning is to anticipate major changes and prevent surprises. A data and information
gap of what to anticipate beyond midcentury with respect to the Chesapeake DO water quality
standards exists. Therefore, a long-term post midcentury look into the changing environmental
conditions of the Chesapeake Bay and its watershed is warranted.

The objective of this paper is to examine the long-term trajectory of estimated nutrient reductions
required to achieve and maintain living-resource-based DO water quality standards in the
Chesapeake Bay. This objective is achieved through the use of sensitivity scenarios examining the
major influences of temperature, precipitation, and sea level rise using the Chesapeake watershed
and estuarine models. Sensitivity scenarios for 2065, 2075, and 2085 were developed to examine key
forcing functions on Chesapeake Bay nutrient and sediment loads and on subsequent Bay water
quality beyond midcentury. Extending the study beyond midcentury provides results suggesting a
leveling of water quality hypoxia degradation due mainly to leveling of the increases in temperature
and precipitation combined with continued increases in sea level rise.

2. Materials and Methods

The Chesapeake Bay Program airshed, watershed, land use, and tidal water quality models have
undergone continuous cycles of development and application for more than four decades. As such
they are extensively documented and were used to establish the historic 2010 Chesapeake TMDL
(Cerco et al., 2010; Cerco and Noel, 2004, 2019; Dennis et al., 2007; Linker et al., 2013, 2023; Shenk and
Linker, 2013). Major updates of the suite of models are referred to as Phases with the most recent
version used in this analysis being finalized in 2017 and referred to as Phase 6 (Hood et al., 2021). The
Phase 6 suite of integrated models includes a model of the airshed (the Community Multiscale Air
Quality Model, or CMAQ, coupled with a regression model of wet nitrogen deposition), a watershed
model (Phase 6 Chesapeake Bay Watershed Model), a land-use model (Chesapeake Bay Land Change
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Model or CBLCM), and a tidal Bay water-quality model (2017 Chesapeake Bay Water Quality and
Sediment Transport Model or 2017 Chesapeake Bay WQSTM). The Phase 6 suite of models are used
as a linked and coordinated whole with the output of airshed and landuse model being used as the
input to the watershed model and the airshed and watershed model outputs used as input to the
estuarine model.

The CBP Phase 6 airshed, land use, watershed, and tidal water quality models were used to
predict changes in water quality conditions in the Chesapeake brought about by future
environmental conditions of 2065, 2075, and 2085. Previously, the years of 1995, 2025, 2035, 2045,
and 2055 were examined in Bhatt et al. (2023) and Linker et al. (2023). For all the CBP Phase 6 future
environmental condition scenarios we used an ensemble of scenarios of the Intergovernmental Panel
on Climate Change (IPCC) 5th Assessment Report (AR5) in both our previous analysis (1995 to 2055;
Bhatt et al., 2023) and in this current (2065 to 2085) analysis of changing environmental condition
impacts to Chesapeake Bay water quality. Specifically, the ensemble average of statistically
downscaled Coupled Model Intercomparison Project Phase 5 (CMIP5) Representative Concentration
Pathways (RCP) 4.5 scenarios of “modest mitigation” and the outlier RCP 8.5 using Bias-Correction
Spatial Disaggregation (BCSD; Bureau of Reclamation, 2013; Maurer et al., 2007) method were
applied as inputs to the integrated Phase 6 Chesapeake watershed, airshed, and estuarine models
(Linker et al., 2023).

All future environmental condition scenarios were run with the Phase 6 Watershed Model using
the delta method (Ramirez Villejas and Jarvis, 2010; Anandhi et al., 2011; Shenk et al., 2021b). The
resultant delta method corrected Watershed Model-simulated nitrogen, phosphorus, and sediment
loadings (Bhatt et al., 2023) were used as input into the 2017 Chesapeake Bay WQSTM to evaluate the
response of critical water quality parameters, specifically the Deep Water DO and Deep Channel DO
water quality standards (Tian et al., 2022; Cerco and Tian, 2021; Shenk et al., 2021b). The Deep Water
DO water quality standard is set at 3 mg/L to provide fish habitat below the surface mixed layer. The
Deep Channel DO water quality standard is set at 1 mg/L to provide benthos habitat in the deepest
waters of the Chesapeake (USEPA 2010).

3. Results
3.1. Watershed Changing Environmental Condition Impacts Beyond Midcentury

Prior to midcentury, estimated changes in watershed inputs to the Bay from 1995 (the
Chesapeake TMDL Reference Period) to 2025 (USEPA 2010; Linker et al., 2013) show increases in
streamflow and loads of nitrogen, phosphorus, and sediment of 2.4, 2.6, 4.5, and 3.8%, respectively
(Figure 1a; Table 1). During this period, increases in precipitation volume (3.1%) and intensity were
estimated based on an analysis of long-term monitoring data. Post midcentury simulations for 2085
environmental conditions of RCP 4.5 (Figure 1b) show estimated precipitation, flow, and nitrogen,
phosphorus, and sediment load increases relative to the 1995 Reference Period of 8.4, 8.0, 17.0, 45.2,
and 28.2%, respectively. Temperature, precipitation, flow, and loads of nutrients and sediment are
estimated for all decadal RCP 4.5 and RCP 8.5 scenarios from 2025 to 2085 in Table 1.

Table 1. Watershed-wide estimated average change in precipitation (PRC), surface air temperature (TAS),
streamflow (Flow), loads of nitrogen (TN Load), phosphorus (TP Load), in millions of kg, and suspended
sediment (SS Load) in billions of kg delivered to the Chesapeake Bay for 2025 to 2085 with respect to 1995
Reference Period. The RCP 4.5 and RCP 8.5 indicate that the ensemble median of 31 statistically downscale GCMs
were used. Hybrid indicates a combination of precipitation trends and ensemble medians were used as described
in Bhatt et al. (2023). The 2025 to 2055 results were previously described in Linker et al. (2023). 1991-2000 base
hydrology and conditions* were used for all scenarios and had average estimated annual rainfall of 105.6 cm,
streamflow of 44.8 cm, nitrogen load of 90.3 million kg, phosphorus load of 6.09 million kg, and sediment load
of 8.43 billion kg.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202602.0091.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 February 2026 d0i:10.20944/preprints202602.0091.v1

4 of 18

imate | Method Land | APRC PRC ATAS AFlow | Flow |ATN Load| TN Load |ATP Load| TP Load |ASS Load| SS Load

use | (%) (em) (c) (%) | (em) | (%) |(10°kg) | (%) |[(10°kg) | (%) | (10°kg)
2025 Trend 2025 3.1% 108.9 1.12] 2.4% 45.8 2.7% 92.7 4.3%) 6.35 3.8% 8.75
2035 Hybrid | 2025 4.2% 110.1 1.46] 3.7% 46.4 4.7% 94.5 9.1%) 6.64 8.4% 9.14
2035 Hybrid | 2035 4.2% 110.1 1.46 3.9%) 46.5 5.0% 94.8 9.7% 6.68 8.7% 9.17
2045 | Hybrid | 2025 5.2% 111.1 1.81 4.5%  46.8 6.5% 96.1 14.9% 6.99 12.4% 9.49
2045 | Hybrid | 2045 5.2% 1111 1.81 48% 469 7.1% 96.6| 16.7%| 7.10 13.3% 9.55
2055 | RCP4.5 | 2025 6.4%| 112.4 2.05 6.2% 47.5 10.4% 99.7|  24.0% 7.55 18.4% 9.99
2055 | RCP4.5 | 2055 6.4% 1124 2.05 6.7%| 47.8] 11.8% 100.9|  27.4% 7.76| 20.0% 10.12
2065 | RCP4.5 | 2055 6.4% 112.4 2.27 6.2% 475 10.6% 99.9] 26.0% 7.68 17.7% 9.92
2075 RCP4.5 | 2055 7.4% 1134 2.42 7.6% 48.2 16.3% 105.0; 43.7% 8.75] 26.9% 10.70
2085 RCP4.5 | 2055 8.0% 114.0 2.53 8.4% 48.5 17.0%) 105.6 45.2% 8.84 28.2% 10.81
2055 | RCP8.5 | 2055 7.9% 114.0 2.93 7.5% 48.1 17.3% 105.9] 42.1% 8.65| 29.4% 10.91
2065 | RCP8.5 | 2055 9.0% 115.1 3.57 8.3% 485 21.2% 109.4| 56.5% 9.53| 36.7% 11.53
2075 RCP8.5 | 2055 9.7% 115.9 4.21 8.4% 48.5 23.4%) 111.4 63.2% 9.94 39.7% 11.78
2085 | RCP8.5 | 2055 10.1% 116.3 4.77 8.9% 48.8|  26.6% 114.3| 72.4% 10.50( 44.7% 12.20|

* The 1995 Reference Period, also called the 1991-2000 Planning Target Level of Effort Scenario (PT-LOE),
was used as a base condition in all scenarios. The PT-LOE conditions represent the loads required to
achieve water quality standards under the Chesapeake TMDL (apart from changing environmental
conditions) and closely approximate the final Watershed Implementation Plan Phase 3 loads that were

put forward by the CBP partnership.
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(a) Elements of 2025 Climate Change in the Chesapeake Bay
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(b) Elements of 2085 Climate Change in the Chesapeake Bay
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Figure 1. Effects of 2025 (Figure la) and 2085 (Figure 1b) estimated assessment of changing environmental
conditions on the Chesapeake Bay and its watershed relative to the 1995 Chesapeake TMDL Reference Period.

The estimated flow, nutrient, and sediment load increases due to changing environmental
conditions over the next 75 years will present challenges for the CBP management of Chesapeake Bay
water quality, but the post midcentury trends suggest the rate of increase diminishes after
midcentury for the modest carbon emission mitigation RCP 4.5 scenario. Under the RCP 4.5 scenario,
the rate of warming after midcentury diminishes due to moderate greenhouse gas (GHG) mitigation
measures (Figure 2a). On the other hand, temperature and GHG emissions under the no mitigation
RCP 8.5 scenario continues to increase at an unabated rate.
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The amelioration of warming under the modest mitigation RCP 4.5 scenario has consequences

for the Chesapeake Bay as it controls moisture in the air, which in turn governs the volume and

intensity of precipitation and ultimately the freshwater, nutrient, and sediment loads from the
watershed to the estuary (Bhatt et al., 2023). Figure 2a shows the decreased rate of temperature
increase of 0.16 °C decade! post midcentury in the RCP 4.5 scenario compared to 0.31 °C decade™
pre midcentury. The reduced rate of post midcentury temperature increase coincides with the

reduced rate of precipitation increase under the RCP 4.5 scenario. Figure 2b shows a similar difference

in pre and post midcentury rates of precipitation change. Interestingly, despite the unabated

increases in temperature of the no mitigation RCP 8.5 scenario (Figure 2a) the estimated precipitation
increases seems to be limited to about 10 percent relative to the 1995 Reference Period (Figure 2b), for

unknown reasons.

(a)
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Figure 2. Change in air temperature (2a) and precipitation (2b) relative to 1995 for the ensemble median of 31
statistically downscaled CMIP5 RCP 4.5 and RCP 8.5 scenarios. Prior assessment of changing environmental
conditions for the years 2025, 2035, 2045, and 2055 were based on RCP 4.5 for air temperature, whereas change
in precipitation was based on long-term observed trends for 2025, RCP 4.5 for 2055, and blend of the long-term
trend and RCP 4.5 for 2035 and 2045 (Bhatt et al., 2023). This analysis for 2065, 2075, and 2085 considers ensemble
median of both RCP 4.5 and RCP 8.5.

The relative rate of change in both temperature and precipitation for the 31 individual GCMs in
the ensemble providing environmental change inputs to the seven 2025 to 2085 CBP scenarios can be
seen in the Appendix A material Figure Al. For the RCP 8.5 scenario 14 out of 31 individual GCMs
had a similar temperature — precipitation response as indicated in Figure 2. In the case of the RCP 4.5
scenarios the pattern was less distinct, likely due to the more limited range of projected change in
temperatures of the RCP 4.5 scenarios as compared to that of the RCP 8.5 as seen in the two
Atemperature boxplots in the Appendix A Figure Al. For each of the ensemble’s 31 statistically
downscaled GCMs using BCSD method, the RCP 4.5 and RCP 8.5 decadal scenarios were examined
for trends in precipitation and temperature change for pre midcentury (2025-2055) and post
midcentury (2065-2085). The distributions of pre and post midcentury linear trends of individual
GCMs (first two boxplots in Figure A1) show a lower rate of change (or increase) of precipitation post
midcentury as compared to that of pre midcentury in both RCP 4.5 and RCP 8.5. Similar distributions
for air temperature (last two boxplots in Figure Al) show a lower rate of change (or increase) in post
midcentury air temperature as compared to that of pre midcentury in RCP 4.5 but a higher rate of
change in RCP 8.5. Interestingly the interquartile range for post midcentury trend is smaller in both
RCP 4.5 and RCP 8.5 for both air temperature as well as precipitation, except for RCP 8.5 precipitation.

A decadal analysis of Multivariate Adaptive Constructed Analogs (MACA; Abatzoglou, 2013)
based statistical downscaling of 20 GCMs from the CMIP5 show similar pre and post midcentury
relative rate of change in air temperature and precipitation as described above but with substantially
lower rate of change in precipitation post midcentury under RCP 8.5 (Appendix A Figure A2).

3.2. Tidal Bay Changing Environmental Condition Impacts Beyond Midcentury

Major effects of changing environmental conditions on the Chesapeake Bay estuary are (1)
water-column warming, generating more hypoxia because of decreased dissolved oxygen solubility,
increased deep-water respiration, and increased stratification; and (2) higher nutrient and sediment
loads delivered to the Bay from the watershed (Figure 3). Countering this to some extent is increased
estuarine circulation, due to sea level rise as well as higher flows from the watershed, which decrease
hypoxia (Tian et al., 2022).

Under the estimated 2025 Phase 3 Watershed Implementation Plan (WIP) loads and conditions,
solely from a 1 °C temperature increase (Figure 1), the increase in average summer (June-September)
hypoxic volume (DO < 1 mg/l) is estimated to be due to decreased solubility of oxygen (48%),
increased respiration (43%), and increased stratification (9%) (Figure 3 - blue stacked bar for 2025
RCP 4.5). However, the estimated reduction in rate of temperature increases after midcentury under
the RCP 4.5 scenario will moderate these effects on deep water hypoxia. Of note in Figure 3 is that
the individual physical conditions of warmer waters and Sea Level Rise both had a greater influence
on hypoxia than the increased loading from the watershed and airshed (Watershed Loads).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Estimated hypoxia effects under 2025 Phase 3 WIP conditions (Blue bars) and 2085 Phase 3 WIP
conditions (Red bars) with no environmental change effects (Reference), with the addition of environmental
change watershed and airshed loads (Watershed Loads), with the addition of 2025 sea level rise (Sea Level Rise),
with the addition of 2025 water-column warming (Warmer Water; D: Contribution of DO solubility to the total
increase in hypoxia volume from the Reference scenario; R: Contribution of respiration to the total hypoxia
volume increase; S: Contribution of stratification to the total increase of hypoxia volume increase), and with all
three factors combined (All Together). Hypoxia volume (in km3) is the average in summer (June - September)

from 1991 through 2000 in the whole Bay with DO concentration lower than 1 mg/L.

However, sea level rise is expected to continue at rates shown in Figure 1 and Appendix A Figure
A3 to 2150 and likely beyond, reducing hypoxia through increased gravitational circulation in the
Bay, lower bottom water temperature, and other effects (Irby et al., 2018; St-Laurent et al., 2019; Tian
et al., 2022; Cai et al., 2021) as shown in Figure 3. Figure 3 shows that sea level rise reduces hypoxia
in the Chesapeake to a considerable extent, more than enough to counter the increased nutrient loads
from 2025 or 2085 environmental change, but with only half the impact of water temperature increase
in the estuary and its attendant increase in hypoxia due to reduced DO solubility, increased
respiration, and increased stratification

3.3. Overall Influence of Increased Temperature, Flow, Watershed Loads, and Sea Level on Hypoxia

Hypoxia under the RCP 4.5 scenario is estimated to increase from 2025 to 2085 but its rate of
increase is decreasing over time and becoming asymptotic without further hypoxia increases between
2075 and 2085 (Figure 4). Then hypoxia decreases in a scoping scenario of 2135 sea level rise, keeping
temperature, and loads at 2085 levels. Under these conditions estimated Chesapeake hypoxia
approaches 2025 conditions.

However, there are several layers of contributing factors to consider (Figure 4). The estimated
effect of increased RCP 4.5 estuarine water-column temperature (green dash line with triangle
markers) is the most dominant component of environmental change contributing to increasing
Chesapeake Bay hypoxia and its trend of monotonic increase stops at 2065 (rate of increase post
midcentury is 51% less as compared to pre midcentury). Loads from the watershed (green dash line
with cross markers) follow a similar pattern but with slower rate of increase from 2055 (rate of
increase post midcentury is 30% less as compared to pre midcentury) due to the magnitude and
spatial variability of precipitation, temperature, and flows. The positive effect of the sea level rise
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trend in reducing hypoxia is estimated (green dash line with plus sign markers, where rate of increase
post midcentury is 17% less as compared to pre midcentury).

In contrast to the RCP 4.5 scenario the RCP 8.5 ensemble of scenarios (shown for 2055 to 2085
period) continues a monotonic trend of increased hypoxia to 2085 (purple solid line), driven primarily
by continued temperature increases (purple dashed line with triangle markers). The estimated sea
level rise component of RCP 8.5 hypoxia (purple dashed line with plus sign markers) is similar to the
RCP 4.5 scenario trend.

RCP 4.5 & 8.5 Estimated Hypoxia Volumes for Key Scenarios

~— RCP4.5 —&—RCP8.5

—-~- RCP4.5 Sea Level Rise === RCP8.5 Sea Level Rise
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Figure 4. Estimated Chesapeake hypoxia (June to September DO < 1.0 mg/l) for the decadal increments of
environmental conditions from 2025 to 2085 all with the Phase 3 Chesapeake Watershed Implementation Plan
(WIP3) under RCP 4.5 (green lines) and RCP 8.5 (purple lines). The hypoxia volume in the 1990s is for estimated
watershed loads and Bay under the WIP3 conditions at the 1991-2000 base hydrology condition. Dashed lines
with + markers are sea level rise, with x markers are nutrient load increase, triangle markers are temperature
increase. Solid lines are the combined effect of sea level rise, nutrient load and temperature increases. The 2130

scenario kept all inputs the same as 2085 RCP 4.5 but the sea level rise changed to the 2130 level.

4. Discussion

Projected post midcentury changes in environmental conditions and associated impacts on the
Chesapeake Bay will be increasingly determined by trends in the trajectory of global fossil fuel
emissions. Recent growth in low-CO:z-emission energy sources coupled with renewable energy
sources becoming less expensive and GHG mitigation policies are all estimated to contribute to the
trend of CO:2 emissions leveling off with a long plateau projected for midcentury and decreases in the
later quarter of the century (Hausfather and Peters, 2020a; 2020b) which are consistent with the
scenario results presented here. The overall trend could have some long-term positive influence, or
at least less negative influence, on Chesapeake Bay water quality, particularly for the overall
combined estimated environmental change impacts, including sea level rise, on the habitat-based DO
water quality standard.

After midcentury the influence of GHG emissions tracked in the modest mitigation RCP 4.5 and
no mitigation RCP 8.5 scenarios will become more important as they diverge. Thus, impacts on the
Bay will vary depending on world-wide mitigation response and management. The Chesapeake Bay
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Program has initiated an analysis of what's required to maintain the Chesapeake TMDL and
restoration goals under 2035 environmental conditions and beyond making GHG mitigation
management relevant to ecosystem management in eutrophic estuaries.

The International Energy Agency (IEA) estimates of current global CO: emissions show climate
mitigation policies tracking slightly higher and proposed mitigation policies slightly lower than the
RCP 4.5 scenario (Pielke et al., 2022). The RCP 4.5 scenario is equivalent to the newer SSP2 (Shared
Socioeconomic Pathway 2) modest mitigation scenario of the forthcoming CMIP6 scenarios. Both are
plausible and consistent with current observed GHG emissions, and both estimate a 2.5 °C increase
in global temperature by 2100. This is compared to the RCP 8.5 scenario, which is tracking higher
than currently observed CO: emission estimates (Hausfather and Peters, 2020a) (Figure 5), though
this scenario better captures cumulative CO: emissions, which are a better predictor of changing
environmental conditions (Schwalm et al., 2020). Superimposed on the global GHG emissions from
Huasfather and Peters (2020a) in Figure 5 are estimated regional responses of total Chesapeake Bay
hypoxia volume (DO < 1.0 mg/l) for RCP 4.5 scenarios from 1995 to 2130, which follow the same
pattern with a lag time as the global GHG emissions.
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Figure 5. Global CO: emission estimates (adapted from Hausfather and Peters, 2020a. Nature) and estimated
regional responses of total Chesapeake Bay hypoxia (June to September DO < 1.0 mg/1).

4.1. Long Tails and Uncertainties in the Chesapeake Climate Future

In the Bay estuary, SLR has been shown to counteract the negative impacts of increased
watershed and airshed loads on DO. After midcentury, which is highly uncertain, temperature and
precipitation increases may level off under modest mitigation RCP 4.5 conditions, but SLR is expected
to continue unabated. In the long-term, post 2100, these changes may help offset climate induced
hypoxia impacts experienced prior to midcentury.

Our analysis provides a quantitative linkage of climate and GHG mitigation to Chesapeake Bay
water quality. The Chesapeake Bay Program is already actively engaged in climate adaptation in the
Chesapeake Bay and its watershed. For example, sea level rise is estimated to continue unabated to
2150 and beyond, and adaptation to this trend is crucial for low-lying resources of the Chesapeake
Bay (e.g., submerged vegetation, tidal marshes, coastal forests, and developed infrastructure).
Likewise, increased precipitation, flooding, and the likelihood of extreme events is motivating
watershed adaptation in stormwater and flood management.
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While the need for further steep nutrient and sediment reductions beyond midcentury to achieve
the habitat-based living resource DO water quality standards in the Chesapeake Bay could be less
likely, adaptation will be an ongoing challenge. Insights into where decision-makers need to consider
placing their adaptation efforts to minimize climate risk is important. Note that these results are
conditional on the methods, models, and scenarios used in this study. A first order action to address
uncertainty in this analysis will be to redo the analysis with CMIP6 scenarios and the new suite of
Phase 7 Chesapeake Bay models now being developed.

Changing environmental conditions are a multi-generational challenge for Chesapeake Bay
restoration. While impacts of environmental change on Chesapeake Bay water quality are inevitable
over the century, there is some evidence that by midcentury, rates of increased temperature,
precipitation, nutrient loads, and hypoxia could begin to decrease.

In the Chesapeake Bay watershed, major projected environmental change influences are greater
precipitation volumes and intensities, which increase flows and consequently delivery of nitrogen,
phosphorus, and sediment loads to the Bay (Bhatt et al., 2023; Linker et al, 2023). In the Chesapeake
Bay, the estimated key impacts on water quality standards are higher water-column temperatures,
which decrease dissolved oxygen solubility and increase stratification, and deep-water respiration,
which both increase hypoxia (Tian et al., 2022). However, sea level rise and freshwater inflows (in the
absence of their associated higher nutrient loads) from the watershed are estimated to increase
estuarine circulation and ameliorate somewhat the estimated increase in hypoxia.

With the continued increase in sea level beyond 2100, the combined influence of these factors is
likely to lessen the need for nutrient reductions post midcentury to maintain DO water quality
standards suitable for living resources. Maintaining a low CO:z emissions mitigation path is important
for Chesapeake Bay water quality and has implications for other eutrophic coastal waters of the East
and Gulf coasts of the United States. The Chesapeake and other eutrophic estuaries could see similar
continuing water quality degradation until about midcentury followed by a leveling-off of degrading
water quality conditions toward the end of the century and improving hypoxia conditions beyond
the close of the century due to increasing SLR and relatively constant precipitation and loads under
modest (RCP 4.5) GHG mitigation strategies.
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us. United States
EPA Environmental Protection Agency
UM University of Maryland

CMIP5  Coupled Model Intercomparison Project Phase 5
CMIP6  Coupled Model Intercomparison Project Phase 6
RCP Representative Concentration Pathway

TMDL Total Maximum Daily Load

CBP Chesapeake Bay Program

CBPO Chesapeake Bay Program Office

JAWRA  Journal of American Water Resources

DO Dissolved Oxygen

CMAQ  Community Multiscale Air Quality Model
CBLCM  Chesapeake Bay Land Change Model

WQSTM  Water Quality Sediment Transport Model

IPCC Intergovernmental Panel on Climate Change
BCSD Bias-Correction Spatial Disaggregation

GCM General Circulation Model

PT-LOE  Planning Target Level of Effort

PRC Precipitation

TAS Surface Air Temperature

TN Total Nitrogen

P Total Phosphorus

SS Suspended Sediment

PSU Practical Salinity Unit

C Celsius

CH3D-ICM Chesapeake Bay Estuarine Model (CH3D hydrodynamic and ICM water quality code)
GHG Green House Gas

MACA Multivariate Adaptive Constructed Analogs

WIP Watershed Implementation Plan

WIP3 Phase 3 Watershed Implementation Plan
IEA International Energy Agency

SSP2 Shared Socioeconomic Pathway 2

CO2 Carbon Dioxide

SLR Sea Level Rise
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Figure A1l. The change in precipitation vs. the change in air temperature relative to the 1995 Reference Period
for CMIP5 RCP 4.5 (green circles) and RCP 8.5 (purple circles) ensembles for the years 2025, 2035, 2045, and 2055
(Bhatt et al., 2023) and for 2065, 2075, and 2085 (this analysis). Box plots show distribution of linear trend fitted
to four decades, before and after midcentury for precipitation and temperature for both RCP 4.5 and RCP 8.5.
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Figure A2. Change in precipitation and air temperature over the Chesapeake Bay Watershed based on the
MACA (Multivariate Adaptive Constructed Analogs) downscaling product from The Climatology Lab of John
Abatzoglou. The MACA method (Abatzoglou, 2013) was applied to the output of 20 GCMs from the fifth phase
of the Coupled Model Intercomparison Project (CMIP5) run under historical radiative forcing until 2005 and
then for the RCP 4.5 and 8.5 scenarios until 2100. Shown are median changes in 30-year averages centered on
2025, 2035, 2045, 2055, 2065, 2075, and 2085 as compared to 1995.
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Figure A3. Estimated median sea level rise projections at Baltimore under emissions scenarios included in the
IPCC ARG. Source: Bosch et al. 2023; NASA Sea Level Projection Tool and Sea-Level Rise Projections for Maryland.
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