
Referee comments are shown in blue. Author responses to the Referee’s 
comments are included in black. 

Anonymous Referee #1  

This manuscript reports on the effect of reduced nutrient loads and climate change 
scenarios on the degree of hypoxia in Chesapeake Bay using watershed and estuarine 
models. Such studies can rapidly blow out in complexity and become very hard to 
communicate concisely. However, the authors skilfully undertook a very nice study that 
that was well written and structured and broke down some of the likely effects of climate 
change on hypoxia and compared this to improvements from nutrient load reductions. I 
found these questions very pertinent based on my recent interactions with coastal 
management authorities and I think this manuscript will probably a very well cited one in 
the field.  

The model has already been published and was slightly modified for the purposes of 
this study. I think it was adequately referenced and described.  

It was particularly interesting to note that sea level rise could lead to a slight increase in 
ventilation, and hence increase in DO. As expected, however the overwhelming effect 
was the reduction in O2 solubility. I also found it interesting and important that the 
nutrient reductions proved to be worthwhile in the face of climate change (this is a novel 
and important part of the study). Such modelling exercises have a high degree of 
uncertainty, but I think this was well addressed in the discussion. The figures were well 
presented and struck a good balance between clarity and the overwhelming amount of 
data that such a study invariably produces. It was a pleasure to read such a well written 
and organised manuscript on a complex topic. I have only some very minor editorial 
comments.  

We would like to thank Anonymous Reviewer #1 for their positive assessment of our 
manuscript. We agree that it was a challenge to communicate these complex results 
concisely; this was certainly our goal, and we are pleased to hear that Anonymous 
Referee #1 thought we succeeded in this regard.   

A little more information on the amount of nutrient reduction occurring for the TMDL 
scenarios would be useful. % reduction is fine.  

Yes, we agree that additional information regarding the amount of nutrient reduction is 
appropriate. This information has been added to Figure 2, and the percents are now 
given in the text at the end of Section 2.2:  

“Compared to the Base run, the TMDL scenarios include a Bay-wide reduction in 
riverine nutrient loading of 45%, 44% and 38% for the three years (1993 to 1995) 
respectively (Fig. 2a).” 

 



Line 183 effects  

Thank you for noticing this typo. This sentence has been corrected/modified.  

Line 335, I would not say the decrease in hypoxic duration was large except in a few 
specific instances. Perhaps moderate would be a better word?  

Yes, we agree that “moderate” is a more appropriate description here. This has been 
changed.  

Line 483 ‘made a first order assessment’ might sound a bit less casual than ‘took a first 
order look’  

Yes, we thank the reviewer for this improved word choice. This change has been made. 

Table A2, no caption, chapter 4 needs to be defined here. Table A3, Total, A,B,C and D 
need to be defined in the caption.  

We are very impressed with how thoroughly the reviewer read the manuscript! We 
apologize for these typos and omissions. They have been corrected.  

 

Anonymous Referee #2  

We would like to thank Anonymous Reviewer #2 for their review of our manuscript, and 
are glad to hear that they found the manuscript to be well written. As Reviewer #1 noted, 
it is a challenge to present such complex results (with so many variables changing in 
time and x,y,z space) in a concise manner.  
 
The reviewer’s comments, however, make us feel that perhaps the overall objectives of 
our study may not have been clear. Our study is structured as an initial exploration of 
the potential ramifications of the first order impacts of climate change on oxygen 
concentrations in the Chesapeake Bay. In the Chesapeake Bay region, many 
researchers, ourselves included, are working on continuous, long-term ~50-year 
simulations that include all possible climate effects: changes in solar radiation, humidity, 
and winds for example, in addition to the other effects examined here (changes in 
temperature, precipitation and sea level rise). This initial study, however, opts for a 
different and less complex approach, whereby the impacts of a few first order factors 
are studied in detail via sensitivity analysis in an effort to help inform future studies. We 
by no means have meant to imply that we are predicting what the Bay will look like in 
2050. We leave this to future work that is focusing on incorporating all climate change 
effects simultaneously, and running realistic 50+year simulations.  
 
In the first sentence of our “Methodological Limitations” section we explicitly state: “This 
research is a first order look at the potential impacts that changes in climate may have 



on the efficacy of nutrient reduction efforts in the Chesapeake Bay; however, more 
robust examinations of the problem are needed in order to adequately aid in the 
regulatory decision making process going forward.” We also end this section by saying: 
“To address these limitations, an effort to conduct a continuous simulation from 2015 
– 2050 including both gradual implementation of the nutrient reductions and climate 
change impacts is currently underway.” However the reviewer’s comments indicate to 
us that this clearly needs to be explained up front in the introduction as well. Thus, for 
the next version of our manuscript we are making modifications to our introduction to 
make our objectives for this analysis, and our future work, clearer for future readers. 
 
We appreciate the opportunity to address each of the reviewer’s specific comments 
below.  
 
1) The simulations did not consider the impact of temperature changes on 
hydrodynamics. Wind and evaporation did not change be definition. Only the impacts of 
increases in air temperature, global sea level, river flow and nutrient loads (related to 
river flow) were considered. Hence, the approach is not dynamically consistent. 
 
As described in Section 2.3.1, air temperature was not changed in our sensitivity studies. 
Instead, water temperature was changed consistently throughout the water column. 
This choice is rationalized in the second paragraph of section 2.3.1, where we cite prior 
studies that have documented that surface and bottom waters of the Bay are warming 
uniformly and thus stratification in the Bay is not being substantially impacted by these 
warmer temperatures. The significant impact of future temperatures on continental shelf 
and open ocean stratification is well known; however previous studies have indicated 
that this will likely not be a significant effect in the much shallower and relatively well-
mixed Chesapeake Bay. Again, here we are only looking at first-order climate change 
impacts on DO – the impact of changes in temperature on solubility and 
growth/grazing/remineralization dynamics. Future work will look at the possibility of 
second-order effects due to warming-induced hydrodynamic changes. This has now 
been made clearer in the revised text at the end of Section 2.3.1.  
 
In addition, in the abstract and largely throughout the text, we have modified our text to 
indicate more clearly that we are examining how mid-21st century projected changes 
may impact Chesapeake Bay hypoxia, rather than stating that we are running a “2050 
scenario” (which, among other things, would require knowledge of wind patterns in 
2050.) We believe this will help make sure our future readers are not similarly confused 
with regards to the overarching goals of our study.  
 
2) A time slice approach was chosen and the transient behavior was neglected. A 
period of only three years was investigated. Uncertainty caused by natural variability 
was not investigated. In particular, the impacts of the large variability of sea level 
pressure and wind fields on the simulation results were not considered because the 
time slices are too short. Hence, it is not clear to me whether the calculated changes in 
dissolved oxygen concentrations are statistically significant. 
 



A “time slice” approach typically involves running a simulation at a future time interval, 
for example 2046-2050, rather than for a complete long-term simulation, e.g. 1990-2050. 
Here we opt for neither of these approaches, but instead adopt a third approach that 
involves looking at the sensitivity of a simulation to environmental changes. Our four-
year simulations (one year spin-up, three year simulation) are not meant to be 
representative of 2046-2050. Instead we hold winds, humidity and solar radiation 
constant in order to look at the sensitivity to first-order environmental impacts. Thanks to 
the reviewer’s comments, we feel this this point has now been made clearer in our 
methods section. In particular, the title of section 2.3 has been changed from “2050 
Climate Change Scenarios” to “Climate Change Sensitivity Experiments” and 
throughout the text we have changed references to “2050” to “mid-21st century” to make 
it clearer that our estimated impacts are meant to be rough estimates for what will 
happen in the middle of this century, and not exactly what the conditions will be in 2046-
2050. 
 
Also we note that natural interannual variability in Chesapeake Bay hypoxia is 
overwhelmingly dominated to first order by whether a particular year is characterized by 
higher than average rainfall (a “wet” year) or lower than average rainfall (a “dry” year). 
Here we carefully investigate both very wet and very dry years (see Section 2.2, 
including new modifications). We do document differences in results for the two “types” 
of years (recall our finding that a wet year with the TMDL nutrient reductions has more 
hypoxia than a dry year without the nutrient reductions), but generally our primary 
conclusions hold regardless of whether a year is particularly wet or dry.  
 
3) The applied changes in air temperature, sea level and river flow were estimated from 
ensemble mean values from global model simulations from the literature (partly grey 
literature) and are not consistent results of changing climate in the region. In particular, 
it was impossible for me to understand how the watershed simulations were done. A 
regional climate model with sufficient horizontal resolution was not applied. Hence, the 
simulations are not dynamically consistent projections. I suggest to call them sensitivity 
studies. 
 
Yes, we absolutely agree that throughout the manuscript we are performing “sensitivity 
studies” and are not providing “projections” for 2050. This is an important change that 
has now been made throughout the manuscript text, specifically where we describe the 
paper’s objectives. We appreciate the reviewer pointing out this source of confusion.  
 
We feel that our estimates of future changes in temperature (+1.75°C), SLR (0.5m) and 
riverine loading (Fig. 2a) are indeed consistent with peer-reviewed estimates (as 
described in Section 2.3.) Because the goal of this study is to provide a first order 
assessment of the sensitivity of hypoxia to potential future changes in temperature, SLR 
and riverine loading, we feel that applying a regional climate model is outside the scope 
of this paper. However, work towards this goal is underway, and has been greatly 
facilitated by the results of these preliminary sensitivity experiments described in this 
manuscript.  
 



We also apologize that the source of our estimates of future river flow were not clear. In 
this case we feel that shortening this section to make it more equivalent to the 
temperature and SLR sections is the best option. As in the case of temperature (Section 
2.3.1) and SLR (2.3.2) here we are primarily stating the estimates we’ve made and 
briefly describing where these estimates came from. For temperature and SLR these 
estimates come from peer-reviewed publications (largely Muhling et al., 2017; Ding and 
Elmore, 2015; Boon and Mitchell, 2015). Estimates of future river run-off have been 
provided to us by the CBP. Specifically, extensive effort by the CBP over the past year 
has lead to a report on the Climate Change Assessment Framework for the Watershed 
Model: 
http://www.chesapeake.org/stac/presentations/279_CCAF_STACPeerReviewDocument
ation_Draft_063017.pdf. This report has also recently been reviewed by independent 
experts on the Scientific and Technical Advisory Committee panel: 
http://www.chesapeake.org/pubs/386_Herrmann2018.pdf. Just as we do not describe 
the detailed methodologies used by Muhling et al. (2017), Ding and Elmore (2015) and 
Boon and Mitchell (2015), we feel it is outside of the scope of this paper to describe in 
detail the methodology imposed by the CBP, as this information is openly available 
online (see above links, for example). We hope that shortening this section will also help 
make it clearer to our readers that we are indeed performing sensitivity experiments, 
and not trying to project what dissolved oxygen concentrations will actually be in 2050. 
 
4) The uncertainty of projected future climate caused by biases of global climate models 
was not assessed. Usually there is a large spread of projected changes around the 
ensemble mean. The spread of the calculated changes in dissolved oxygen 
concentrations may be larger than the differences between the impact of nutrient load 
changes and the impact of climate change on the results. Hence, the conclusions on the 
competing impacts may not hold in a multi-model ensemble approach. 
 
It is true that we did not assess the impacts of biases in the Global Climate Models, but 
this is because we are performing a sensitivity study, examining how sensitive 
Chesapeake Bay oxygen concentrations are to changes in water temperature, sea level 
rise and river flow.  
 
Again, the goal of this research, which we believe is now clearer in the revised version 
of the manuscript, is to provide a first look at the sensitivity of oxygen concentrations 
and hypoxic volume to these three environmental forcing changes. Ideally the sensitivity 
of the estuary would be tested for a number of different temperature changes that would 
encompass our uncertainties in future temperatures. This work is underway, but is 
beyond the scope of this preliminary assessment. An additional analysis that involves 
examining the increase in temperature required to completely nullify all positive impacts 
of the TMDL reduction (for DO < 5 mg/L) could be conducted. (Recall from Figure 4 that 
an increase of 1.75°C results in a 40% reduction in the gains of the TMDL. A 
temperature of 3 or 4°C might result in a complete negation of all TMDL gains.) 
Because our results show hypoxia is not very sensitive to changes in SLR and changes 
in river inputs, it is far less critical to examine how sensitive hypoxia is to varying levels 
of SLR and river inputs.  



 
5) A greenhouse gas emission scenario RCP 4.5 was chosen. The question whether 
the conclusions would also hold for RCP 8.5, which is not necessarily less likely than 
RCP 4.5, was not addressed. 
 
Although our estimates of future change are broadly consistent with RCP4.5 
assumptions, they are not very different from what we would expect for RCP8.5. A 
number of studies, e.g., Goberville et al. (2015), have demonstrated that the difference 
between RCP scenarios is smaller than the spread of individual global climate models 
that utilize the RCP emission scenarios. 
 
In the revised version of the manuscript, all reference to RCP4.5 has been removed. 
This was done to ensure that our readers fully understand that we are running 
sensitivity experiments to understand the impact of warming, SLR and precipitation 
changes on hypoxia in Chesapeake Bay, and not performing specific RCP scenario 
analyses. We believe this has clarified the manuscript considerably, and thank the 
reviewer for pointing out this potential source of confusion. 
 
6) Quantitative figures of changing nutrient concentrations and nutrient supply are not 
given. Hence, it is difficult to compare with other coastal seas with comparable 
environmental situation. 
 
This is an excellent point that was also alluded to by Reviewer #1. The revised 
manuscript contains a new Figure (Fig. 2a) that shows the total Bay-wide riverine 
nitrogen loading entering the Bay for each sensitivity experiment. We appreciate the 
referee noting this omission. 
 
7) Why has sea level rise a positive impact on dissolved oxygen concentrations in 
regions B and C? This result is unexpected. The authors state that the impact of 
increased stratification and residence time is smaller than the impact of increased 
estuarine circulation. Is this result supported by other model studies or possibly a short-
coming of the present model? 
 
The positive impact of SLR on bottom DO concentrations (Figure 3) was surprising to us 
as well, though we were reassured when presentations by the Chesapeake Bay 
Program’s modeling team showed the same result for their preliminary Mid-Point 
Assessment simulations (e.g. 
https://www.chesapeakebay.net/channel_files/25275/purpose_of_wqstm_overview_6-5-
17.pdf). Because these WQSTM simulations have not appeared in a peer-reviewed 
publication yet (and only exist in the gray literature), we don’t feel it’s appropriate to cite 
them here, but they do give us some confidence in our results.  
 
We also feel that we must do a better job of explaining this result in the manuscript, so 
we have rewritten Section 4.2. As we discuss there, rising sea level increases estuarine 
circulation and thus reduces residence time in the bottom water and consequently 
increases bottom oxygen concentrations. But this impact is primarily at the bottom of the 



water column in the deepest portions of the Bay, as we now illustrate in our new Table 4. 
At higher oxygen concentrations (3 < DO < 5 mg L-1) we see that the increased 
estuarine circulation (and resulting increased stratification which has been documented 
by a number of other studies as cited in the manuscript) actually reduces oxygen 
concentrations. We feel this is a very interesting result of our analysis (because of the 
complexities and competing impacts described above) and we hope our new Table 4 
and revised discussion helps future readers to better understand these results. This 
finding will also help direct future research questions regarding the important impact of 
SLR on DO in the Chesapeake Bay.  
 
In summary, the present study is not about changing climate with all its uncertainties 
and the approach does not support the provided conclusions that otherwise would have 
large impact on marine management. Hence, I recommend to perform longer 
simulations to estimate uncertainties caused by natural variability (usually 30-year long 
simulations are recommended to address the statistics of weather). To estimate 
uncertainties due to model biases an ensemble of simulations driven by various global 
model results should be performed. Further, a high-end emission scenario like RCP 8.5 
should be investigated to be able to conclude (perhaps) that the impact of changing 
climate does not counteract the impact of nutrient load reductions. I recommend a major 
revision. 
 
We completely agree with the reviewer that the present study is not about changing 
climate with all its uncertainties. We hope this is now clearer to our readers in our 
revised manuscript, and we apologize for the confusion in our initial draft. We feel that 
some of our terminology (e.g. “scenarios” rather than “sensitivity experiments”) was the 
source of this confusion, and this has been improved in the new draft based on this 
reviewer’s comments.  
 
We hope it is now clear that this study aims to present results of sensitivity studies 
which illustrate the relative impact that three first order environmental variables may 
have on Chesapeake Bay oxygen concentrations in the future: water temperature, sea 
level rise, and river flow. As discussed in our “Methodological Limitations” section, the 
work described here is being followed by a larger study involving experts in global 
climate models and downscaling techniques – just as the reviewer recommends. This 
future study will indeed involve longer-term simulations (1985-2050), address 
uncertainties in climate model biases, and directly include changes in humidity, solar 
radiation, and winds, in addition to the variables investigated here. Nevertheless, we 
feel that the results we present here are robust and worthy of publication as they have 
clearly established several new results that have not been published before, namely 
that: (1) the potential impacts of near-term climate change on DO will be significantly 
smaller than improvements in DO expected in response to the required nutrient 
reductions, especially at the anoxic and hypoxic levels, and (2) increased temperature 
exhibits the strongest control on the change in future DO concentrations, while sea level 
rise and increased winter river flow have considerably smaller impacts. This is a 
particularly crucial result that is very pertinent to future studies that involve actual 2050 
scenarios: future work should focus primarily on temperature impacts, since this is likely 



to be the largest impact on Chesapeake Bay hypoxia.  
 
We feel that our revisions in response to the reviewer’s comments have made this a 
much stronger manuscript, and thus we are very appreciative of the time spent 
reviewing this manuscript. 



 1 

The competing impacts of climate change and nutrient 
reductions on dissolved oxygen in Chesapeake Bay 
 
Isaac D. Irby1, Marjorie A. M. Friedrichs1, Fei Da1 and Kyle E. Hinson1 
 5 
1 Virginia Institute of Marine Science, College of William & Mary, Gloucester Point, VA 23062 

 

Correspondence to: Isaac D. Irby (isaacirby@gmail.com) and Marjorie A. M. Friedrichs 

(marjy@vims.edu) 

 10 
 

 
Short Summary. We use an estuarine-watershed modeling system of the Chesapeake Bay to examine the 
impact climate change may have on the ability of nutrient reduction regulations to increase dissolved 
oxygen. We find that climate change will move the onset of hypoxia ~7 days earlier, while also decreasing 15 
oxygen in the Bay primarily due to increased temperature. While this effect is smaller than the increase in 
oxygen due to nutrient reduction, it is enough to limit the regulation’s future effectiveness. 
 
 
  20 
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Abstract. The Chesapeake Bay region is projected to experience changes in temperature, sea level, and 

precipitation as a result of climate change. This research uses an estuarine-watershed hydrodynamic-

biogeochemical modeling system along with projected mid 21st century changes in temperature, freshwater 

flow, and sea level rise to explore the impact climate change may have on future Chesapeake Bay dissolved 

oxygen (DO) concentrations and the potential success of nutrient reductions in attaining mandated estuarine 25 
water quality improvements. Results indicate that warming Bay waters will decrease oxygen solubility 

year-round, while also increasing oxygen utilization via respiration and remineralization, primarily 

impacting bottom oxygen in the spring. Rising sea level will increase estuarine circulation, reducing 

residence time in bottom waters and increasing stratification. As a result, oxygen concentrations in bottom 

waters are projected to increase, while oxygen concentrations at mid-depths (3 < DO < 5 mg L-1) will 30 
typically decrease. Changes in precipitation are projected to deliver higher winter and spring freshwater 

flow and nutrient loads, fueling increased primary production. Together, these multiple climate impacts 

will lower DO throughout the Chesapeake Bay and negatively impact progress towards meeting water 

quality standards associated with the Chesapeake Bay Total Maximum Daily Load. However, this research 

also shows that the potential impacts of climate change will be significantly smaller than improvements in 35 
DO expected in response to the required nutrient reductions, especially at the anoxic and hypoxic levels. 

Overall, increased temperature exhibits the strongest control on the change in future DO concentrations, 

primarily due to decreased solubility, while sea level rise is expected to exert a small positive impact and 

increased winter river flow is anticipated to exert a small negative impact.  

  40 
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1 Introduction 45 
 

Global climate change is projected to alter the world’s marine environments with coastal and 

estuarine systems bearing exacerbated impacts. Rising temperatures and sea levels, along with changes in 

precipitation patterns, have the potential to dramatically alter water quality conditions in these highly 

productive and increasingly human-influenced systems (Najjar et al., 2010; Altieri and Gedan, 2015). 50 
While there are multiple metrics with which to evaluate water quality, dissolved oxygen (DO) 

concentrations are widely used to identify systems in distress. Large volumes of hypoxic water (generally 

considered to be waters with DO < 2 mg L-1), commonly referred to as dead zones, can be found in many 

coastal oceans and estuaries around the world (Diaz and Rosenberg, 2008). As the climate continues to 

change, it is important to evaluate the impact these changes will have on DO concentrations in critical 55 
coastal environments like the Chesapeake Bay.  

Climate change is generally predicted to have a net negative effect on DO in coastal waters 

through changes in temperature, sea level, and precipitation (Boesch et al., 2007; Meier et al., 2011; Altieri 

and Gedan, 2015). Higher temperatures impact both the timing and rates of biological functions, while also 

potentially driving changes in oxygen production and consumption (Winder and Sommer, 2012). Although 60 
increased temperature is not anticipated to have a major effect on estuarine stratification, which is primarily 

controlled by salinity in systems such as the Chesapeake Bay (Murphy et al., 2011), the increased 

temperature will act to reduce the amount of oxygen a given volume of water can hold via decreased 

solubility. Sea level rise (SLR) can act to increase estuarine circulation, water column stratification, and 

water body volume (Chua and Xu, 2014). These impacts are counteractive, as increasing volume and 65 
circulation can bring in high-oxygen water from the coastal ocean, while increased stratification inhibits 

downward mixing of the high-oxygen water from the surface waters. Stronger estuarine circulation 

generally also leads to shorter residence times that typically increase oxygen concentrations (Hong and 

Shen, 2012; Du and Shen, 2015). In addition over much of the mid-Atlantic region, annual precipitation, 

and thus river discharge, has been increasing (Yang et al., 2015a; Yang et al., 2015b, Tian et al., 2015). In 70 
the future, precipitation is most likely to increase most during the winter/spring and in the northern part of 

the region (Najjar et al., 2009; IPCC Annex I, 2013), delivering higher river flows and nutrient loads that 

fuel spring productivity and produce more organic matter available for summer decomposition (Najjar et 

al., 2010). Changes in nutrient loading and hydrologic conditions can also alter the Bay’s phytoplankton 

composition, changing the biomass available for eventual decomposition (Harding et al., 2016).  75 
Compounding the complicated process of projecting future water quality conditions are nutrient 

management efforts such as the Chesapeake Bay 2010 Total Maximum Daily Load (TMDL; USEPA, 

2010) that was developed to improve water quality conditions in the Bay by decreasing nutrient and 

sediment loads. These nutrient management efforts should be fully implemented by 2025 with the ultimate 

goal of reducing summer hypoxia (Keisman and Shenk, 2013). Examining the potential impact of climate 80 
change in light of these mandated nutrient reductions is important because the multiple impacts of climate 

change have the potential to render current nutrient reduction goals inadequate (Justic et al., 2007; Meier et 
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al., 2013; Lennartz et al., 2014; Altieri and Gedan, 2015). Furthermore, assessing the science behind 90 
climate change impacts is critical for policies like the Chesapeake Bay TMDL that are prone to legal 

challenges (McCormick et al., 2017).  

While much of the discussion around water quality regulations focuses on hypoxia (DO < 2 mg L-

1), studying low-DO water that encompasses concentrations greater than hypoxic levels (DO concentrations 

up to 5 mg L-1) is also critical due to the impact of increases in temperature on economically important 95 
fisheries. For example, not only do temperature increases impact DO concentrations, but they also increase 

metabolic rates in fish. This increase causes fish to experience adverse health impacts at higher and higher 

DO concentrations (Portner and Knust, 2007; Vaquer-Sunyer and Duarte, 2011; Bucheister et al., 2013). 

Furthermore, the TMDL mandates multiple levels of minimum DO concentrations at various times and 

locations throughout the Chesapeake Bay (USEPA, 2010; Tango and Batiuk, 2013). While much of the 100 
regulation targets traditional hypoxia, the TMDL mandates a monthly mean DO ≥ 3 mg L-1 in the deep 

water of the Bay to protect the survival and recruitment of Bay anchovy eggs and larvae, and a monthly 

mean of DO ≥ 5 mg L-1 above the pycnocline to protect the growth of larval, juvenile, and adult fish and 

shellfish (Tango and Batiuk, 2013).  

 This study examines the impact of climate change on oxygen concentrations in the Chesapeake 105 
Bay by utilizing a coupled hydrodynamic-biogeochemical model that has previously been compared to 

other Chesapeake Bay models (Irby et al., 2016). As the Chesapeake Bay TMDL stipulates a time horizon 

of 2025 for full nutrient reduction implementation, this research assumes that the required nutrient 

management strategies are in place and limiting nutrient delivery to their full potential. Future estimates of 

mid 21st century temperature, SLR, and watershed nutrient loading are applied to the model in order to 110 
examine the sensitivity of the individual and combined impacts of these environmental changes on future 

anoxic (< 0.2 mg L-1), hypoxic (< 2 mg L-1) and low-DO (2 – 5 mg L-1) water in the Chesapeake Bay.  

2 Methods 

2.1 ChesROMS-ECB 

The estuarine model is based on the Regional Ocean Modeling System (ROMS; Shchepetkin and 115 
McWilliams, 2005) and uses the Chesapeake Bay curvilinear horizontal grid (ChesROMS) of Xu et al. 

(2012) with an average wet cell resolution inside the Bay of 1.7 km. As in Feng et al. (2015), the model is 

configured to use the recursive MPDATA 3-D advection scheme for tracers, third-order upstream 

advection scheme for horizontal momentum and fourth-order centered difference for momentum in the 

vertical, with a 20-layer vertically stretched sigma grid. The Estuarine-Carbon-Biogeochemistry (ECB) 120 
component of the model (Feng et al., 2015) was developed originally from a continental shelf application 

(Hofmann et al., 2011), using dissolved organic matter cycling similar to that described in Druon et al. 

(2010). With only single phytoplankton and zooplankton classes and only one limiting nutrient (nitrogen), 

the ECB model is simpler than that employed by the Chesapeake Bay Program (Cerco et al., 2010), but is 
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more complex than simple dissolved oxygen models that utilize a constant oxygen consumption rate (e.g. 

Scully, 2010; Bever et al., 2013). ChesROMS-ECB has been previously shown to adequately resolve the 

spatial and temporal variability of key physical and biological variables such as temperature, salinity, 

nitrogen, and DO (Feng et al., 2015; Irby et al., 2016).  

Before using ChesROMS-ECB to determine the impact of changes in temperature on water quality 140 
parameters, the temperature dependence of the biogeochemical formulations within the model required a 

careful evaluation. Several biogeochemical formulations within ChesROMS-ECB did not previously 

include a dependence on temperature, and temperature dependence was added as part of this study (a 

complete list of model changes is provided in Appendix A). For example, temperature-dependence was 

introduced to the rates for maximum phytoplankton growth, zooplankton grazing/growth, nitrification, 145 
detrital solubilization, and detrital remineralization. All modifications introduce an exponential relationship 

between temperature and maximum rate, except for maximum phytoplankton growth. The function for 

phytoplankton growth is based on Lomas et al. (2002) and employs a constant growth rate below 20°C of 

2.15 d-1, with an exponential maximum growth curve for temperatures above 20°C. Remineralization of the 

dissolved organic constituents previously included temperature dependence, but to ensure consistency, 150 
these rates were modified to match the Chesapeake-specific community respiration Q10 values from Lomas 

et al. (2002).  

An additional two changes were made to improve the light attenuation parameterization in 

ChesROMS-ECB. First, a minimum value of 0.6 m-1 was applied to the diffuse attenuation coefficient, 

based on model-data comparisons (Wang et al., 2009; Son and Wang, 2015). Second, the organic portion of 155 
the total suspended solids term in the light attenuation formulation of Feng et al. (2015) was multiplied by 

two, since carbon is generally considered to be roughly half of the total weight of organic matter.  

To assess the relative skill of the revised model, the skill in reproducing water quality observations 

at 23 stations along the Bay (Fig. 1, Table A1) was compared to the skill of the earlier version of the model 

used in Feng et al. (2015) and Irby et al. (2016). The 23 stations were assigned to four regions that are 160 
functionally delineated by salinity characteristics, with Region A representing the oligohaline, Regions B 

and C representing the upper and lower mesohaline (and generally the lowest DO concentrations), and 

Region D representing the polyhaline. The updated model retained its gross skill in terms of total root mean 

squared difference (Table A2) compared to the version of the model evaluated in Irby et al. (2016). 

Specifically, the updated model improved bottom DO skill in Regions C and D, primarily due to the light 165 
attenuation modifications mentioned above (see Appendix A for details).  

2.2 Chesapeake Bay Program Watershed Model  

 This study utilizes freshwater discharge and riverine nitrogen and sediment concentrations from 

the Chesapeake Bay Program’s Watershed Model (version 5.3.2) that was used in the development of the 

2010 TMDL (Shenk and Linker, 2013). (As in Feng et al. (2015), riverine carbon concentrations that are 170 
required as inputs to ChesROMS-ECB were obtained from the Dynamic Land Ecosystem Model (Tian et 
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al., 2015)). This research generally assumes that the management practices required to meet the 2010 

TMDL nutrient reductions in the absence of climate change (Shenk and Linker, 2013) are fully realized; 

however, a brief examination of the potential impact of climate change without nutrient reduction is also 

explored. Because the TMDL is based on a reference time period of 1993-1995 (USEPA, 2010), these are 175 
the years used in this study. Fortuitously, this period includes both relatively wet years (1993, 1994) and a 

dry year (1995), allowing the investigation of how future climate change impacts are affected by natural 

interannual variability. Simulations using the TMDL reduction in nutrient concentrations are hereafter 

referred to as the TMDL scenarios while the base 1993 to 1995 simulations will hereafter be referred to as 

the Base run (Table 1). Compared to the Base run, the TMDL scenarios include a Bay-wide reduction in 180 
riverine nutrient loading of 45%, 44%, and 38% for the three years (1993 to 1995), respectively (Fig. 2a). 

2.3 Climate Change Sensitivity Experiments 

 In this study, the sensitivity of Chesapeake Bay hypoxia to projected regional impacts for three 

aspects of climate change (temperature, SLR, and precipitation/rivers) is examined. A time horizon of mid-

21st century is chosen for these changes because it is far enough in the future to allow for the assumption 185 
that the TMDL nutrient reductions have been fully implemented (including nutrient transport lag effects), 

while also being soon enough for relatively constrained estimates of future climate change impacts.  

2.3.1 Temperature  

 By 2050, the Chesapeake Bay region is expected to experience air temperature increases greater 

than the global average. Specifically, the IPCC projection of median annual average atmospheric 190 
temperature increase for 2046-2065 relative to 1986-2005 for the Chesapeake Bay region is about 2°C 

(~0.036°C y-1; IPCC Annex I, 2013), whereas the analogous global increase is projected to be 1.4°C 

(~0.025°C y-1; IPCC Summary, 2013). Further research from the IPCC establishes that ocean warming 

tends to be 20 to 40% lower than the rate of atmospheric warming (Collins et al., 2013). As the Chesapeake 

Bay is a relatively shallow, well-mixed estuary and there has recently been an observed increase in the rate 195 
of Chesapeake Bay warming (Ding and Elmore, 2015), this research utilizes a ratio between atmospheric 

and ocean warming that is slightly lower than the open ocean range. The 1.75°C (~0.032°C y-1) increase in 

Bay water temperature for the mid-21st century relative to the mid-1990s used in this study (Table 1) is 

higher than the ~0.02°C y-1 observed Chesapeake Bay warming between 1949 and 2002 (Preston, 2004). 

However, Preston (2004) found evidence of increased warming in the late 1990s. The rate of warming used 200 
in this analysis is also consistent with projected increases from downscaled global climate models for the 

Bay (Muhling et al., 2017). It is also slightly lower than the warming estimated using a high resolution 

climate model (CM2.6) for the location of the ChesROMS open boundary (2.6°C; Saba et al., 2016) and 

less than the average satellite-derived rate of Bay surface water warming of 0.005-0.175°C y-1 from 1984 to 

2007 (Ding and Elmore, 2015).  205 
 The 1.75°C water temperature increase was applied uniformly across time and space to 

biogeochemical process and oxygen solubility throughout the Bay, but the temperature increase was not 
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applied to other physical properties or processes, such as water density gradients or meteorological forcing. 

Thus, these increased temperatures do not impact stratification or other physical dynamics of the Bay 

within the model. This approach implicitly assumes that the Bay is shallow enough that climatic warming 

will occur uniformly over time. Supporting this assumption, Preston (2004) found that the surface and 300 
subsurface waters of the Bay warmed at relatively similar rates, even finding that, on average, the 

subsurface waters warmed slightly faster than surface waters. In addition, recent trends in the 

intensification of early summer stratification have been found not to be due to water column temperature 

changes, but rather are primarily due to changes in salinity as a result of SLR and altered freshwater inputs 

(Murphy et al., 2011). Changes in salinity along the ChesROMS open boundary on the continental shelf 305 
between the 1990s and the mid-20th century have been computed by Saba et al. (2016) to be very minor 

(~0.2 psu) and are thus not considered here. This is consistent with our goal of examining the first order 

impacts of temperature change on hypoxia (through solubility and growth/grazing/remineralization 

changes); the effect of warming on Chesapeake Bay hydrodynamics is being analyzed in a separate follow-

on study. The temperature increase sensitivity experiment will hereafter be referred to as the 310 
TMDL+tempCC scenario since the increase in temperature is applied to the TMDL nutrient scenario (Table 

1). 

2.3.2 Sea Level Rise (SLR) 

 The Chesapeake Bay is expected to incur a greater increase in sea level than the global average, 

and the Bay has experienced a recent acceleration in SLR, as has most of the Mid-Atlantic coast (Sallenger 315 
et al., 2012). Boon and Mitchell (2015) found a roughly 0.1m increase in sea level in Norfolk, Virginia 

between 1993 and 2014. Assuming a linear extrapolation of that rate (~5mm y-1), by the mid-21st century, 

Norfolk would expect a SLR of 0.3m relative to the mid-1990s. However, the linear extrapolation ignores 

the projected, and recently observed, acceleration in SLR. Incorporating anticipated acceleration, Boon and 

Mitchell (2015) estimate an average increase in SLR by 2050 of ~0.5m in the Chesapeake Bay relative to 320 
the relative mean sea level between 1969-2014. This estimate is similar to that of Sweet et al. (2017) who, 

using downscaled global models, estimated a similar SLR in the Mid-Atlantic for 2050 under an 

intermediate emissions scenario. Based on these recent regional estimates, this research assumes a mid-21st 

century SLR of 0.5m (~9mm y-1) relative to the mid-1990s.. 

Model implementation of SLR follows that of Hong and Shen (2012). The 0.5m increase was 325 
added to the free water surface layer at the outer boundary of the model grid, along the continental shelf. 

The vertical grid stretching parameters were not altered and the simulation required less than six months for 

the Bay to equilibrate to the increased sea level. The SLR sensitivity experiment will hereafter be referred 

to as the TMDL+slrCC scenario since the 0.5m increase is applied to the TMDL scenario (Table 1). 

2.3.3 River Flow 330 

The Chesapeake Bay watershed is expected to undergo a range of precipitation change over the 

next century, with the southern portion of the watershed expected to experience a lower intensity change 
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than the northern portion of the watershed, complicating estimates of future precipitation change, and as a 

result, river flow (Najjar et al., 2009). The future river loading estimates used here (Fig. 2a) were provided 350 
by the Chesapeake Bay Program, and were derived from an implementation of the Chesapeake Bay 

Watershed Model (Section 2.2) that incorporated downscaled (1/8° resolution) precipitation and 

temperature estimates for the mid-21st century from multiple Global Climate Model realizations 

(Hargreaves and Samani, 1982; Groisman et al., 2004; Reclamation, 2013). Overall, increases in 

precipitation over the Chesapeake Bay watershed resulted in generally greater runoff to the Chesapeake 355 
Bay, especially in the winter and spring months, even though the warmer temperatures throughout the year 

mitigated some of these increases via increased rates of evapotranspiration.   

From these Watershed Model results, the ratio of monthly freshwater delivery to the Bay for the 

climate change scenario relative to the Base run was calculated for the Susquehanna River (Table 2), and 

was applied to all rivers in ChesROMS-ECB. This is a reasonable approach given that the Susquehanna 360 
watershed accounts for > 80% of the Bay watershed area that drains directly to the main stem and is the 

primary source of the nutrients that drive the summer hypoxic region of the Bay between the Patapsco 

River in the north and the Rappahannock River in the south (Hagy et al., 2004). Overall, the resulting 

increase in river flow applied to the model (Table 2) causes both an increase in freshwater discharge and an 

increase in nutrient delivery (Fig. 2a). The combined impact of increased freshwater flow and nutrient loads 365 
will hereafter be referred to as the TMDL+riverCC scenario (Table 1).  

2.3.4 Combined Climate Change Sensitivity Experiment 

 A final sensitivity experiment that combines all three of the climate change impacts was run for 

both nutrient cases, i.e. the TMDL scenario (reduced nutrients) and the Base run (realistic nutrients). These 

experiments will hereafter be referred to as the TMDL+allCC and Base+allCC scenarios, respectively, 370 
since the combined impact of all climate change variables (temperature, SLR, and rivers) was applied 

(Table 1).  

2.4 Dissolved Oxygen Analysis 

 Hypoxic volume is a commonly used metric to quantify the amount of water that experiences a 

given level of DO concentration over a specific time (e.g. Murphy et al., 2011; Bever et al., 2013). In this 375 
study, two metrics related to hypoxic volume are computed: cumulative hypoxic volume (CHV) and 

hypoxic duration (HD). CHV is calculated as the sum of each day’s hypoxic volume over a year (Bever et 

al., 2013), and HD is computed as the number of days that have a hypoxic volume greater than 1 km3. 

While traditional DO concentration levels of hypoxia (< 2 mg L-1) and anoxia (< 0.2 mg L-1) are examined, 

this research also considers impacts of low-DO, defined here as DO < 5 mg L-1. This level is consistent 380 
with the highest DO concentrations stipulated in the Chesapeake Bay water quality standards (USEPA, 

2010) and is a conservative upper bound on DO concentration found to initiate stress on marine fish 

(Vaquer-Sunyer and Duarte, 2008; Buchheister et al., 2013). 
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3 Results 
 
 The impact of nutrient reduction on bottom DO concentrations is greater than that of climate 445 
change (Fig. 2b,c). The reduction of nutrients (between the Base run and TMDL scenario) causes a general 

increase in bottom DO concentrations. This impact is largest during the drawdown of bottom oxygen in the 

spring (April – June), dampens during the course of the summer, and is lowest in winter (Dec – Feb). In 

Region B, the region of the Bay where oxygen concentrations are lowest and most persistent, this impact is 

strongest in the driest year (1995), during which the increase in bottom DO exceeds 2.5 mg L-1. In 1993 and 450 
1994 the bottom DO increase is only around 1.5 mg L-1 (Fig. 2). In contrast Region C, encompassing the 

southern extent of the hypoxic zone, experiences a greater increase in spring bottom DO than Region B in 

the wet years (>2 mg L-1 in 1993 and 1994) and a smaller increase in the dry year (~1.5 mg L-1 in 1995).  

Climate change has a smaller effect on bottom DO concentrations than the TMDL nutrient 

reductions. Climate change has almost no impact on bottom DO during the peak of summer when bottom 455 
DO concentrations are the lowest (near zero). In the Base run (realistic nutrient inputs), the effect of climate 

change on spring bottom DO is a decrease of ~0.6 mg L-1 and ~0.8 mg L-1 in Regions B and C respectively. 

Climate change impacts bottom DO similarly in the TMDL scenario, with reductions in spring bottom DO 

of ~0.5 mg L-1 in both Regions B and C (Fig. 2). In both regions, these reductions in bottom DO are similar 

in all three years. 460 
Of the three climate factors considered (temperature, SLR and river flow), temperature had the 

largest impact on bottom DO. As a result, the TMDL+allCC scenario is most similar to the 

TMDL+tempCC scenario (Fig. 3). In Region B, the TMDL+slrCC and the TMDL+riverCC scenarios have 

a smaller impact on bottom DO during the wet years of 1993 and 1994 than during the dry year of 1995. 

The opposite occurs in Region C, with the TMDL+slrCC and the TMDL+riverCC scenarios having a larger 465 
impact on bottom DO during the wet years of 1993 and 1994 than during the dry year of 1995. In both 

regions, the impact of SLR generally increases bottom DO during the spring and summer, while changes in 

the rivers (increased seasonality and nutrient load) suppress DO. These two essentially equal and opposite 

effects largely cancel each other out (Fig. 3). 

Although temperature had the largest impact on bottom DO in each of the four regions considered, 470 
the magnitude of the individual impacts of climate change differed by region (Table 3) and by oxygen 

concentration (Table 4). Specifically, in the TMDL+allCC scenario, bottom DO decreased compared to the 

TDML+noCC run in all four regions, with Region A exhibiting the highest total average change (-0.58 mg 

L-1) and the other three regions all exhibiting an average change of roughly -0.4 mg L-1 (Table 3). This is 

primarily due to the large decreases in bottom DO in the TMDL+slrCC scenario in Region A (-0.21 mg L-475 
1), relative to the small (mostly positive) impacts due to sea level rise in the other regions. Overall, the 

impact of all three of the climate change factors is nearly linearly additive (Table 3).  

The relative impact of the three climate change factors also varied with oxygen concentration, 

particularly for temperature, which exerted the greatest impact on cumulative hypoxic volume at 3 < DO < 

5 mg L-1 (Table 4). The TMDL+slrCC scenario increased oxygen at low concentrations (DO < 3 mg L-1) 480 
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and decreased oxygen at higher concentrations (3 < DO < 5 mg L-1). In contrast, the impact of changes in 485 
riverine nutrient loading was relatively similar for all oxygen concentrations, typically generating a small 

decrease in DO (Table 4).  

The CHV for all of the TMDL scenarios (both with and without climate change) is less than the 

CHV from the Base run without climate change (Fig. 4). This pattern holds true for all six DO levels 

examined (< 0.2 mg L-1 to < 5 mg L-1). At each DO level, the CHV for the dry year (1995) is much less 490 
than for the wet years (1993 and 1994) for each TMDL scenario. Furthermore, the CHV for the TMDL 

scenarios in the wet years is generally higher than the CHV from the Base run for the dry year (Fig. 4). The 

CHV in the TMDL+slrCC and TMDL+riverCC scenarios tend to track closely to the TMDL+noCC 

scenario, while the TMDL+tempCC scenario is most similar to the TMDL+allCC scenario (Fig. 4), as was 

also the case for bottom DO (Fig. 3).  495 
 The percent change in CHV relative to the progress, or gains, made in CHV by applying the 

TMDL nutrient reductions varies across DO level and by scenario (Fig. 5). In general, the TMDL+slrCC 

scenario resulted in a ~0-10% increase in the improvement made by the TMDL scenario (here, an increase 

of gains is actually a decrease in CHV) across all DO levels and all years. In contrast, the TMDL+riverCC 

and TMDL+tempCC scenarios resulted in a degradation of the system, compared to the TMDL+noCC 500 
scenario. The TMDL+riverCC scenario consistently causes a loss of ~0-5% of the gains, with slightly 

larger losses in 1994 and 1995 at higher DO levels. The TMDL+riverCC scenario combines two separate, 

but linked, climate change impacts: increased freshwater flow (particularly in the winter) and increased 

nutrient loads (as a result of increased freshwater flow). While not shown, separate experiments isolating 

the impacts of flow and load demonstrated that the increase in nutrient load, rather than the increase in 505 
freshwater flow, caused the increase in CHV in the TMDL+riverCC scenario. The TMDL+tempCC 

scenario was the strongest function of DO level, with a relatively small loss of ~5% at the < 0.2 mg L-1 

level and a large ~40% loss at the < 5 mg L-1 level (Fig. 5). The combined effect of climate change 

(TMDL+allCC) was a net increase in CHV of more than 50% over the TMDL+noCC scenario in the wet 

years of 1993 and 1994 for DO < 5mg L-1, and a corresponding 40% increase in CHV for the dry year of 510 
1995 (Fig. 5).   

As shown above, increased temperature generally maintains the greatest control on the 

TMDL+allCC scenario (Fig. 4). The impact of temperature on DO in this analysis is due to two factors: 

chemical solubility and biological oxygen demand. (The impact of temperature on DO is not due to a 

change in stratification, since the experiment was explicitly designed to focus on the impacts of chemical 515 
solubility and biological oxygen demand and neglect any change in stratification, which previous studies 

(Preston, 2004) have suggested is small.) To further isolate these two impacts, the differences in modeled 

DO computed with and without warming are computed considering only solubility effects and considering 

both solubility and biological oxygen demand (Fig. 6; Table 5). Since oxygen saturation is more sensitive 

to changes in temperature at low temperatures, there is a larger change in DO as a result of changes in 520 
solubility during the winter than during the summer, even though the change in temperature is constant in 
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time. Deviations from the change in DO due to solubility can be attributed to changes in biological oxygen 

demand, and can be estimated by comparing the simulation assuming only solubility impacts (red line in 

Fig. 6) with the simulation assuming temperature changes affect both solubility and biological oxygen 525 
demand (black line in Fig. 6). Overall, 65-85% of the change in DO between the TMDL+tempCC scenario 

compared to the TMDL+noCC scenario is a result of temperature’s impact on solubility, with solubility 

exerting a larger impact at the surface than at depth (Table 5). The impact of biological oxygen demand is 

consistently negative at depth during the spring and early summer, enhancing the initiation of hypoxic 

conditions (Fig. 6b).  530 
In terms of the number of days that the Bay experiences hypoxic and low-oxygen conditions each 

year, climate change reduces the positive impact of the nutrient reduction (Fig. 7). While there is a 

moderate decrease in hypoxic duration resulting from the nutrient reduction, the TMDL+allCC scenario 

demonstrates that when climate change is included all levels of low-DO and hypoxia initiate an average of 

~7 days earlier. This trend is not evident in the cessation of hypoxia and low-DO, i.e. climate change does 535 
not necessarily cause hypoxia to last later in the year. While all three years exhibit a similar pattern and 

timeline of cessation of low-DO with < 0.2 mg L-1 ceasing 3-4 months before < 5 mg L-1, each year is 

different in terms of initiation timing. In 1993 for the Base+noCC run, all levels of DO initiate within 2 

weeks of each other. This timing holds true for the TMDL scenarios as well, but with anoxia lagging 

behind. In 1994 in the Base+noCC run, there is a steady progression from low-DO to anoxia over ~6 540 
weeks. In the TMDL scenarios, that is extended to ~3 months. In 1995, the TMDL nutrient reduction 

results in no DO < 1 mg L-1 and significantly delays the onset of low-DO by up to ~3 months compared to 

the Base run.  

Nutrient reduction primarily reduces the horizontal extent of the hypoxic zone (Fig. 8). Examining 

a south-north transect along the main stem of the Bay for July 1st, 1993 (Fig. 8a,c) and 1995 (Fig. 8b,d) 545 
reveals that nutrient reduction acts to compress the southern extent of the hypoxic zone more than the 

northern extent. One similarity between all four subplots (a-d) is the vertical extent of the low-oxygen 

waters, which are capped by the pycnocline at ~ 5m depth. As expected, the extent and severity of anoxia 

and hypoxia on July 1st is much greater than the summer (May-September) average for both the 

Base+noCC run and TMDL+noCC scenario (Fig 8e-h). In general, the impact of climate change is greater 550 
in the dry year (1995; Fig. 8j,l) than in the wet year (1993; Fig. 8i,k). The location of the greatest 

magnitude change is near the pycnocline depth (Fig. 8i,j) but the location of greatest percent change is 

below the pycnocline (Fig. 8k,l).  

The climate change sensitivity experiments cause a larger volume of the Bay to experience low-

DO concentrations in both wet and dry years and under both the Base+allCC and TMDL+allCC scenarios 555 
(Fig. 9). While climate change does not greatly exacerbate the volume of the Bay that experiences anoxic 

and hypoxic conditions, climate change increases the percent of the Bay experiencing conditions of DO < 

5mg L-1 by up to ~6 %, regardless of whether or not the TMDL nutrient reductions have occurred. 

Similarly, regardless of whether or not climate change occurs, the volume of the Bay experiencing low-DO 
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under nutrient reduction is ~10% lower than that in the 1993-1995 Base run nutrient conditions. Overall, 

the dry year (1995) results in ~30-50% as much of the Bay experiencing low-DO and hypoxic waters as 565 
compared to the wet years (1993, 1994).  

4 Discussion 

4.1 How will Chesapeake Bay DO concentrations change in the future as a result of climate change? 

- By the mid-21st century low-DO conditions can be expected to begin about one week earlier due 

to climate change, with increases in volume and extent being largest at the margins and at the 570 
southern extent of the hypoxic zone. Significant impacts will be felt on water with DO 

concentrations in the range of 2-5mg L-1, and not only on hypoxic waters (DO < 2mg L-1). 

 

The most consistent impact across all levels of low-DO waters due to climate change is an earlier 

onset of hypoxic and low-DO conditions by an average of ~7 days. While an earlier onset was identified, 575 
there was no trend in the cessation of hypoxic and low-DO conditions, with climate change sometimes 

causing an earlier and sometimes a later cessation. Furthermore, an earlier onset of conditions is projected 

to occur under both nutrient-reduced and nutrient-replete futures. The pattern of earlier onset is primarily 

due to the additive impacts of an increase in spring biological oxygen utilization at depth and decreased 

solubility, both the result of the increase in temperature (Fig. 6). An analysis of climate change impact on 580 
DO of an estuarine tributary of the Chesapeake Bay similarly found that hypoxic duration is likely to be 

extended in the future (Lake and Brush, 2015). 

In terms of a change in the volume of low-DO waters, the relative impact of climate change 

increases with DO concentration (Figs. 4, 5). The improvements due to the nutrient reductions are reduced 

by climate change, ranging from ~5% for DO < 0.2 mg L-1 to ~45% for DO < 5 mg L-1. The difference 585 
between impact at anoxic levels versus waters with DO of 3 - 5 mg L-1 is accentuated during the dry year of 

1995 due to the fact that the nutrient reductions result in no modeled DO < 1 mg L-1 during this year (Fig. 

7), regardless of whether or not climate change is occurring. Even assuming realistic 1995 nutrient inputs, 

the volume and duration of anoxia under climate change in 1995 is very small.  

Throughout the water column, the greatest change in DO will be at the edges of the low-DO and 590 
hypoxic zones, particularly at the southern and vertical extents (Fig. 8). Conversely, the smallest changes 

will occur in the anoxic waters where DO cannot be decreased further (Fig. 8). As hypoxia is capped by the 

pycnocline (Irby et al., 2016), the magnitude of DO change (~ 0.5 mg L-1) is not great enough to extend 

low-DO conditions to the DO-replete surface waters. Laterally, the largest changes in bottom DO will be in 

the southern extent of hypoxia and the degree of east-west compression along the main stem of the Bay. 595 
Such a change would be likely to detrimentally impact demersal fish and shellfish communities along the 

shallow flanks of the Bay and its tributaries.   

Marjy Friedrichs� 2/24/2018 9:04 AM
Formatted: Superscript

Marjy Friedrichs� 2/24/2018 9:04 AM
Deleted: 2050



 13 

4.2 How will the individual impacts of climate change (increased temperatures, SLR, river flow) 

affect DO concentrations in the Chesapeake Bay? 600 

- The combined impacts of climate change will cause reduced DO concentrations in the mid-21st 

century, with increased water temperatures being the strongest driver of this change.  

 

 In examining the individual impacts of future (mid-21st century) temperature, SLR, and river flow 

on Chesapeake Bay DO concentrations, temperature exhibits the largest overall impact (Figs. 4, 5; Table 3, 605 
4). The decrease in DO associated with increases in temperature is also consistent with other modeling 

research focused on the York River estuary, a tributary of the Chesapeake Bay (Lake and Brush, 2015). 

The present research demonstrates the importance of temperature on solubility, as the annual average 

impact of temperature on oxygen saturation outpaced the impact of temperature on biological functions on 

average by roughly 2:1 in the region of the Bay that experiences hypoxia (Fig. 6; Table 5). This ratio is 610 
decreased to roughly 1:1 during the spring/early summer drawdown of bottom DO in the main stem 

channel (Fig. 6). Murphy et al. (2011) similarly found that increased respiration due to increased 

temperature potentially plays a smaller role on changes in hypoxia than the physical and chemical changes. 

However, it is possible that as temperature continues to increase, the ratio of impact between solubility and 

biological oxygen demand may shift toward a greater influence by biological oxygen demand. This is 615 
because the additional impact of further changes in solubility will decrease as temperatures continue to rise, 

while biological respiration at depth and production at the surface may continue to steadily rise with 

increasingly warmer temperatures.  

 Increasing sea levels can impact future Chesapeake Bay oxygen concentrations in multiple ways. 

By increasing estuarine circulation and decreasing residence time (Hong and Shen, 2012; Du and Shen, 620 
2015), rising sea levels can actually increase bottom oxygen concentrations in the most anoxic portions of 

the deep mainstem trench. At the same time, increasing estuarine circulation increases stratification (Chua 

and Xu, 2014), which serves to further decrease oxygen concentrations (Lennartz et al., 2014). In the 

Chesapeake Bay simulations presented here, the former process dominates at depth where SLR results in 

higher oxygen concentrations (Fig. 3; Table 4). On the contrary, the latter process (increased stratification) 625 
dominates in the mid-water column, where SLR results in lower oxygen concentrations (Table 4). In the 

driest year (1995) the overall impact of SLR is a decrease in the total volume of water with DO < 5 mg L-1 

(Fig. 5), whereas in the wettest year (1994) when stratification is already relatively high, the overall impact 

of SLR is dominated by the stratification effect and results in a net increase in the total volume of water 

with DO < 5 mg L-1. The larger impact of SLR during dry years is consistent with a study from the 630 
Delaware Bay showing that high flow dampens the salinity intrusion that results from SLR (Ross et al., 

2015) and with a study in San Francisco Bay finding that the impact of SLR is limited under high flow 

conditions (Chua and Xu, 2014).   

 Future climate change will also modify freshwater and nutrient loading from the watershed to the 

Bay, causing the largest increases in the winter months (December-February; Table 2). This increase in 635 
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river nutrient loading to the Bay (Fig. 2a) reduces oxygen concentrations both at the bottom (Fig. 3) as well 

as throughout the water column, resulting in greater cumulative hypoxic volumes (Fig. 4, 5; Table 4). 

However, this impact is much smaller than that of temperature (Table 4). The increase in winter 650 
precipitation, delivering both increased freshwater flow and increased nutrient loads, accounts for a larger 

percentage of the overall change in DO during the dry year (1995), because the low-flow conditions cause 

the Bay to be more sensitive to changes in freshwater flow and nutrient loading.  

4.3 How might climate change impact the success of the 2010 TMDL nutrient reductions?  

- Climate change may cause the 2010 TMDL nutrient reductions to be insufficient to meet the 655 
required water quality improvements in the Chesapeake Bay.  

 

 This research demonstrates that the improvements in Chesapeake Bay water quality due to the 

TMDL nutrient reductions are much greater than the deleterious impacts of ~2050 climate change; 

however, results also indicate that by the mid-21st century climate change will likely decrease oxygen levels 660 
and increase both hypoxic volume and hypoxic duration. Because some locations in the Bay barely pass 

TMDL standards and others require special allowances to meet the standards (Irby and Friedrichs, in 

revision), even these small increases in anoxic and hypoxic conditions can cause locations that previously 

passed the water quality standards to fail under a changing climate. The DO minima in the TMDL 

regulations are based on both space and time criteria. Although the spatial dimension may not be greatly 665 
impacted at the anoxic and hypoxic levels, this research suggests that the temporal dimension will be. This 

could cause locations in the Bay that are currently projected to pass the minimum standards to fail them in 

light of climate change, simply due to an extension of the hypoxic season without an expansion of hypoxic 

volume.    

 With increased temperature being the primary cause of the impact of climate change on DO 670 
concentrations, it is important to consider other potential impacts increased temperature may have on the 

ecosystem in the context of the success of the TMDL nutrient reductions. Temperature increases in the 

Chesapeake Bay are anticipated to produce temperatures outside of previously observed extremes (Muhling 

et al., 2017), lending increased pertinence to understanding the impact of temperature changes on meeting 

water quality goals. In light of this, the impact on the TMDL of a decrease in oxygen concentrations due to 675 
climate change should be viewed in conjunction with the impact increased temperature is likely to have on 

the species upon which the DO levels in the TMDL nutrient reductions were predicated. Multiple studies 

have established that increasing water temperature increases metabolic rates in fish that cause them to 

experience negative health impacts at higher DO concentrations than they do at lower temperatures 

(Breitburg, 2002; Portner and Lanning, 2009; Lapointe et al., 2014). Due to those compounding impacts 680 
and the large role temperature is expected to play in regulating future DO, it may be prudent for the TMDL 

to elevate the mandated minimum DO levels in an effort to protect target species. If this occurred, the 

impacts of climate change would likely cause an even larger failure rate of TMDL standards.   
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4.4 How will climate change impact DO if the TMDL nutrient reductions are not met? 

- Although the relative impact of climate change is similar on a reduced nutrient future and a high 

nutrient future, the degree of interannual variability in hypoxia may change in a reduced versus 

high nutrient future due to differences in the responses of oxygen to fluctuations between dry and 

wet years.    715 
 

 The relative impact of climate change on a reduced nutrient versus a high nutrient future is similar 

in terms of hypoxic volume and duration. In both a low and high nutrient future, the percent of the Bay that 

experiences a given DO level is increased with climate change (Fig. 9). Furthermore, in both cases, the 

impact of climate change at low-DO concentrations (< 5 mg L-1) is greater than that at hypoxic levels (< 2 720 
mg L-1). In terms of relative change in DO along the main stem of the Bay, a high nutrient future is 

expected to experience a higher (~9-15%) change in DO concentration than a low nutrient future (~6-9%), 

with the largest changes in both cases occurring at the southern end of the hypoxic zone (Fig. 8). 

The largest potential ecological difference between the two futures is in the dry year of 1995. In 

this year TMDL scenarios exhibited no anoxia in the Bay, regardless of whether or not climate change was 725 
occurring. This suggests that during dry years, when the nutrient reduction may be sufficient to alleviate 

anoxia, climate change impacts may not be large enough to overcome the hysteric or threshold level of DO 

initiation similar to what has been observed with hypoxic responses to nutrient loading (Kemp et al., 2009). 

It may seem counterintuitive, but this suggests that the interannual variability of anoxic conditions may be 

exacerbated in a future with nutrient reduction because the interannual percent change in anoxic conditions 730 
will be relative to ~0% in the very dry years. Because of this, when climate change is added to the TMDL 

nutrient reductions, there is likely to be greater disparity in terms of anoxic volume between wet and dry 

years. Further intensifying the difference between wet and dry years is the potential impact of nutrient 

storage in the watershed during dry years that is delivered to the Bay in a successive wet year, amplifying 

hypoxia and anoxia (Lee et al., 2016). 735 

4.5 Methodological limitations 

 This research is a first order assessment of the potential impacts that changes in climate may have 

on the efficacy of nutrient reduction efforts in the Chesapeake Bay; however, more robust examinations of 

the problem are needed in order to adequately aid in the regulatory decision making process going forward. 

As the present research has identified increased temperature as the largest contributor to changes in DO, 740 
future efforts should work to incorporate the impact of increased air temperature and changes in 

meteorological forcing on the air-sea interface and Bay hydrodynamics. In addition, increased stream 

temperatures will likely need to be accounted for, as there is evidence that the current rates of Bay warming 

cannot be fully explained by the observed increase in regional air temperatures (Ding and Elmore, 2015). 

Estimates of future precipitation indicate changes in storm intensification and extreme events that could 745 
have dramatic effects on nutrient delivery to the Bay (Sinha et al., 2017), and thus these should be 
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considered in future work as well. Finally, the atmospheric wind field will likely change in the future. 750 
Although there is significantly uncertainty associated with future wind projections, the strong impact of 

wind on hypoxia in the Chesapeake Bay (Scully, 2010) makes this an important issue to better understand.  

 Due to the uncertainty in projected changes in temperature, river flow, and SLR, assessing the 

sensitivity of DO to multiple estimates of climate change will be important. This research establishes that 

the increase in temperature has the strongest control on DO, but that does not mean that DO concentrations 755 
are most sensitive to the bounds of potential 2050 temperature changes. While the high computational 

expense of running multiple sensitivity tests through complex coupled hydrodynamic-biogeochemical 

models can be prohibitive, establishing a range of uncertainty is critical to informed adaptive management 

decision-making.  

Additional limitations are related to timing. For example, the present research assumes a 760 
discontinuity between the reduction of nutrients and the changes in climate. This is an unrealistic 

assumption because the nutrient reductions and climate change will continue to occur contemporaneously. 

These changes are also not immediate but manifest over time in a continuously evolving environment. In 

addition, the current approach simply identifies the potential ramifications of climate change on nutrient 

reduction efforts but does not establish a timeline for the water quality changes as a result of nutrient 765 
reductions to occur. This means that climate change has the potential to further limit the effectiveness of 

nutrient reduction efforts because the impacts of climate change may be more immediate than the impacts 

of nutrient reduction. To address these limitations, an effort to conduct a continuous simulation from 2015 

– 2050 including both gradual implementation of the nutrient reductions and climate change impacts is 

currently underway. 770 

5 Conclusions 
 
 Overall, the most striking result of this research is that the potential impact of climate change by 

the mid-21st century is much smaller than the impact of the 2010 TMDL nutrient reductions, particularly at 

anoxic and hypoxic levels. However, the decrease in DO concentrations resulting from the combined 775 
impacts of climate change may cause portions of the Bay that currently meet mandated water quality 

standards to fail them in the future. At the most stringent DO standards, this is primarily due to an increase 

in hypoxic duration rather than hypoxic volume, as under climate change, the onset of hypoxic conditions 

is projected to initiate ~7 days earlier on average across all DO concentrations 0.2 – 5 mg L-1.  

 Changes in DO as a result of the increase in temperature dominate the combined climate change 780 
impact. While the influence of solubility on DO concentrations is the primary control on decreased DO 

throughout the year, the impact of increased biological oxygen demand is most prevalent at the bottom in 

the spring to early summer, contributing to the earlier initiation of hypoxic conditions. The impact of 

temperature is likely to affect low-oxygen tolerance of higher trophic levels as well by increasing metabolic 

rates, making species less tolerant at higher DO levels. This may result in the DO minimums mandated in 785 
the water quality standards to be insufficient to protect key species even if the current goals are met.  
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 Both sea level rise and changes in river flow exert a greater influence on change in DO during dry, 

low streamflow years. Changes in river flow are likely to deliver higher freshwater flows during the winter 

and spring that will both deliver higher nutrient loads and increase estuarine circulation. These two effects 790 
impact DO concentrations oppositely, with higher loads resulting in more organic matter being available 

for decomposition and increased estuarine circulation delivering more oxygen-rich ocean water: however, 

the impact of increased loads outcompetes the greater circulation. Sea level rise exerts the only net positive 

impact of climate change on DO concentrations, increasing the effectiveness of the TMDL nutrient 

reductions by ~5% in the mesohaline. However, this positive impact is undermined by the large negative 795 
impact of temperature.  

 The relative effects of climate change are similar whether the TMDL nutrient reductions are 

achieved or not. In both cases, there is a slight increase in anoxic conditions, and the relative impact of 

climate change intensifies at higher DO concentrations (3 - 5 mg L-1). The impact of the nutrient reductions 

on dry years is accentuated compared to the ‘business as usual’ dry years due to the greater moderating 800 
influence sea level rise exerts during low-flow conditions. This results in anoxic and hypoxic conditions to 

be depressed with nutrient reduction plus climate change in the dry year of 1995, but not when climate 

change is combined with no nutrient reduction.  

Overall, this study demonstrates that climate change has the potential to limit the effectiveness of 

future management actions aimed at reducing nutrient inputs to the Chesapeake Bay. However, the 805 
negative impacts of climate change are smaller than the positive impacts resulting from the mandated 

nutrient reductions. Given that this analysis only considers a mid-21st century time horizon and climate 

impacts are expected to intensify with time, it is critical to continue to examine how the Bay may evolve in 

the future.  

  810 
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Tables 

Table 1 Definitions of sensitivity experiments 
 

Experiment Nutrients Climate Change 
Base+noCC Realistic 1993 – 1995 nutrients None 
TMDL+noCC TMDL nutrient reductions None 
TMDL+riverCC TMDL nutrient reductions River change only (Table 2) 
TMDL+tempCC TMDL nutrient reductions 1.75°C increase 
TMDL+slrCC TMDL nutrient reductions 0.5m increase in sea level 
TMDL+allCC TMDL nutrient reductions All three above changes 
Base+allCC Realistic 1993 – 1995 nutrients All three above changes  

 
 830 
 
 
 
 
 835 
 
 
 
 
 840 
 
 
 
 
 845 
 
 
 
 
 850 
 
 
 
 
 855 
 
 
 
 
 860 
 
 
 
 
 865 
 
 
 
 
 870 
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Table 2 Monthly freshwater discharge fractional change factor used for the TMDL+riverCC, 875 
TMDL+allCC, and Base+allCC scenarios, calculated as the ratio between the freshwater inputs in 2050 
divided by the freshwater inputs in the Base Run. 
 
 

Month Freshwater 
change 
factor* 

January 1.165 
February 1.168 

March 1.035 
April 0.964 
May 1.034 
June 1.015 
July 0.965 

August 1.042 
September 0.986 

October 0.984 
November 1.093 
December 1.158 

 880 
 
 
 
 
 885 
 
 
 
 
 890 
 
 
 
 
 895 
 
 
 
 
 900 
 
 
 
 
 905 
 
 
 
 
 910 
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Table 3 Average change in bottom DO (mg L-1) relative to the TMDL+noCC scenario for each experiment 
and region.  915 
 
 
 

Experiment Region A Region B Region C Region D 
TMDL+allCC -0.58 -0.37 -0.44 -0.44 
TMDL+slrCC -0.21 0.09 0.04 -0.04 
TMDL+riverCC -0.01 -0.05 -0.03 -0.01 
TMDL+tempCC -0.36 -0.40 -0.44 -0.38 
Additive impact of 
slrCC+riverCC+tempCC 

 
-0.58 

 
-0.36 

 
-0.43 

 
-0.43 
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 965 
 
Table 4 Average (1993 - 1995) change in cumulative hypoxic volume (km3 days) for various oxygen 
concentration ranges, relative to the TMDL+noCC experiment 
      
 970 
 
 
 
 
 975 
 
 
 
 
 980 
 
 
 
 
 985 
 
 
 
 
 990 
 
 
 
 
 995 
 
 
 
 
 1000 
 
 
 
 

 970 

Experiment 0 < DO < 1 
mg L-1 

1 < DO < 2 
mg L-1 

2 < DO < 3 
mg L-1 

3 < DO < 4 
mg L-1 

4 < DO < 5 
mg L-1 

TMDL+allCC 11.5 13 72.3 117.5 202 
TMDL+slrCC -22.1 -12 -5.6 3.6 30.9 

TMDL+riverCC 5.9 6.9 10.1 9.8 5.5 
TMDL+tempCC 21.1 12.8 58.8 89.3 150 
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Table 5 Percent* of 3-year average bottom DO change as a result of the temperature experiment due to 
solubility for each region at the surface and bottom of the water column. 
 975 

Region Surface Bottom 
A 75% 75% 
B 72% 66% 
C 77% 69% 
D 85% 79% 

 
 
*Percent calculated as the expected change in bottom DO as predicted by solubility divided by the modeled 
change in bottom DO.  
 980 
 
 
 
 
 985 
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Figures 

 990 
 

 
 
Figure 1: Map of the Chesapeake Bay with water quality monitoring stations (Table A1) identified by region, 
based primarily on salinity. A: oligohaline, B & C: upper & lower mesohaline, D: polyhaline.   995 
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  1015 
Figure 2: (a) Total (Bay-wide) riverine nitrogen loading into the Bay, (b) time series (7-day running mean) of 
bottom DO with and without nutrient reductions (TMDL vs. Base) and with and without climate change (allCC 
vs. noCC), for the average of the stations in the upper mesohaline Region B, and (c) as in (b) but for the lower 
mesohaline Region C.  
 1020 
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 1030 
 
 
 
 
 1035 
 
 

(a) 
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 1040 
 
 
 

 
 1045 
Figure 3: Time series (7-day running mean) of the change in bottom DO between the TMDL climate change and 
no climate change scenarios for the average of the (top panel) upper mesohaline Region B and (bottom panel) 
lower mesohaline Region C. 
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 1070 
 
 
 

 
 1075 
Figure 4: Cumulative hypoxic volume for six ranges of DO concentrations, for each of the study years and each 
of the scenarios (colored circles). 
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 1100 
 

 
 
Figure 5: Percent change due to climate change, relative to the improvement in CHV between the TMDL+noCC 
scenario and Base+noCC run. Percent change in CHV gain is defined as: (TMDL+xx – 1105 
TMDL+noCC)/(TMDL+noCC – Base run+noCC)).  
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 1125 
 
 
 
 

 1130 
 
 
Figure 6: DO differences due to climate change (between the TMDL+noCC and TMDL+tempCC scenarios) 
averaged for (top panel) the stations in Region B and (bottom panel) the stations in Region C. The black lines 
are the average change expected if only solubility was impacted by an increase in temperature. The red lines are 1135 
the modeled change in DO as a result of the increase in temperature affecting both solubility and biological 
oxygen production/demand.  
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 1155 
 

  
 
Figure 7: Bars showing duration of hypoxic volume ( > 1km3) at each DO level for the Base+noCC run and the 
TMDL+noCC and TMDL+allCC nutrient scenarios.  1160 
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 1190 
Figure 8: Latitudinal along-Bay DO transects for the Base+noCC run and TMDL+noCC scenario for July 1, 
1993 (a,c) and July 1, 1995 (b,d), average summer (May-Sept) for 1993 (e,g) and 1995 (f,h), the difference in 
average summer DO between the TMDL+noCC and TMDL+allCC scenarios (i,j), and the percent difference in 
average summer DO between the TMDL+noCC and TMDL+allCC scenarios (k,l).   
 1195 
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Figure 9: Percent of the entire Bay that experiences a given DO level during 1993, 1994, and 1995.  1200 
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Appendix A  1230 

Before being used for climate change sensitivity experiments, the ChesROMS-ECB temperature 

parameterizations were re-examined and modified as necessary based on information from the literature 

and extensive skill assessment using data from 23 Chesapeake Bay Program Water Quality Monitoring 

stations (Table A1). (Data are available at: 

http://www.chesapeakebay.net/data/downloads/cbpwaterqualitydatabase1984present.) Modifications of 1235 
biological functions from the model version published in Feng et al. (2015) and used in the model 

comparisons published in Irby et al. (2016) are documented in Table A2. Specifically, temperature 

dependence was added to the zooplankton maximum growth rate, the remineralization rates of large and 

small detritus, and the phytoplankton growth rate at temperatures above 20°C. The maximum rate of 

nitrification, the temperature dependency on remineralization of semi-labile DON, and the remineralization 1240 
rate of DOC at 0°C were also modified to fit with current understanding (Lomas et al., 2002).  

Skill of the modified model was assessed via total Root Mean Squared Difference (RMSD; Table 

A3), normalized target diagrams (Joliff et al., 2009), and time series analysis (Irby, 2017). For the total 

RMSD calculations, the model results were compared to monthly/bi-monthly observations at the stations 

and regions shown in Fig. 1. Results from the modified model were also compared to an earlier iteration of 1245 
the model evaluated in Irby et al. (2016). 

 
 
 
 1250 
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Table A1 Characteristics of observation stations.  
 

Station Latitude 
(oN) 

Longitude 
(oW) 

Station 
Depth (m) 

Region 

CB1.1 39.54794 -76.08481 6.1 A 
CB2.1 39.44149 -76.02599 6.3 A 
CB2.2 39.34873 -76.17579 12.4 A 
CB3.1 39.2495 -76.2405 13 A 
CB3.2 39.16369 -76.30631 12.1 B 

CB3.3C 38.99596 -76.35967 24.3 B 
CB4.1C 38.82593 -76.39945 32.2 B 
CB4.2C 38.64618 -76.42127 27.2 B 
CB4.3C 38.55505 -76.42794 26.9 B 
CB4.4 38.41457 -76.34565 30.3 B 
CB5.1 38.3187 -76.29215 34.1 C 
CB5.2 38.13705 -76.22787 30.6 C 
CB5.3 37.91011 -76.17137 26.9 C 
CB5.4 37.80013 -76.17466 31.1 C 
CB5.5 37.6918 -76.18967 17 C 
CB6.1 37.58847 -76.16216 12.5 D 
CB6.2 37.4868 -76.15633 10.5 D 
CB6.3 37.41153 -76.15966 11.3 D 
CB6.4 37.23653 -76.20799 10.2 D 
CB7.1 37.68346 -75.98966 20.9 D 
CB7.2 37.41153 -76.07966 20.2 D 
CB7.3 37.11681 -76.12521 13.6 D 
CB7.4 36.9957 -76.02048 14.2 D 
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Table A2. Modifications to formulations and parameter values from Feng et al. (2015). 1260 
 
Symbol Description Feng et al. (2015) this paper Units 

gmax 
*Zooplankton maximum 
growth rate 0.3 0.05*e0.0742*T d-1 

nmax Maximum rate of nitrification 0.05 0.2 d-1 

𝑟!!  *Remineralization of large 
nitrogen detritus 0.2 0.05*e0.0742*T d-1 

𝑟!!  *Remineralization of small 
nitrogen detritus 0.2 0.05*e0.0742*T d-1 

𝜅 !"# !"  
*Temperature dependency 
remineralization of semi-labile 
DON 

0.07 0.0742 (°C)-‐1 

𝑎!! 	  
Remineralization rate of  
DOC at 0 °C 0.003835 0.008 d-1 

𝜇! ^Phytoplankton growth rate 2.15 <20°C, 2.15 
T ≥20°C, 1.81 + e0.16*T-4.27 d-1 

*Community respiration and zooplankton grazing temperature dependent functions are based on a Q10 of 2.1 (Lomas et 
al., 2002)  
^Phytoplankton growth rate at low temperatures (T < 20°C) is constant with higher temperatures following a rate based 
on Lomas et al. (2002) with an average Q10 between 20°C to 40°C of ~2.4.  1265 
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Table A3 Total RMSD (and observational mean) of surface and bottom temperature (T), salinity (S), dissolved oxygen 
(DO) and nitrate (NO3) of the present model and the earlier model version used in Feng et al. (2015) and Irby et al. 
(2016) for the four regions (A,B,C,D) defined in Fig. 1. 1310 
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 A 2050 climate change time horizon was chosen because it is far enough in the future to allow the 

assumption that the TMDL nutrient reductions have been fully implemented (including nutrient transport 

lag effects), while also being soon enough for relatively constrained projections of climate change impacts. 

The climate change scenarios used in this research are primarily based on Coupled Model Intercomparison 

Phase 5 projections for Representative Concentration Pathway (RCP) 4.5, a mid-severity future climate 

scenario used in the 5th Assessment of the Intergovernmental Panel on Climate Change (IPCC), that 

projects a peak in emissions around mid-century combined with a stabilization of radiative forcing by 2100 

(IPCC Summary, 2013). It should be noted that for 2050 projections, studies have demonstrated that the 

difference between RCP scenarios is smaller than the spread of individual global climate models that utilize 

the RCP emission scenarios (e.g., Goberville et al., 2015).  
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have been included and are discussed below. 
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While precipitation exerts a first order control on river flow, the projected changes in river flow 

derived from a watershed model is also greatly influenced by the choice of potential evapotranspiration 

(PET) parameterization. The PET parameterization used here for the climate change experiments is based 

on the Hargreaves-Samani equation (Hargreaves and Samani, 1982). The Hargreaves-Samani equation is a 

simplistic representation of evapotranspiration dynamics as it only explicitly accounts for temperature, but 

does not include advective processes and only implicitly represents relative humidity by including the 



difference in maximum and minimum temperature. In addition, the 2050 Watershed Model projections 

include a parameterization for increased stomatal resistance due to elevated CO2. 
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 All model results used were first downscaled to a 1/8° resolution over the Chesapeake Bay watershed, 

using a bias-corrected spatial disaggregation (Reclamation, 2013). The 32 model results for both 

precipitation and temperature were compared for each month, and the median model estimate was chosen 

to represent the change that would be applied to watershed model inputs. Changes in rainfall were also 

distributed unequally among different precipitation events throughout the months in the simulation period 

in order to increase the intensity based on estimates provided by Groisman et al. (2004).  
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the changes in precipitation applied to the Watershed Model inputs  
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Experiment 0 < DO < 1 mg L-1 1 < DO < 2mg L-1 2 < DO < 3mg L-1 3 < DO < 4mg L-1 4 < DO < 5mg L-1 

TMDL+allCC 11.5 13 72.3 117.5 202 

TMDL+slrCC 
 -22.1 -12 -5.6 3.6 30.9 

TMDL+riverCC 5.9 6.9 10.1 9.8 5.5 

TMDL+tempCC 21.1 12.8 58.8 89.3 150 
 

 


