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ABSTRACT: In this study, the influence of sea-level rise (SLR) on seasonal hypoxia and phytoplankton produc-
tion in Chesapeake Bay is investigated using a 3D unstructured grid model. Three SLR scenarios (0.17, 0.5, and
1.0 m) were conducted from 1991 to 1995. Results show that the summer hypoxic volume (HV) increases about
2%, 8%, and 16%, respectively, for these three scenarios, compared with Base Scenario. The contributions of
physical and biological processes on the increase in the HV were analyzed. With the projected SLR, enhanced
gravitational circulation transports more oxygen-rich water in the bottom layer from the mouth. However, the
pycnocline moves upwards along with increasing water depth, which largely prolongs the time for dissolved oxy-
gen (DO) to be transported to the bottom. The altered physical processes contribute greatly to a larger HV bay-
wide. Besides, SLR increases the whole Bay phytoplankton production, with a larger increase in shallow areas
(e.g., 53% in areas with depth <1 m under SLR of 0.5 m). Enhanced light availability is suggested to be the
major driver of blooming phytoplankton under SLR in shallow areas. While increased DO production over the
euphotic zone is mostly released to the atmosphere and transported downstream, the increase in settled organic
matter greatly promotes DO consumption in the water column. The increased respiration is another major cause
of the HV increase besides the physical contributions.
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INTRODUCTION

Hypoxia (dissolved oxygen [DO] concentration
≤2 mg/L), occurs in deeper regions of Chesapeake
Bay (the Bay hereafter) in the summertime and has
been recorded since the last century (Seliger et al.
1985; Hagy et al. 2004). The hypoxic volume (HV) in
Chesapeake Bay ranges from 8 to 17 km3, with larger
HV observed in wet years (Hagy et al. 2004; Bever
et al. 2013). The observed large HV decreases habi-
tats for fish, invertebrates, and benthic macrofauna

and therefore degrades the ecosystem by changing
the food web and energy transfer between different
trophic levels (Diaz and Rosenberg 1995; Vaquer-
Sunyer and Duarte 2008). Besides, hypoxia changes
nutrient cycling by inducing bottom nutrient release
that further affects the ecosystem (Kemp et al. 1990).

The primary cause of hypoxia in the Bay is that
DO consumption exceeds replenishment from the sur-
face waters through the pycnocline. Net planktonic
respiration, heterotrophic respiration, and benthic
consumption of deposited organic matter are major
components of the bottom water DO consumption
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(Kemp et al. 1992). The DO replenishment from the
atmosphere decreases when the vertical stratification
is strengthened and the solubility is reduced in war-
mer water in summer (Taft et al. 1980). For example,
an increase in freshwater discharge from the Susque-
hanna River, which also brings excess nutrients,
leads to a stronger stratification and therefore severe
hypoxia (Taft et al. 1980; Seliger et al. 1985). Exces-
sive anthropogenic loads of nutrients are recognized
to be a major cause of eutrophication. The onset of
hypoxia in the Bay usually starts after the spring
algal bloom and the subsequent respiration of settled
and enhanced accumulation of organic matter in the
water column and bottom sediment (Newcombe and
Horne 1938; Murphy et al. 2011). After the initiation
of hypoxia, increased nutrient flux from the sediment
supports the summer algal bloom which further
increases the bottom water column DO consumption
(Kemp et al. 1992; Murphy et al. 2011).

Worldwide sea-level rise (SLR) has been accelerat-
ing over recent years from about 1.7 mm/year
between 1901 and 2010 to about 3.2 mm/year
between 1993 and 2010 (IPCC 2007). In Chesapeake
Bay, the estimated trend of relative SLR, varying
from 2.7 to 4.6 mm/year for different locations over
1955 to 2007, is larger than the estimation for global
mean SLR (Zervas 2001; Boon et al. 2010). SLR is
projected to be 0.3–0.7 m by 2050 and 0.7–1.6 m by
2100 (Rahmstorf 2007; Najjar et al. 2010; Boesch
et al. 2013). Under SLR, the bay-averaged salinity is
predicted to increase by 0.5 with an SLR of 0.2 m
(Hilton et al. 2008). The bay-averaged stratification is
estimated to be strengthened under SLR, which
reduces vertical exchange through the pycnocline and
tends to diminish the bottom DO supply from the sur-
face layer (Hong and Shen 2012). Additionally, the
residence time for substances discharged from the
Susquehanna River is prolonged due to larger water
volume under SLR (Hong and Shen 2012). The
changes in hydrodynamics could affect DO dynamics
and HV.

Multiple numerical studies have been conducted to
discuss the change in the hypoxic/anoxia volume in
response to SLR in the Bay. However, diverse
changes have been predicted. Both Wang et al. (2017)
and Irby et al. (2018) showed an improvement in the
DO conditions whereas Ni et al. (2017) suggested an
increase in the summer HV. St-Laurent et al. (2019)
made an explicit comparison between different mod-
els and showed that all the models predict the same
trend of change in DO but disagree on the changes in
HV. This suggests large uncertainties still exist in
numerical modeling of the effects of SLR on hypoxia.
The uncertainties may be largely due to the differ-
ences in model kinetic parameters and grid resolu-
tion. Another concern is the lack of a high-resolution

grid that cannot well represent shallow waters and
tributaries in many of these models (Cai et al. 2020).
There has been no report on what and how much
change will happen in shallow regions under SLR,
though tributaries and shallow water areas (water
depths smaller than 2 m in this study) are expected
to experience larger changes compared with the main
stem of the Bay.

In this study, a high-resolution three-dimensional
unstructured-grid (UG) model is used to investigate
the effects of SLR on hypoxia. Besides studying the
effects of SLR on the main stem, we also explore the
changes in HV, flushing time, and phytoplankton pro-
duction, with a focus on the tributaries and shallow
water areas. This paper is organized as follows: a
description of the model, scenarios, and analysis
methods are presented in Methods. Results of
changes in hypoxic conditions and phytoplankton pro-
duction are presented in Results. Discussion presents
the discussions on the drivers of the changes for
hypoxia including inside the tributaries and shallow
water areas. The last section summarizes the entire
study.

METHODS

SCHISM-ICM

We use a fully coupled hydrodynamic and water
quality model, Semi-implicit Cross-scale Hydroscience
Integrated System Model with the Integrated Com-
partment Model (SCHISM-ICM), which couples the
SCHISM-ICM for water quality simulation (Cerco
and Cole 1994; Zhang et al. 2016; Cai et al. 2020;
schism.wiki). In addition, the sediment flux model
which simulates the diagenesis and recycling pro-
cesses is incorporated into ICM (Di Toro and Fitz-
patrick, 1993). SCHISM-ICM solves physical and
biogeochemical processes simultaneously. There are
21 water quality state variables simulated by ICM:
three algal assemblages, comprised of diatom, green
algae, and cyanobacteria, along with three groups of
carbon, five groups of nitrogen, four groups of phos-
phorus, chemical oxygen demand, and DO. Local
kinetic processes of these state variables are simu-
lated by ICM, whereas transport and spatial distribu-
tion of these state variables are simulated by
SCHISM.

SCHISM uses a semi-implicit time-stepping
scheme applied in a hybrid finite-element and finite-
volume framework to solve Navier–Stokes equations
and uses an Eulerian–Lagrangian method to treat
the momentum advection. This numerical scheme
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ensures the time step is not restricted by the
Courant–Friedrichs–Lewy condition. For shallow
water areas where high-resolution model grids are
used, the time step can remain large in the hydrody-
namic model. This largely improves numerical effi-
ciency. In the vertical dimension, the model uses a
highly flexible and efficient hybrid coordinate system
LSC2 (localized Sigma Coordinates with Shaved Cell),
which allows a varying number of vertical grids at
each node (Zhang et al. 2015). The high-resolution
model grids, coupled with the hybrid vertical coordi-
nate system for shallow water areas allow for seam-
less spatial cross-scale simulations. This makes it
feasible to study the effects of SLR on shallow and
deep areas as a whole.

Design of Scenarios

The model domain for Chesapeake Bay and its
tributaries is shown in Figure 1. Base Scenario uses
the current mean sea level as a reference datum for
model simulations, and the model has been developed
and calibrated by Cai et al. (2020). The simulation
period is from 1991 to 1995, which is currently used
as a reference period for management scenario simu-
lations by the Chesapeake Bay Program (CBP).
Besides the Bay proper, the grid extends farther off-
shore to the shelf break to minimize the influence of
open ocean conditions on the interior of the Bay. The
grid resolution varies from 2.4 km on the continental
shelf to <100 m in tributaries. A flexible vertical grid
system LSC2 developed by Zhang et al. (2015) was
applied in this study, which preserves the spatial

variation of bathymetry in high fidelity. The number
of vertical layers varies from 11 to 52 (33 on average)
for the whole system with resolution varying from 0.5
to 19 m. The model uses a single nonsplit time step
of 150 s.

Interpolated elevations from two tidal gauges at
Lewes, Delaware, and Beaufort, North Carolina were
used to force elevations at the ocean boundary. We
obtained the boundary temperature from Simple
Ocean Data Assimilation (Carton and Giese 2008)
from January 1, 1991 to October 6, 1992 (when
hybrid coordinate ocean model [HYCOM] is not avail-
able) and HYCOM (Chassignet et al. 2007) from Octo-
ber 7, 1992 to December 31, 1995. World Ocean Atlas
monthly climatological data provided the ocean
boundary salinity. We used constant values for the
nutrients and other water quality variables in the
ocean boundary because the ocean boundary is far
away from the Bay mouth and the model simulation
in the Bay was tested to be generally insensitive to
the nutrient conditions at the ocean boundary (Cai
et al. 2020). Phase 6 Watershed Model of Chesapeake
Bay Assessment Tool provided daily runoff and nutri-
ent loads from the watershed for this study (Shenk
and Linker 2013). The daily loadings are linearly
interpolated into each time step in this model. The
atmospheric forcing and heat fluxes were obtained
from the North American Regional Reanalysis
(Mesinger et al. 2006).

SLR of 0.17, 0.5, and 1.0 m were added to the sea
surface height at the ocean boundary of the Base Sce-
nario, respectively, for each SLR scenario. All scenar-
ios share identical oceanic, watershed, and
atmospheric forcings. In this study, since we focus on

FIGURE 1. Model domain for Chesapeake Bay and its tributaries, with the 12 cross channel sections (red lines). Two blue triangles denote
the locations used for vertical profile analysis.
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the effects of SLR as the sole driver to cause changes
in transport and biochemical processes, all other pro-
cesses, such as river discharge, wind, solar radiation,
and nutrient loadings remain unchanged.

According to estimations from Dettmann (2001),
the surface area of the Bay is 11,524 × 106 m2 and
the mean depth of it is 6.8 m. SLR of 0.5 m will
increase the Bay volume (ΔVol) by 5.764 km3 (7.4%)
without considering the changes in the surface area.
The average volume or depth increase is 7.4% of the
original total volume and depth. For this study, the
increase in the surface area in the low-lying area of
the Bay due to SLR was not considered for comparing
the model results with other published model results.

Analysis Methods

Flushing Time. Flushing time is the time it
takes to replace the water mass of a waterbody and
is often estimated by the ratio of the mass of a scalar
in a reservoir to the rate of renewal of the scalar
(Monsen et al. 2002). We calculated the flushing time
for the major tributaries because the river discharge
is estimated to be dominant for the water exchange
in the Chesapeake Bay (Xiong et al. 2021). Flushing
time can be estimated numerically by calculating the
e-folding time. To calculate the e-folding time, passive
tracers were released in each tributary twice a month
for a year. The e-folding time for each release was
calculated as the time it takes for tracer concentra-
tion decreases to e−1 (about 37%) of the initial tracer
concentration, and the values were then averaged for
the year 1992 (Monsen et al. 2002).

Hypoxic Volume. The HV estimation follows the
method in Bever et al. (2013) for estimating the HV
based on observations. Using the same method helps
avoid any bias introduced by the estimation method
when comparing the modeled HV with observations.
The modeled DO profiles at major CBP stations (as
used by Bever et al. 2013) were interpolated/extrapo-
lated onto the current SCHISM UG grid to cover the
entire Chesapeake Bay before the total HV was calcu-
lated. A linear interpolation was used at each vertical
layer, and the hypoxic layer thickness at each node
was then calculated. The hypoxic layer thickness at
each element is the averaged value among its three/-
four surrounding nodes. The total HV is the sum of
HV in each element, which is the product of the ele-
ment area and its hypoxic layer thickness.

Phytoplankton Production. Local phytoplank-
ton production was computed by integrating local

phytoplankton production in each water column for
the element:

GPP¼ ∑
n

i¼1

C1i �G1iþC2i �G2iþC3i �G3ið Þ �depi,

(1)

where GPP is areal gross primary production of phy-
toplankton (g C/m2/day), n is the number of layers in
each element, i is the vertical layer index, C1, C2,
and C3 are carbon-based phytoplankton biomass of
three groups (diatoms, green algae, and cyanobacte-
ria) over each layer, respectively (g C/m3), and G1,
G2, and G3 are growth rates of the three phytoplank-
ton groups (day−1), and dep is layer thickness (m).

Comparison of DO Concentration and Local
Change Rates. DO concentration and its local
change rate were calculated based on the absolute
altitude in each vertical layer of the model for both
Base and SLR Scenarios. To better compare the ver-
tical profiles of these values between Base and SLR
Scenarios, two references in the vertical coordinate
were used. The first reference was set to be the bot-
tom, and its vertical position is unchanged in the
model. This reference helps to estimate the changes
in DO in the bottom hypoxic layer. The second refer-
ence was set to be the free water surface, which
rises in each SLR Scenario. This reference helps to
compare the contributions of local biological pro-
cesses in the upper layer, such as phytoplankton
growth.

Oxygen and Nutrient Fluxes. Oxygen and
nutrient fluxes were calculated at 12 cross sections
from the Bay mouth to the head (Figure 1). Influx
and outflux were calculated as the sectionally inte-
grated products of along-channel flow velocity and
concentration of DO or nutrient where the velocity
direction is upstream into the Bay (marked as nega-
tive) and downstream (positive), respectively. The
calculations of fluxes through each cross section
follows:

influx¼ R
Aðu<0Þ

u �Varð ÞdA

outflux¼ R
Aðu>0Þ

u �Varð ÞdA

8><
>: , (2)

where u is the along-channel velocity (m/s), Var is
DO or nutrient concentrations (g/m3), A is the area of
cross sections (m2). Five-year averages of monthly
and annually influx, outflux, and net flux at each
cross section were then calculated.
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RESULTS

DO under SLR

Changes in DO concentrations due to SLR (ΔDO;
Δ = SLR Scenario − Base Scenario, thereafter) can be
either positive or negative, where positive values of
ΔDO mean increases in DO concentration after SLR
and negative values mean decreases. For different
SLR scenarios, ΔDO has different magnitudes but
shows a similar distribution in general. The magni-
tude of ΔDO tends to increase linearly with the mag-
nitude of SLR. The bottom ΔDO varies spatially, and
it is mostly negative in shallow areas but becomes
positive in some hypoxic areas (DO concentration is
lower than 2 g/m3) (Figure 2). From June to August,
the bottom ΔDO approaches zero in the upper and
mid-Bay (between latitude 38.5 and 39oN). A positive
ΔDO of 0.1–0.2 g/m3 can be seen in the region near
38oN when SLR exceeds 0.17 m.

The HV under SLR

HV generally increases (ΔHV > 0) with some inter-
annual variations (Figure 3). Take the case of SLR =
0.5 m as an example, ΔHV ranges from 0.5 to
1.0 km3 for different years. The increase in HV is
positively correlated to the magnitude of SLR. ΔHV
is, on average, about 2%, 8%, and 16% of the current
HV in Base Scenario, respectively, for the scenarios
of SLR of 0.17, 0.5, and 1.0 m. In addition, although

each case of SLR leads to a change in total water vol-
ume (ΔVol), ΔHV maintains a relatively stable frac-
tion (10%–15%) of ΔVol.

As mentioned in the introduction, there are diverse
predictions for ΔHV (Ni et al. 2017; Wang et al. 2017;
Irby et al. 2018). Our predicted ΔHV has the same
trend as Ni et al. (2017). St-Laurent et al. (2019) con-
ducted a comparison between all the model predic-
tions including the SCHISM-ICM model and showed
the predicted trends of ΔDO are the same for all the
models — positive ΔDO for the mid-lower Bay chan-
nel but negative for the shallow regions. The magni-
tude of ΔDO for each SLR scenario is comparable (St-
Laurent et al. 2019). Our model result has a similar
magnitude of ΔDO as ChesROMS-ECB (Irby et al.
2018), and lies between the CH3D-ICM (Wang et al.
2017) and UMCES-ROMS-RCA (Ni et al. 2017).

Phytoplankton Production under SLR

Changes in gross phytoplankton production
(ΔGPP) have a significant impact on hypoxia in the
Bay (Murphy et al. 2011). ΔGPP corresponding to
SLR in the water column is positive in most areas of
the Bay (Figure 4d, 4e). For shallow areas, the mag-
nitude of ΔGPP can reach as high as 0.4 g C/m2/day
for the case of a 0.5 m SLR, i.e., a 50% increase in
the phytoplankton production (Figure 4b, 4e). For the
scenarios of 0.17 and 1.0 m SLR, the increases in the
local production are up to about 18% and 80%,
respectively (not shown in the figure). Large values of
ΔGPP (e.g., >0.15 g C/m2/day) generally occur in

FIGURE 2. (a) Five-year averaged bottom dissolved oxygen (DO) concentrations in Base Scenario, and (b–d) absolute differences between
sea-level rise (SLR) (0.17, 0.5, and 1 m) to Base Scenarios from June to August.
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shallow areas (<2 m) with relatively low values of
GPP (e.g., <0.5 g C/m2/day) in Base Scenario (Fig-
ure 4b, 4c). In tributary channels where the water
depth ranges from 1 to 4 m, ΔGPP is up to 0.2 g C/
m2/day. In the deep areas (e.g., >8 m) where the GPP
is large in Base Scenario (e.g., 0.8–1.4 g C/m2/day),
however, ΔGPP is much smaller and can even be neg-
ative (e.g., <0.02 g C/m2/day) (Figure 4b, 4c).

High-depth-integrated chlorophyll-a concentrations
(denoted by Tchla) are more concentrated in deep
areas in the upper-middle part of the main Bay and
deep tributaries such as the Potomac River (Fig-
ure 5a-1). In contrast, high depth-averaged
chlorophyll-a concentrations (denoted by Mchla) are
located in shallow areas in the upper-middle Bay
regions, including shallow tributaries such as the
Chester River (Figure 5d, 5g). Changes in depth-
integrated chlorophyll-a concentrations (ΔTchla) gen-
erally show a similar spatial distribution as ΔGPP
(Figure 5a-2, 5a-3). However, changes in depth-
averaged chlorophyll-a concentrations (ΔMchla) can
be both positive and negative over the Bay (Fig-
ure 5b-2, 5b-3).

DISCUSSION

The Contributions of Physical and Biochemical
Processes to DO Dynamics under SLR

Physical Processes. SLR results in an increase
in salinity throughout the Bay and the deep channel
(Figure 6a). Bay-averaged ΔS is about 0.7 for the case
of a 0.5 m SLR, and ΔS increases linearly with the

magnitude of SLR. Results show that the length of
salt intrusion also increases with SLR and the sea-
sonal pattern agrees with predictions in Hong and
Shen (2012). For example, a 0.5 m of SLR increases
salt intrusion length by about 5 km on average (not
shown). The increase in salinity and salinity intru-
sion suggests that more DO-rich coastal water can be
transported into the Bay in the lower layer. This is
supported by the upward oxygen at the 12 cross sec-
tions (Figure 7).

SLR drives stronger gravitational circulation,
which inputs more oxygen-rich water into the lower
layer of the Bay from the coast, and exports more
oxygen in the upper layer (Figure 7). Although there
is a net outflux of oxygen from the Bay annually (Fig-
ure 7a-3, 7b-3), the elevated bottom oxygen influx
increases the bottom oxygen concentration over the
lower Bay as shown in Figure 2b–2d. Compared with
other model predictions for ΔDO in the Bay (e.g., Ni
et al. 2017; Wang et al. 2017; Irby et al. 2018; St-
Laurent et al. 2019), our model shows the positive
ΔDO is more confined in the lower Bay due to the
smaller influx of bottom oxygen at the location north
to the Rappahannock Shoal (Cross section 5) (Fig-
ure 7b), which is different from other model predic-
tions (St-Laurent et al. 2019). This smaller upstream
transport shown in our model could result from the
highly resolved bathymetry in SCHISM relative to
other models (Cai et al. 2020).

The overall Bay-averaged stratification is strength-
ened with the enhanced gravitational circulation.
Under SLR, the pycnocline rises relative to the bottom
(Figure 6b). Meanwhile, the vertical salinity gradient
(dS/dz) relative to the sea surface decreases, which
indicates a slight increase in the mixing of DO near
the surface (Figure 6c). However, this does not

FIGURE 3. Hypoxic volume and difference under SLR scenarios of 0.17, 0.5, and 1.0 m. The black line in the upper
panel is from Base Scenario.

JAWR JOURNAL OF THE AMERICAN WATER RESOURCES ASSOCIATION6

CAI, SHEN, ZHANG, QIN, WANG, AND WANG



necessarily mean that there is a higher DO flux
transported from the upper layer into the lower layer
of the water column. Previous studies suggest that

the time for water parcels transported from the sur-
face to the bottom, the vertical exchange time,
becomes longer in estuaries under SLR (Hong and

FIGURE 4. Five-year averages of gross phytoplankton production (depth-integrated) from April to June. (a) horizontal distribution in Base
Scenario, (b) averages in areas of different water depths for Base Scenario and SLR = 0.5 m, (c) relative difference between Base Scenario

and SLR = 0.5 m at different water depths, and horizontal distribution of (d) absolute difference and (e) relative difference caused by
SLR = 0.5 m on Base Scenario.
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Shen 2012). This is caused by the pycnocline rise and
the increased volume below the pycnocline. Thus,
although the mixing of DO may be enhanced above
the pycnocline, the overall time required for the DO
in the upper layer to be transported to the lower
layer increases. As a result, the oxycline rises relative
to the bottom under SLR (Figure 6d), which mainly
drives the overall increase of HV (Figure 3). On the
other hand, the DO concentration increases under
SLR at the same distance below the surface (Fig-
ure 6e). This could be a result of enhanced mixing in
the upper layer as discussed above, but could also be

a result of the increased phytoplankton production,
which will be discussed in the next sections.

The contribution of lateral circulation is also stud-
ied. Under SLR, the increase in water depth in shal-
low areas is more pronounced than the deep channel,
which can alter the lateral circulation. The model
simulation shows that the lateral channel-shore
exchange is strengthened along the lateral cross sec-
tion under SLR. For example, the averaged surface
velocity along the cross-channel direction over Sec-
tion 9 (see Figure 1) increases 2.35% when SLR is
1 m. The increased channel-shore exchange is

FIGURE 5. Five-year averages of (a) depth-integrated and (b) depth-averaged chlorophyll-a concentration from April to June, respectively,
for (a,b-1) Base Scenario, (a,b-2) absolute difference and (a,b-3) relative difference caused by SLR = 0.5 m on Base Scenario.
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expected to transport more oxygen from shallow
areas to deep channels to decrease HV. However, the
lateral circulation-induced DO supply is minor, which
is unable to offset baseline hypoxic conditions. On the
other hand, the lateral advection of low-oxygen water
contributes to the decrease in the bottom DO concen-
tration in the shallow areas (Figure 2).

Biochemical Processes. The enhanced gravita-
tional circulation, strengthened stratification, and
increased water depth/volume caused by SLR, as dis-
cussed in Physical Processes Section, cannot fully
explain the overall increased HV in the Bay since DO
concentration increased in the deep channel of the
mid-lower Bay. The model also suggests that the phy-
toplankton production increases under SLR, which
produces more oxygen through photosynthesis, but
consumes more DO through respiration. Surface DO
for both deep (Figure 6d, 6e) and shallow areas (Fig-
ure 8a) changes little resulting from the air-sea equi-
librium and advection. The local net rate of change in
DO at the surface (1.1 g/m3/day, Figure 8b) is smaller
than the difference between DO production rate and
respiration rate (1.7 g/m3/day, Figure 8c, 8d), which
suggests there is a net transport of DO from the
water to the atmosphere. The outflux of DO by

gravitational circulation near the surface also
increases. Therefore, more oxygen produced by the
increased phytoplankton production under SLR does
not help much to increase the bottom oxygen concen-
tration. Furthermore, the settled organic matter,
from increased phytoplankton production under SLR,
contributes to more water column respiration (Fig-
ure 8d). The vertical distributions of local biochemical
processes share the same trend as shown in Figure 8
for both deep and shallow areas. The increased phyto-
plankton production under SLR increases the settling
of organic matter, resulting in the sediment oxygen
demand. Also, the deepened water column and
increased residence time prolong the retention time
of increased organic matters in the water column,
resulting in increased water column respirations.

DO Budget. We used a simple DO budget model
to evaluate the contributions of both the physical
transport and local biochemical processes to hypoxia
in the region between Cross sections 7 and 8 (Fig-
ure 1), and quantitatively compared the contribution
of each process for Base and SLR scenarios (Fig-
ure 9). The dominant processes are phytoplankton
production, heterotrophic respiration, and net flux
physical transport. Other processes, such as air-sea

FIGURE 6. Five-year averages of the vertical distribution of (a) salinity (b,c) dS/dz, and (e,f) DO at a deep location in the hypoxic zone
(Figure 1) from June to August. Profiles (a,b,d) relative to the bottom and (c,e) relative to the water surface are provided.
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exchange and nitrification, have relatively low contri-
butions to the budget. Under SLR of 1 m, contribu-
tions of all dominant processes on DO budget
increase. The total DO consumption increases by
11.2% (Figure 9b). Although the DO influx in the bot-
tom layer increases under SLR (Figure 7), the
increased net flux transports more DO out of the
Bay. The increased total respiration and DO outflux
overwhelm the increased DO production, which leads
to more loss of DO and an enlarged HV.

Changes in Phytoplankton Production under SLR

Since both Tchla and local depth increase, the
positive ΔMchla shown in certain areas indicates
that the local production, especially the local growth,
is enhanced due to the effect of SLR (Figure 5). In
other areas, especially the main stem, the local
Tchla is usually at a high level though ΔMchla is
negative, implying that other local processes limiting
the accumulation or growth of phytoplankton. For

example, Mchla is diluted by increased water depth.
Also, the increased water depth and enhanced strati-
fication reduce the upward flux of recycled nutrients
from the lower layer, which reduces the nutrients
supply in the surface layer for phytoplankton to
take up.

The enhanced gravitational circulation affects both
the transports of nutrients and phytoplankton. To
quantify the export and retention of substances
affected by SLR in the Bay, the freshwater age of the
Bay was computed following the method in Shen and
Haas (2004). The overall water age of the Bay
increases with SLR. With an SLR of 0.5 m, the
annual freshwater age of the Bay mouth increased by
20–60 days for different years from the value of about
200 days in Base Scenario (Cai et al. 2020). An
increased freshwater age suggests that more nutri-
ents will be retained inside the Bay for phytoplank-
ton growth (Nixon et al. 1996), which is also
supported by the changes in nutrient flux under SLR
(Figure 10). The net outfluxes of both total nitrogen
and dissolved inorganic nitrogen decrease in all the

FIGURE 7. (a) Five-year averages of oxygen flux for each month from 1991 to 1995 at Cross section 4 near Rappahannock Shoal (Figure 1);
(b) Five-year averages of annual oxygen flux from 1991 to 1995 at the 12 cross-sections from Bay mouth to head. Panels (a,b-1)

are influx, panels (a,b-2) are outflux, and panels (a,b-3) are the net oxygen flux. Negative values mean flux into the Bay, whereas positive
values refer to outflux.
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seasons (Figure 10a-1,-2, 10b-1,-2); and the net influx
of total inorganic phosphorus increases during most
time of a year under SLR (Figure 10a-3, 10b-3).
Besides, the Bay-wide stronger stratification tends to
maintain phytoplankton in the euphotic zone.

Besides the direct effects on phytoplankton growth,
accumulation and distribution, it appears that SLR
reduces the growth limitations of phytoplankton in
many tributaries or certain regions of large tribu-
taries (e.g., the Choptank River, the upstream of the
Potomac River). The changes in water volume (water
column depth), transport and circulation, flushing
time, as well as the nonlinear interactions among
them, influence the local phytoplankton growth by
changing the local nutrient and light availabilities,
and the detailed discussion about these interactions
will be presented in next Section.

Changes in Tributaries and Shallow Areas

Changes in Flushing Time of Major Tribu-
taries. As discussed above, model results show that

phytoplankton production increases significantly in
tributaries and shallow areas under SLR. The
increase in the GPP, however, is not proportional to
the volume increase in most areas. Since nutrient
loadings from the watershed are unchanged, the
nutrient limitation for phytoplankton growth is
mainly influenced by physical processes and nutrient
consumption, and nutrient is less limited in tribu-
taries. In this case, change in nutrient limitation
under SLR for phytoplankton growth is expected to
be minor in tributaries and shallow areas. Flushing
time was computed for each major tributary to
explore the local retention and dynamic processes
that affect the dynamics of phytoplankton and nutri-
ents.

Opposite to the situation that residence time of the
Bay increases under SLR, the flushing time in most
tributaries in the upper Bay (e.g., the Chester River)
tends to decrease with SLR (Figure 11a); however,
this seems a relatively minor factor (see discussions
below).

The flushing time of a tributary can be expressed
as:

FIGURE 8. (a) Five-year averages of the vertical distribution of DO at a shallow location in Cross section 9 (Figure 1). (b) The local net rate
of change resulting from the local processes controlling the DO budget, including reaeration, phytoplankton photosynthesis, basal respiration,
heterotrophic respiration, nitrification, sulfide oxidation, and sediment oxygen demand. (c) The rate of local oxygen productions. (d) The rate
of total local oxygen consumption, including basal respiration, heterotrophic respiration, nitrification, sulfide oxidation, and sediment oxygen
demand. The averages are calculated for July.
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τ¼V

Q
, (3)

where V is the total volume and Q is the flux out of
tributary (Monsen et al. 2002). The change in flush-
ing time depends on the net effect of increases in vol-
ume and flux. Although SLR increases water volume,
V, which tends to increase the flushing time, it also
increases flux Q, as suggested by the classic estuarine
circulation theory. According to the classic estuarine
circulation theory (Hansen and Rattray 1966; MacC-
ready and Geyer 2009), the velocity of the exchange
flow is quantified by the expression:

uE ¼ gβ �sxH
3

48Km
, (4)

where g is the gravitational acceleration constant,
β≅7:7�10�4 PSU−1, �sx is depth-averaged salinity gra-
dient in the along-channel direction, H is water
depth, and Km is the vertical eddy viscosity. The out-
flux can be expressed by the production of uE and the
cross-sectional area. This suggests that the increase
of water depth increases both the velocity of the
exchange flow and cross-sectional area. Therefore,
the increase in water depth increases the water
exchange and shortens the flushing time (Hansen
and Rattray 1966; Shen and Lin 2006). Since the out-
flux can increase if the exchange flow increases due

to the enhanced gravitational circulation, the change
in flushing time (Δτ) depends on the competition
between the increases in the volume and the increase
in the flux resulting from increased gravitational cir-
culation. Δτ can be either positive or negative for dif-
ferent tributaries.

Effects of Sea-Level Rise on Light Supply in
Tributaries. The areal phytoplankton primary pro-
duction is the integration of productivity over the water
column. In estuaries, phytoplankton is distributed ver-
tically in the upper mixed layer, whereas photosynthe-
sis occurs in the euphotic zone. The ratio of the depth of
the euphotic zone (1% of the surface irradiance) to the
depth of the mixed layer can alter the light availability
in the water column and hence regulate the areal phyto-
plankton production (Cloern 1987; Smith and Kemp
1995). In deep areas where the depth of the euphotic
zone is greater than the depth of the mixed layer, light
is fully utilized in the water column and leads to maxi-
mum phytoplankton production. However, in areas
where the depth of the euphotic zone is less than the
depth of the mixed layer, light cannot be fully utilized
and may prevent full growth of the phytoplankton pro-
duction from reaching its maximum productivity (Clo-
ern 1987; Brawley et al. 2003; Brush and Brawley
2009). In these shallow areas, the whole water column
is usually within the euphotic zone and hence the light
availability can often be limited by the water depth.
This has been widely observed in different estuaries

FIGURE 9. Five-year averages of the contribution of each physical or biological process to the DO budget in the area between Cross sections
7 and 8 (Figure 1) from June to August, for Base and SLR Scenarios. (a) Diagram of the contribution of each process to the DO budget,
where the width of the arrow is generally proportional to the averaged contribution. Blue arrows indicate source terms of the DO budget and
yellow arrows indicate sink terms of the DO budget. (b) Bar plots of each term in the DO budget, with the change percentages (SLR-Base)/
Base labeled.
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that phytoplankton production is often less than the
maximum values in the areas where the water depth is
shallower than the euphotic depth (e.g., Cloern 1987;
Mallin et al. 1991; Boyer et al. 1993). Thus, in some
shallow areas of the tributaries, the increase in water
depth and change in hydrodynamics as a result of SLR
can have a nontrivial impact on light supply for phyto-
plankton growth and hence on primary production.
This can be examined quantitively using the equa-
tion for primary production. The phytoplankton produc-
tivity can be expressed as GPP and phytoplankton
biomass (Cloern et al. 2014; Qin and Shen 2017), and
the depth-integrated phytoplankton GPP is the integral
of productivity from the surface to the bottom:

GPP¼
ZH

0

GzCzdz, (5)

where Gz and Cz are the gross growth rate and volumet-
ric biomass at each depth z, respectively. For shallow
areas where the water depth is less than the depth of the

mixed layer depth, the phytoplankton can be assumed to
be homogeneously distributed at each depth (for the sake
of analytical solutions), and the biomass Cz can be
assumed to be independent of depth and equal to the
depth-averaged biomass. Therefore, depth-integrated
phytoplankton production can be expressed as:

GPP¼G �C �H, (6)

where G is depth-averaged gross growth rate (day−1),
C is depth-averaged phytoplankton biomass (g C/m3),
and H is water depth (m). Under light limitation,
gross growth rate G¼Gm � f Ið Þ, where Gm is the
temperature-dependent maximum growth rate
(day−1) and f Ið Þ is the daily averaged growth-
limitation function for light (Chapra 1997):

f Ið Þ¼ e

Kd �H � e
� I0

Iopt
�e�Kd �H � e

� I0
Iopt

� �
, (7)

Kd is light attenuation coefficient (m−1), I0 is inci-
dent light irradiance at the surface and Iopt is

FIGURE 10. (a) Five-year averages of net nutrient flux for each month from 1991 to 1995 at Cross-section 4 near Rappahannock Shoal
(Figure 1); (b) Five-year averages of annual net nutrient flux from 1991 to 1995 at the 12 cross-sections Bay mouth to head. Panels (a,b-1)
are total nitrogen, panels (a,b-2) are dissolved inorganic nitrogen and panels (a,b-3) are total inorganic phosphorus. Negative values mean

flux into the Bay, whereas positive values refer to outflux.
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optimal light intensity (langleys day−1). Equations
(6 and 7) suggest that under SLR, a possible
change in GPP can result from changes in water
depth, H, light attenuation, Kd, or phytoplankton
biomass, C. Substituting Equation (7) into Equation
(6) reads:

GPP¼Gm �C � e

Kd
� e

� I0
Iopt

�e�Kd �H � e
� I0

Iopt

� �
: (8)

The effect of water depth on GPP is through its
comparison with the depth of the euphotic zone (de-
noted by Hu). If water depth H ≥Hu, the utilization
of the light by phytoplankton in the water column is
not limited by the water depth. In this case, light
irradiance approaches zero at the bottom. Since light
irradiance at each depth z can be described by the

Beer–Lambert law, I zð Þ¼ I0e
�kd�z, we have

I Hð Þ¼ I0e
�kd�H≈0. This results that e�kd�H≈0 and

e
� I0

Iopt
�e�Kd �H

≈1. Therefore, the daily averaged growth-
limiting function for light can be simplified as:

f ∗ Ið Þ¼ e

Kd �H 1� e
� I0

Iopt

� �
: (9)

We used f ∗ Ið Þ to denote the f Ið Þ when the utiliza-
tion of the light by phytoplankton in the water

column is not limited by the water depth. If the water
depth is less than the depth of the euphotic zone,
H<Hu, i.e., light can penetrate ultimately to the bot-
tom. In this case, the utilization of the light by phyto-
plankton in the water column is limited by the water

depth, I Hð Þ¼ I0e
�kd�H>0 and e

� I0
Iopt

�e�Kd �H
is <1. Obvi-

ously, f Ið Þ< f ∗ Ið Þ.
To describe f Ið Þ in the two cases H ≥Hu and

H<Hu, the daily averaged growth-limiting function
for light may be expressed as:

f Ið Þ¼ r � f ∗ Ið Þ, (10)

where r is a factor ranging from 0 to 1, and it has the
expression:

r¼ e
� I0

Iopt
�e�Kd �H � e

� I0
Iopt

1� e
� I0

Iopt

: (11)

For the case H ≥Hu, r = 1 and f Ið Þ¼ f ∗ Ið Þ. For the
case H<Hu, r < 1, and Equation (11) suggests a posi-
tive correlation between r and Kd �H. Over shallow
areas where the whole water column is within the
euphotic zone when the water becomes deeper, more
light energy can be utilized in the water column until
the local depth exceeds the 1% light level.

FIGURE 11. (a) Difference of depth-averaged light attenuation coefficient (Kd) caused by SLR of 0.5 m from April to June. Side labels in
days indicate the estimated change of flushing time caused by an SLR of 0.5 m for each major tributary. (b) The relative difference of bottom

light supply from April to June caused by SLR = 0.5 m on Base Scenario.
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Correspondingly, Equation (6) can be expressed
explicitly as:

GPP¼Gm �r � e

Kd
1� e

� I0
Iopt

� �
�C: (12)

Equation (12) suggests that the change of GPP
under light limitation due to SLR can be explained
quantitatively by the changes in r, C, and Kd.

Among the three factors r, C, and Kd, the increase
in GPP is mainly driven by the increase in r under
SLR in the Bay. The model results show that Kd is
not a major factor in changing GPP. Except in certain
areas with an extreme high phytoplankton biomass
and particulate organic matter, the main stem and
the channel areas of most tributaries exhibit a
decrease in light attenuation (ΔKd < 0) under SLR,
but the magnitude of ΔKd is small (<1%; Figure 11a)
and its impact on phytoplankton is minor. Changes
in phytoplankton biomass C are also not likely a
determining factor leading to an increase in GPP in
the scenarios. Model results show that the percentage
increase in C after SLR is not as high as that in GPP
in tributaries, and C even decreases in some loca-
tions. The change of biomass C is determined by local
and transport processes (Cloern 1996; Qin and Shen
2017; Qin 2019):

dC

dt
¼GC�RrC�RmC�ωc

H
C�FC, (13)

where Rr and Rm are respiration rate (day−1) and
mortality rate (day−1), respectively, ωc is the settling
velocity of phytoplankton (m/day), and F is the flush-
ing rate due to transport processes (day−1). In the
tributaries, the overall changes in flushing in tribu-
taries are not large compared with their values in
Base Scenario, suggesting the increase in C is mainly
due to changes in local processes. Among the local
processes, respiration and grazing rates are kept
unchanged in the model, and the increase in C can
only be through an increase in production or a
decrease in settling due to an increase in water
depth. While it is not clear if the increase in C is
mainly due to the increase in GPP or the decrease in
settling, the model results show that the increase in
C is not the major factor in increasing GPP. Take the
Choptank River, which has the largest positive
ΔMchla, as an example. The mean water depth of the
Choptank River is about 3.95 m, so the change of
water depth is about 12.7% under the case of a 0.5 m
SLR. In this river, ΔKd is <0.005 m−1 over the river
channel, which is a small value compared to Kd of
about 0.4 m−1, and Kd decreases <1%. Hence, the
combined change in Kd �H increases about 11.6%,
which corresponds to an increase in r. Calculations of

model results show that GPP increases about 25%
and C increases about 10% after a 0.5 m SLR (Fig-
ures 4 and 5), so Equation (12) suggests that the
increase in r is about 13.6% under SLR, which is
more than that in C or Kd. Thus, in those areas
where the water depth is less than the depth of the
euphotic zone, the increase in GPP is mainly due to
the increase in r, and the mechanism that SLR
increases GPP is mainly through the increase in the
percent of light utilized by phytoplankton in the
water column.

The current model does not simulate benthic algae
or submerged vegetation. For the areas with abun-
dant benthic producers, the interactions between
pelagic and benthic producers can alter the results
(Qin and Shen 2019). Under SLR, the elevated depth
enhanced GPP in the water column, which could
decrease the light supply to the benthic producers.
When the SLR is 0.5 m, the overall decrease in light
availability at the bottom ranges from 10% to 25% in
the shoals where the benthic producers are sup-
ported by excess light before SLR (Figure 11b). The
bottom light supply experiences little change in deep
regions where the benthic producer cannot survive
anyway because of the limited light supply. Although
the current model does not couple a benthic algal
model (e.g., Cerco and Seitzinger 1997) to explicitly
estimate the response of the benthic producers to
SLR, a reduction of <25% on benthic production is
estimated based on the PI curve for benthic algae
(Pinckney and Zingmark 1993; Dodds et al. 1999).
However, the reduction of benthic production also
relies on the nutrient supply and the real irradiance
reaching the bottom, so future work is required for
this direction.

SUMMARY AND CONCLUSION

We utilized a 3D UG model (SCHISM-ICM) to
evaluate the influence of SLR on seasonal hypoxia
and phytoplankton production in Chesapeake Bay.
Three scenarios (SLR = 0.17 m, SLR = 0.5 m, and
SLR = 1.0 m) were assessed based on the calibrated
current condition (Base Scenario) (Cai et al. 2020) for
the period from 1991 to 1995. Under SLR, the bottom
DO was predicted to increase in the deep channel of
the mid-lower Bay, but to decrease in other areas.
Peak summer HV is estimated to increase by about
2%, 8%, and 16% for these three scenarios, respec-
tively, compared with Base Scenario. SLR drives a
total volume change (ΔVol) of 1.96, 5.76, and
11.52 km3, respectively; and the changes in hypoxia
volume (ΔHV) account for about 10%–15% of ΔVol.
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Different physical and biological drivers are found
to have diverse effects, either positive or negative, on
the DO budgets and HV. SLR increases the flux of
oxygen-rich water from the ocean into the Bay due to
increased gravitation circulation and this tends to
improve bottom DO. On the other hand, the
enhanced stratification and the enlarged volume
below the pycnocline will make it take a longer time
for oxygen to be transported from the upper layer to
the lower layer of the water column. SLR slightly
increases lateral circulation but the minor increase
fails to significantly enhance the channel-shoal
exchange that refuels oxygen in the channel. In addi-
tion to the physical contributions, SLR increases phy-
toplankton production as a result of longer residence
times, stronger stratification, and increased light sup-
ply in shallow waters; and the production increases
up to 15%, 40%, and 80% for these three SLR scenar-
ios, respectively, which in turn increases the water
column DO respiration. The increased phytoplankton
production and residence time enhance the settling of
organic matter to the lower layer. Consequently,
more oxygen is consumed that contributes to the
increase in the HV. Overall, this model study sug-
gests that both the altered physical processes and the
higher respiration under SLR contribute to the
enlarged HV.

Shallow areas in tributaries are highly impacted
by SLR since the increased water depths are propor-
tionally large compared with the original depths. The
model result shows the largest increase in phyto-
plankton production occurs in the shallow water
regions. The analysis shows that the increase in
water depth increases light utilization in shallow
areas of many tributaries where the whole water col-
umn is within the euphotic zone. This facilitates phy-
toplankton growth and therefore increases the local
production in those areas.

For the sake of simplicity and comparison to other
studies, the current study only considered the impact
of SLR. For shallow areas and tributaries, other fac-
tors can be important as well. Four such factors are
the land use (that affects nutrient supply), presence
of vegetation (either submerged or emergent), pres-
ence of benthic algae, and change in temperature.
These complications are left to future studies.
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