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Motivation for better understanding of CB water clarity – e.g.,
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- Sufficient shallow water clarity is needed for SAV and benthic algae.
- Deep water clarity affects ecology of phytoplankton, zooplankton and fish.
- Aesthetic value of water bodies, effecting recreation and property values.
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Apologies in advance for not incorporating 
benthic/shallow water contributions yet! 



Why are we witnessing declining 

trends or no trends in water clarity 

against the backdrop of decades 

of BMP implementation and 

dramatic reductions in wastewater 

and atmospheric deposition 

loads?
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STAC Workshop: 

Understanding and Explaining 30+ Years of Water Clarity Trends 

In the Bay’s Tidal Waters 

 

February 6-7th, 2017 

 

University of Maryland Center for Environmental Science 

Chesapeake Biological Laboratory  

Bernie Fowler Laboratory Building 

142 Williams St, Solomons, MD 20688 

 

Workshop goal/objective:  

 

10:00 am Coffee and light Breakfast at UMCES-CBL 

 

10:30 am Workshop Introduction – Jeni Keisman (USGA)  

How did we get here?  

3-pronged approach 

Workshop goals 

 

10:40 am Motivation for the synthesis – Rich Batiuk (EPA-CBPO) 

Batiuk will give an opening introductory presentation on motivation for this synthesis, the 

importance of explaining trends in water clarity, and relevance to the TMDL Midpoint 

Assessment.  

 

Synthesis Presentations – Current State Of The Science (40 minute presentation; 20 minutes for discussion) 

 

11:00 am Synthesis: Understanding of Chesapeake Bay Water Clarity Patterns - Carl Friedrichs 

(VIMS), Peter Tango (USGS), Jessie Turner (VIMS), Marjy Friedrichs (VIMS), Rebecca Murphy 

(UMCES), and others TBD 

 

12:00 pm Catered Lunch at UMCES-CBL 

 

1:00 pm Synthesis: Processes and feedbacks especially important to shallow water clarity  – Jeff 

Cornwell (UMCES), Larry Sanford (UMCES), Chuck Gallegos (SERC), Elka Porter (UBALT) 

 

2:00 pm Synthesis: Long-term Riverine Inputs from the Major Tributaries to Chesapeake Bay 

Relevant to Water Clarity – Qian Zhang (UMCES-CBPO), Joel Blomquist (USGS) 

  

This presentation will provide a synthesis of long-term fluxes and trends of riverine inputs to 

Chesapeake Bay that are relevant to water clarity, including traditional constituents (namely, 

suspended sediment, total phosphorus, and total nitrogen) and additional constituents (namely, 

fine sediment, chlorophyll-a, and organic carbon). Conceptual models on the interconnections 

between these inputs and estuarine water clarity will be presented and discussed. 

 

3:00 pm Afternoon Break 

 

3:15 pm Group Discussion – Key messages from “Current State” Syntheses - All 

 

4:15pm Day 1 Wrap-Up, Goals for Day 2, Dinner Plans 

 

5:15pm Recess 

 

 

 

 

What has happened in the past 

decade that has lead to the 

widespread increases in water 

clarity particularly in the mainstem 

Bay?



Question 1:  How is Bay water clarity measured/defined? How should improving or 
degrading water clarity be defined?

% Light = 100 exp [ (-Kd) (Z) ]
(Batiuk et al. 1992)

Attenuation (via Kd)  and  transparency (via Secchi depth) measure different light properties.
Both are important! Attenuation limits photosynthesis; transparency is how we see clarity.

Unambiguously improving (or degrading) clarity should mean both Kd and Secchi are 
improving (or degrading). 

(Clearer water means that Kd gets smaller and Secchi depth get larger. Kd ~ 1/Secchi)



Question 2:  What are the largest scale spatial patterns in Bay water clarity?

(Son & Wang 2015) 
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Water is generally clearer in the open waters of the Main Stem than in 
shallow water or in the Tidal Tribs/Estuarine Turbidity Maxima   



(Gallegos 2005) 

According to optical models, we expect tour main 
factors to contribute to scattering and absorption 
of light in Bay waters:

1. Water

2. Colored dissolved organic 
matter

3. Chlorophyll

4. Suspended particulate matter 
(a.k.a., Total Suspended Solids)

(Son & Wang 2015) 
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What is driving these spatial differences in clarity?



Mean spring surface salinity (1985-2006)

(chesapeake.net)

Salinity is often used as an inverse proxy for CDOM

Satellite Kd is inversely  correlated to salinity in space with lower Kd in the saltier Main Stem

(Son & Wang 2015) 
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FIG.%11b%Figure'11b:'Maps'of'Spearman'correla6on'(for'residuals)'between'monthly'average'Secchi'depth'and'
other'variables.''

Secchi depth is positively correlated to salinity in time nearly everywhere.

FIG.%11a%Figure'11a:'Maps'of'Spearman'correla5on'(for'residuals)'between'monthly'average'Secchi'depth'and'
other'variables.''

(Testa, Lyubchich, Zhang 2017)
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Similarly significant correlations are found between salinity and 
monitoring station Kd in space and time throughout the Bay 
(Xu et al. 2005; Feng et al. 2015; Cerco 2017).

133 stations 
~16/year 

since 1984

Secchi depth is positively correlated to salinity in time nearly everywhere.



BUT there is little evidence for a direct correlation of Kd with DOC except in some Tribs.
Multiple regression coefficients from Gallegos & Moore (2000). ns = not significant

Kd =   K0

+ kDOC [CDOC] 
+ kCHL [CCHL] 
+ kTSS [CTSS] 

kDOC



BUT there is little evidence for a direct correlation of Kd with DOC except in some Tribs.
Multiple regression coefficients from Gallegos & Moore (2000). ns = not significant

Kd =   K0

+ kDOC [CDOC] 
+ kCHL [CCHL] 
+ kTSS [CTSS] 

kDOC
Also, Kd is more 
strongly related 
to TSS than to 
Chlorophyll
(c.f. Xu et al. 2005; 
Feng et al. 2015; 
Cerco 2017)

kCHL kTSS



*No difference for fine SS 
TSS and Secchi Consistently negatively correlated, strongest correlations in low salinity 

(Son & Wang 2015) 

TSS and Secchi Consistently negatively correlated, strongest correlations in low salinity 

Correlation of Secchi with TSS is negative everywhere. Most negative in Tribs/ETM.
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(Testa, Lyubchich, Zhang 2017; c.f. Wang et al. 2013)

133 stations 
~16/year 

since 1984



Light-limitation  
Relieved? 

Phytoplankton  
absorb light  

Chl-a and Secchi negatively correlated in mainstem, opposite is true in tribs 
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Correlation of Secchi with Chlorophyll is negative in main stem and more positive in Tribs/ETM.
Light limitation occurs in tribs/ETM. Negative correlations may be more complicated…
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~16/year 
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(Son & Wang 2015) 
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Correlation of Secchi with Chlorophyll is negative in main stem and more positive in Tribs/ETM.
Often light limitation in tribs/ETM. Negative correlations may be more complicated…

(Testa, Lyubchich, Zhang 2017; c.f. Wang et al. 2013)
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*No difference for fine SS *No difference for fine SS 

(Son & Wang 2015) 

(Testa, Lyubchich, Zhang 2017)
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Secchi is negatively correlated to riverine sediment load in ETM regions. 

Weak negative correlation broadly present in Tribs.  No correlation in Main Stem. 

*No difference for fine SS 

133 stations 
~16/year 

since 1984
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Monitoring Data Interpretation

Monitored

Interpolated

Averaged

Curry et al. (2007) Shi et al. (2013) Curry et al. (2007)

Why are clarity correlations different in the ETMs/upper tribs?
Ans.: Inorganic Suspended Solids (ISS) fraction is much high in the ETMs/upper tribs. 

Except for tidal resuspension near Bay Mouth, ISS fraction is low in Main Stem.

Observed % ISS Mean ETM location
Max Tidal Current
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Monitoring Data Interpretation
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Interpolated
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Low Kd

region



(Williams et al. 2010)

(Keisman & Murphy, 2017)

Trends in Secchi Depth, 1960 - 2016

Question 3:  What long-term trends in Bay water clarity have been observed?
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Trends in Secchi Depth, 1960 - 2016

Question 3:  What long-term trends in Bay water clarity have been observed?



(Murphy 2017) 

Secchi gets worse 90s - 00s.
Secchi gets better 00s - 10s.

GAMs Trend 
Analysis

(Murphy 2017) 

GAMs Trend 
Analysis



So we expect Kd to get worse 90s - 00s.
And expect Kd to get better 00s - 10s.

GAMs Trend 
Analysis
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Secchi gets better 00s - 10s.



Kd gets slightly better 90s - 00s.
Kd gets slightly better 00s - 10s.
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(Murphy 2017) (Murphy 2017) 



Kd gets slightly better 90s - 00s.
Kd gets slightly better 00s - 10s.

So improved Kd from 90s – 00s seems 
inconsistent with Secchi worsening.

(Murphy 2017) (Murphy 2017) 

GAMs Trend 
Analysis

GAMs Trend 
Analysis



(Gallegos et al. 2011)

K
d

Z
S

D

The product of  Kd times Secchi depth  (i.e., Kd ZSD) decreased from 1990-2005 
(Gallegos et al. 2011). This is optically consistent with an increased abundance of 
small organic particles and fewer small inorganic particles.

From ~ 1985 to 1990  Kd ZSD fluctuated around ~ 1.6
From ~ 1990 to 2005  Kd ZSD decreased from ~ 1.6 to ~1.1
From ~ 2005 to today  Kd ZSD has increased slightly



Results of linear regressions in time applied to (Secchi depth) x (Kd) data suggest that 
the trend in (Secchi depth) x (Kd) changed around 2005

1995-2005

Linear regressions on
(Secchi depth) x (Kd) 

vs. time 

2005-2016

(Turner & Friedrichs 2016) 



Harding et al. (2016) used the trend in Kd ZSD from Gallegos (2011) to estimate changes in Kd in time:

Flow normalized



FIG.%1.1%

Figure%1.1:"panel"plot"of"Secchi"depth"by"Mainstem"segment"and"season""

(1) Clarity degrading
(Secchi worse, Kd worse)

(2) Clarity changing
(Secchi worse, Kd better)

(3) Clarity improving
(Secchi better, Kd better)

Long-term trends in Main Stem clarity in terms of (a) Secchi depth and (b) Kd

(Keisman & Murphy 2017)

(Harding et al. 2016)

(1) (2) (3)



Question 4:  What caused these long-term trends in water clarity?

thereafter (Fig. 12b). We observe a similar pattern for KD

(PAR) in thePH salinity zone, withhigher interannual vari-

ability thanintheMHsalinity zone(Fig. 12c). GAM for KD

(PAR) in OH, MH, and PH salinity zoneshasR2 of 0.382,

0.572, and0.330, respectively, andsignificant smooth terms

for bothlog10SRFandyear intheOHandMHsalinityzones

and for log10 SRF but not year in the PH salinity zone

(Table3).

We use amended models (1) to evaluate lag effects of

SRF on mean annual values for water-quality properties

and (2) changes in relationships of water-quality proper-

tiesandSRFover timeand(3) includingaseparatemodel

term for TN loading in addition to log10 SRF and (4)

using log10 DJFMA SRF as the flow term instead of an-

nual SRF. Paired GAMMs with and without AR terms

havenegligibledifferencesof R2 (<0.02) and arenot sig-

nificantly different based on model comparisons using

ANOVA (p>0.05), confirming no significant lag effect

for mean annual values. Evaluations of time-by-SRF

interactions using thin-plate spline smooth of time and

SRF show that decadal changes in the slopes of nutrient

loadings versus SRF described before (cf. Hagy et al.

2004) areadequately modeled using logarithmic transfor-

mations and GAM or GAMM. Models including a sepa-

rate term for TN loading in addition to year and log10

SRF or log10 DJFMA SRF as the flow term are not sig-

nificantly different based on model comparisons using

ANOVA (p>0.05).

Long-termtrendsof meanannual NO2+NO3, PO4, chl-a,

and KD (PAR) arederived using flow-adjusted values from

GAM(Figs.9,10,11,and12).Trendsarepresentedaspercent

changes for water-quality properties in recent decades, with

overall trendsfor respectivetimeseriesdepictedaboveeach

panel (Fig. 13a–d). Flow-adjusted surfacechl-a confirmsa

period of eutrophication in theearly part of therecord with

high chl-a throughout the main stem bay, followed by

shallower increasesof chl-ainthelast 30yearswhennutrient

loadingsdecrease(Fig. 13a). Trendsof flow-adjusted mean

annual KD (PAR) andNO2+NO3 aresimilar to thetrendsof

surfacechl-a,withincreasesearly intherecordanddecreases

since1990 (Fig. 13b, c). The trend for flow-adjusted mean

annual PO4 is dominated by decreases from 1980 to 1990

(Fig. 13d).

Mean annual chl-a/TN ratios (+SE), fitted values, and

flow-adjusted values show decreases in the amount of

chl-a per unit TN in OH, MH, and PH salinity zones

from 1984 to 1993 (Fig. 14a–c), followed by increases

in the OH and MH salinity zones from 1994 to 2012

(Fig. 14a, b). Post-1994 increases of flow-adjusted chl-

a/TN are highest in the OH and MH salinity zones

(Fig. 14a, b) and lowest in the PH salinity zone

(Fig. 14c). GAM for chl-a/TN in the OH and MH sa-

linity zones has R2 of 0.600 and 0.378, respectively,

while the fit for the PH salinity zone is poor with R2

of 0.088. Smooth terms for log10 SRF and year vary in

significance in OH, MH, and PH salinity zones

(Table 3).

Discussion

ClimateEffectsonHydrology

Thebiotic richnessof estuarineand coastal ecosystems is

underpinnedby natural andanthropogenicinfluences, with

documentationof eutrophication spanning decadestocen-

turies in stratigraphic signatures for Chesapeake Bay

(Brush2009). Theintensified useof landscapesbordering

theseecosystemshasledtowater-quality degradationsince

World War II, culminating in symptomsof nutrient over-

enrichment, including increasedchl-a, reducedwater clar-

ity, and low dissolved oxygen (DO) in bottomwaters (cf.

Fig. 7 a, b Timeseries (1945–2012) of mean annual (+SE) TN and

NO2+NO3 loadingsat theConowingoDam. DataarefromHagy et al.

(2004) (open circles, 1945–1980) and USGS (closed circles, 1981–

2012). Dashed linesdepict GAM fits; solid linesdepict flow-adjusted

GAMoutputs

672 EstuariesandCoasts(2016) 39:664–681

FIG.%1.1%

Figure%1.1:"panel"plot"of"Secchi"depth"by"Mainstem"segment"and"season""

Miller and Harding (2007) developed a synoptic climatol-

ogy (cf. Yarnal 1993) that provesmoreeffective to explain

interannual variability of phytoplankton, zooplankton, and

fish in the bay than indices of NAO and ENSO. These

several publications confirm the importance of interannual

variability of SRF to water quality, but do not distinguish

long-term trends from variability in a quantitative manner.

Flow-adjusted values for TN and NO2+NO3 loadings and

water-quality properties presented here achieve that

separation.

SettingFlow-AdjustedGoals

Adetailedstudyof bottom-waterhypoxiausingdataspanning

>50 yearsconcludes that reaching agoal of reducing mean

annual TNloadingto<50(×106) kgwouldeliminateorgreat-

ly reducelowDO(Hagy et al. 2004), similar to thenutrient-

reduction goal established by the 1987 Chesapeake Bay

Agreement (U.S. Environmental Protection Agency 1987).

BothgoalsarebasedonTNloadingsunadjustedfor freshwa-

ter flow, although theauthorsidentify high interannual vari-

ability of TN loadings associated with climate effects on

Fig. 11 a–c Time series of mean annual (+SE) surface chl-a

concentrations for threesalinity zones. Dashed linesdepict GAM fits;

solidlinesdepict flow-adjustedGAMoutputs

Fig.12 a–cTime-seriesof meanannual KD(PAR)+SE)forthreesalinity

zones. Dashed linesdepict GAM fits; solid linesdepict flow-adjusted

GAMoutputs

EstuariesandCoasts(2016) 39:664–681 675

Are$nitrogen$trends$an$obvious$driver$of$Bay3wide$clarity?$

Degrading Secchi and Kd follow nitrogen loading through 1990. Pattern after that is complicated.



(Zhang & Ball 2013)

FIG.%1.1%

Figure%1.1:"panel"plot"of"Secchi"depth"by"Mainstem"segment"and"season""

Water quality trends are opposite to that expected from the flow normalized trends in 
suspended sediment load from the Susquehanna (and from all rivers if combined).

Are trends in river sediment loading an 
obvious driver of Bay-wide clarity?

(Zhang & Blomquist 2017)
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GAMs Trend 
Analysis
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(Murphy 2017) (Murphy 2017) 

Secchi gets worse 90s - 00s.
Secchi gets better 00s - 10s.



Chl-a gets worse 90s - 00s.
Chl-a gets better 00s - 10s.
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Kd gets slightly better 90s - 00s.
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..
TSS gets slightly better 90s - 00s.
TSS gets slightly better 00s - 10s.

GAMs Trend 
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(Murphy 2017) (Murphy 2017) 



What’s driving recent decadal trends in constituents in water and therefore water clarity?
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(Testa 2017) 



Some Summary Points:  (Apologies again for not incorporating shallow water benthics yet!)

Unambiguously improving (or degrading) clarity should mean both Kd and Secchi are 
improving (or degrading). Both measures are important.

Increased salinity and lower TSS in time and space are unambiguously associated with clearer 
water. 

Secchi is more sensitive to small organic particles (which, in turn, are correlated to Chl). Kd is 
more sensitive to overall TSS. But TSS ≠ riverine sediment.

Patterns of water clarity are distinctly different in the upper Tidal Tributaries/ETMs relative to 
the open waters of the Main Stem because of differences in overall inorganic TSS 
concentration and fraction of organics vs. inorganics. 

Riverine sediment loads affect clarity in Tidal Tribs/ETM region, but not in the central/lower 
main stem. 



Some Summary Points:

Water clarity in the main stem degraded from pre-1960 to ~1990 (both Kd and Secchi got 
worse).

The nature of water clarity changed from ~1990 to ~2005. The water got less transparent (i.e., 
cloudier, Secchi got worse), but light attenuation decreased (Kd got better). 

Optical modeling suggests that a combination of reduced inorganic fine sediment plus 
increased organic fine sediment are the culprit.

Water clarity has improved since ~ 2005 (both Kd and Secchi have gotten better). This may be 
because of fewer intensely wet years. 

Nutrients associated with land use and wet/dry year frequency have driven Secchi trends in 
main stem.

But why is TSS decreasing in the main stem?  Shoreline armoring? Lots more work to do on 
water clarity synthesis!! 


