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Climate change effect on water quality performance of lakes, rivers and streams is a significant concern for watershed planning and management. Climate change characteristics may potentially increase the likelihood that waterbodies will fail to meet established water quality standards, often obligating watershed managers to undertake expensive monitoring and load allocation studies for possible remedies against such impairment. one such load allocation study involves the implementation of water quality trading (WQt), which often is proposed as a mechanism for improving surface water quality goals under a socially and economically feasible manner. however, while future growth and land use change is incorporated through a margin of safety, WQt markets do not typically incorporate the characteristics of climate change that have been suggested to exhibit strong linkages against achieving the desired levels of water quality benefit. Consequently, this modelling study evaluates the characteristics of climate change upon the levels of water quality benefit along a river system subject to distinct load removal exercises: a) removal upon point sources only and b) removal based on a point–nonpoint source trading mechanism under a theoretical WQt program. this study applies such assessments upon the load allocation exercises through carbonaceous biochemical oxygen demand reduction for addressing a rec-ognized dissolved oxygen problem along the Jordan river in utah, conducting such analyses through selected climate change projections described by the representative concentration pathways. for achieving such tasks, separate simulations are conducted through the Water Quality Assessment simulation program, evaluating the performance of such trading mechanisms under observed meteorological data against modelled climate data through selected representative concentration pathway projections under a historical period from Water year 2007 to 2009. this exercise assesses the performance of such load allocation studies subject to climatic characteristics toward suggesting linkages among climate change, water quality benefit and the effectiveness of a theoretical WQt mechanism. 
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1 introduCtion

Water quality studies conducted over waterbodies throughout the united states are often centred around the Clean Water Act section 303(d), requiring the monitoring of waterbodies for water quality performance based on the state-established water quality standards [1]. 

Consequently, any waterbody that appears to not meet such state-established water quality standards requires water quality monitoring and modelling assessment, along with load allocation studies planned for addressing such impairment. typically, such monitoring and modelling studies over impaired waterbodies involve the implementation of a total maximum daily load study, conducting assessments of the waste-load allocations from point sources and the load allocations from nonpoint sources with adjustments for addressing uncertainties upon system performance through a margin of safety (mos) [2]. the level of pollutant waste-load allocation and load allocation reductions conducted under total maximum daily loads for meeting state-established water quality goals are addressed through discharge permits, such as the national pollutant discharge elimination system for point sources and/

or the municipal separate storm sewer system permits [3]. meanwhile, one method for conducting and achieving pollutant reduction involves the concept of water quality trading 
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 Juhn-Yuan Su et al., Int. J. Environ. Impacts, Vol. 4, No. 1 (2021) (WQt), which is indicated as an innovative, cost-effective approach for addressing water quality standards [4]. under the concept of WQt, pollutant reduction credits are purchased by a point/nonpoint source buyer through pollutant reduction applied upon other point/nonpoint sources within the same waterbody as the buyer for meeting water quality standards 

[4]. such pollutant reduction credits, described through trade ratios, often involve significant collaborations among the point/nonpoint sources against any associated entities, possibly including state agencies and consulting firms [5]. While the derivation of trade ratios for pollutant reduction credit from a WQt program attempts addressing the waterbody impairment, mos is often suggested to incorporate waterbody, along with land use, characteristics, such as those recommended by the Wisconsin department of natural resources [6]. on the other hand, WQt programs typically appear to not incorporate the effects of futuristic conditions as mos factors upon trade ratios, particularly climate change characteristics that often are suggested to exhibit linkages with water quality performance. hence, this article conducts analyses of climate change characteristics on the performance of a trading mechanism toward suggesting a mos for describing pollutant reduction credit. 

2 BACkground

2.1  Climate change and water quality

Climate change characteristics often effect the water quality performance of watersheds, particularly projecting increased nutrient loads and warmer water temperatures thus needing increased levels of removal required for achieving state-established standards. for instance, climate change characteristics suggest increases in phosphorus loadings due to changes in temperature followed by precipitation patterns [7], with increasing temperatures implicating increases in biochemical oxygen demand (Bod) loads [8]. increases in Bod loads, which are suggested to be correlated with increased air temperature due to climate change with increased levels of urbanization, imply deteriorating dissolved oxygen (do) levels, such as yielding do concentrations below 2 mg/l by 2050 [9]. furthermore, climate change characteristics are often found to suggest increasing levels of loading by nitrogen, phosphorus and suspended solids among several watersheds across the united states by 2050, hence yielding adverse effects upon the water quality performance of several waterbodies [10]. therefore, such increases in nutrient loadings due to climate change often precipitate the need for greater levels of pollutant removal for addressing established standards, with increased likelihood of violating such water quality standards for applying similar levels of removal for futuristic conditions as those implemented historically [11]. hence, an assessment of climate change upon pollutant reduction credit attained through WQt appears recommended for suggesting mos upon trade ratios due to climatic characteristics. 

2.2  Case study: Jordan river watershed in salt lake City, ut the Jordan river in salt lake City, utah (ut) is an approximately 83-km (51-mile) reach originating as the outlet from a shallow freshwater lake (utah lake) flowing from north to south, discharging into the great salt lake. this river system receives several inflows from tributaries, storm drains and wastewater treatment plants (WWtps) and has several significant diversions that take water out of the river. figure 1 provides an overview of the tributaries, storm drains, WWtps and diversions along the Jordan river. 

As indicated in fig. 1, the Jordan river system receives several tributary inflows, storm drains, conduits, three WWtps (south valley, Central valley discharging into millcreek and 
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figure 1:  Jordan river system in salt lake City, ut, with corresponding tributary outfalls, storm drains, WWtps and diversions. 

south davis south) and groundwater inflows along the reach. meanwhile, the river system exhibits four locations that divert flow out of the Jordan river, involving turner dam located at approximately 16 km downstream from the effluent of the shallow freshwater lake, Joint dam at approximately 2.5 km downstream from turner dam, the north Jordan Canal and the surplus Canal at approximately 2 km downstream from millcreek. portions of the Jordan river system have been indicated as impaired due to water temperature and do, particularly downstream of the surplus Canal [12]. 

3  dAtA And methodology

3.1  model simulations

for this study, water quality models were developed for a river system using the Water Quality Assessment simulation program, version 8 (WAsp8), applying the advanced eutrophication module [13]. the water quality models focus primarily on simulating water temperature, do and carbonaceous biochemical oxygen demand (CBod) for assessing the applications of WQt on do performance subject to CBod pollutant removal over a 3-year timeframe (1 october 2006 to 30 september 2009). 

3.2  data sources for meteorological data and modelled climate projection data observed meteorological data were obtained for developing and calibrating the WAsp river model and for simulating historical water quality conditions. the sources for historical observed meteorological data for the time period of interest (1 october 2006 to 30 september 2009) are documented in table 1. 
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 Juhn-Yuan Su et al., Int. J. Environ. Impacts, Vol. 4, No. 1 (2021) table 1:   sources of observed meteorological data and vegetative cover for topography and canopy shading over the WAsp river model over 1 october 2006 to 30 september 2009. 

data source

site(s) retrieved 

relevant parameters

university of utah 

salt lake international 

Air temperature, relative 

mesowest database

Airport

humidity, wind speed, cloud 

cover

solrAd ftp database

salt lake international 

solar radiation

Airport

utah division of Water 

riparian vegetative Cover 

Canopy/topography shading 

Quality (udWQ)

over the Jordan river

(fraction of light blocked)

Climate change characteristics described through the representative concentration pathways (rCps) are assessed through the application of modelled climate data. the following climate change projections and the general descriptions of the data sources employed are as follows: 

•  rCp 4.5: this climate change projection with a radiative forcing of 4.5 watts per square meter employs the statistically downscaled daily climate data provided by the university of idaho [14] derived through the multiadaptive-Constructed Analogs [15]. furthermore, due to the temporal resolution of the climate data, temporal disaggregation routines are applied for yielding sub-daily climate data through an open-source package melodist [16]. 

•  rCp 6.0: this climate change projection with a radiative forcing of 6.0 watts per square meter implements the dynamically downscaled hourly climate data provided by the university of utah department of Atmospheric sciences that applies the Community Climate systems model, version 4 [17]. 

•  rCp 8.5: this climate change projection with a radiative forcing of 8.5 watts per square meter applies the similar data sources and the temporal disaggregation routines as those for rCp 4.5. 

3.3 data sources for inflows and diversions for the case study on the Jordan river the WAsp river models allow the user to input headwater quantity and quality values that serve as the upstream boundary conditions for the system. the WAsp models also allow the user to input inflow quantity and quality from tributary outfalls, WWtps, storm drains and conduits, along with flow quantity being diverted out of the system. At the same time, the WAsp models allow the user to define the levels of removal upon inflow quantity and quality for point sources (e.g., WWtps) and nonpoint sources (e.g., tributaries, storm drains, conduits, etc.) through the implementation of four groups of CBod: river/headwater Bod, WWtp Bod, tributary Bod and storm drain Bod. table 2 documents the data sources for retrieving water temperature, CBod and do data, along with inflow/outflow quantity for populating the headwater, point sources, tributaries, storm drains/conduits and diversions for the Jordan river. in addition, groundwater quantity data have been implemented based on monthly groundwater discharge data provided by the utah division of Water Quality, with approximations implemented for populating groundwater quality into the river model [18]. 
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table 2:   sources of flow quantity/quality for headwater, WWtp, tributary, storm drains and diversions, with the agency for data source (udWQ = utah division of Water Quality; udWr = utah division of Water rights; slC = salt lake County), from most upstream to most downstream. 

headwater, WWtp, Creek, 

data employed (site no., discharge monthly 

Agency 

drain, Conduit, diversion

report (dmr), etc.)

for data 

utah lake effluent

4994790 (Jordan r at utah l outlet u121 Xing) udWQ

turner dam

05.01.07 (Jordan valley Conservancy dist), 

udWr

06.02 (utah & salt lake Canal), 06.01 (utah lake distribution Canal (59-13)), 06.03 (east Jordan Canal (total))

Joint dam

07.01 (Jordan & salt lake Canal (slC) (57-udWr

7624)), 07.02 (south Jordan Canal (total))

midas Creek 

4994420 (Butterfield/midas Ck ab Jordan river) udWr north Jordan Canal

10 (north Jordan Canal)

udWr

Bingham Creek

4994190 (Bingham Ck at 1300 West)

udWQ

7800 south drain Quantity

05.01.07 (Jordan valley Conservancy dist), 

udWr

06.01 (utah lake distributing Canal (59-14)) 7800 south drain Quality

4994170 (Jordan at 7800 s Xing Ab s valley 

udWQ

WWtp)

south valley WWtp

dmr 

udWQ

little Cottonwood Creek 

290 (little Cottonwood Ck at 300 West) for 

slC, 

Quantity, 4993580 (little Cottonwood Ck 4900  udWQ

s 600 W) for Quality

Big Cottonwood Creek 

390 (Big Cottonwood Ck at 300 West) for 

slC, 

Quantity, 4992970 (Big Cottonwood Ck Ab 

udWQ

Jordan r @ 500 W 4200 s) for Quality

millcreek (upstream of 

490 (mill Creek @ 460 West) for Quantity

slC

Central valley WWtp)

Central valley WWtp 

dmr for Quantity

udWQ

millcreek (downstream of 

4992480 (millcreek Ab Confl/Jordan river Bl 

udWQ

Central valley WWtp)

Central valley WWtp discharge) for Quality

kearns-Chesterfield drain 

07.02 (south Jordan Canal (total)), 10 (north udWr

Quantity

Jordan Canal (total))

kearns-Chesterfield drain 

4992390 (decker pond outflow Ab Jordan r)

udWQ

Quality

surplus Canal

17 (At 17th south)

udWr

1300 south Conduit 

520 (parley’s Ck), 620 (emigration Ck at 

slC

Quantity

Canyon mouth), 740 (red Butte Ck at 1600 e)

1300 south Conduit Quality 4992070 (Jordan river at 1300 s storm sewer  udWQ

mouth)

82  

 Juhn-Yuan Su et al., Int. J. Environ. Impacts, Vol. 4, No. 1 (2021) table 2:  ( Continued)

headwater, WWtp, Creek, 

data employed (site no., discharge monthly 

Agency 

drain, Conduit, diversion

report (dmr), etc.)

for data 

north temple Conduit 

820 (City Ck at memory grove park) for 

slC, 

Quantity, 4991920 (City Ck/north temple 

udWQ

Conduit Ab Jordan r) for Quality

south davis south WWtp

dmr

udWQ

3.4  removal cases and WQt evaluation metrics the following removal scenarios are implemented for assessing the performance of a WQt mechanism:

•  removal upon WWtp sources only: All WWtps along the river system model encounter a 95% removal upon WWtp CBod. 

•  point–nonpoint source trading: As treatment processes tend to yield a Bod removal ef-ficiency at approximately 85% [19], the removal of 95% upon WWtp CBod appears rather infeasible. hence, an example trading mechanism is applied for which all WWtps encounter an 80% WWtp CBod removal while the tributaries, storm drains and conduits exhibit a 50% CBod removal. 

such removal and example trading mechanisms are implemented for assessing the CBod and do performance subject to observed historical meteorological data followed by the distinct climate change rCp projections. in this investigation, the performance metrics of the example point–nonpoint source trading mechanism through calculating the level of benefit in concentration attained through the trading mechanism relative to the level of benefit under WWtp CBod removal only. for instance, the ratio of the level of benefit for the trading mechanism relative to WWtp Bod removal only is derived through the following formulation for describing the level of benefit upon do. 

do

do





−  







 R

 WQT

 No

do =

. 



(1)

do

do





− 

 WWTP



 No

As indicated in equation 1, the ratio   R do  is calculated based on the do concentration by WQt at any river segment,  do



 , subtracted by the do concentration under no removal WQT

applied, do



 , divided by the do concentration under WWtp CBod removal only, No

do





, that is subtracted by  do

 WWTP



 .in other words, equation 1 computes the level of No

increase upon the do concentration attained through a trading mechanism relative to the increase for which only WWtp CBod removal is applied. meanwhile, a similar formulation can be derived for CBod towards evaluating the level of CBod removal attained through the trading mechanism relative to WWtp CBod removal only. 

CBod

CBod









 −



 R

 No

 WQT

CBod =

.                                            (2)

CBod

CBod



 −

 No



 WWTP
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on the other hand, unlike equation 1 that calculates the relative levels of do benefit, equation 2 computes the ratio for CBod,  R CBod, as the level of decrease in CBod concentration through WQt by subtracting the CBod concentration without removal, CBod

, 



 No  by 

the concentration under WQt, CBod

, 





relative to the level of decrease upon the CBod WQT

concentration under WWtp CBod removal  

( CBod

CBod

for this exercise, 

 No

 WWTP ). 



 −



equations 1 and 2 are applied for deriving ratios per river segment per climate change projection, with separate ratios derived for the simulations that apply observed meteorological data. 

then, the percentage difference upon the ratio derived per climate change rCp projection relative to the ratio derived from the simulations under observed historical meteorological data is computed through the following formulation. 

  X

−  X





, 

, 

. 







 P

 i RCP

 i Obs

= 



 RCP



*

. 

100                                             (3)





 X





 i O

,  bs



As indicated in equation 3, the percent difference of the results yielded by the rCp projection,  PRCP,  is computed based on the parameter  X, which can serve as the concentration or the ratio of WQt benefit derived from equations 1 or 2, for constituent  i  that can indicate either do or CBod yielded through a model run under an rCp projection,  Xi,  RCP,  relative to the parameter  X (concentration, ratio of WQt benefit, etc.) for constituent  i (do or CBod) yielded by the simulations that implement observed historical meteorological data,  Xi O

,  bs. 

hence, for this exercise, the removal and trading cases are implemented for all selected climate change projections, with equations 1 to 3 applied for assessing the level of benefit attained through a WQt mechanism. 

4  results And disCussion

4.1  do and Bod concentrations over the study time period for this exercise, the WAsp model simulations and the removal cases are conducted upon the Jordan river over 3 water years (1 october 2006 to 30 september 2009). the do and CBod concentrations among the historical scenario that applies observed meteorological data are initially compared with those yielded by the climate change rCp scenarios for which no removal upon CBod is applied. then, ratios of CBod and do benefit for applying a trading mechanism are derived and compared along the distinct climate change rCp scenarios against the historical case. figure 2 displays the do and CBod concentrations along segment Jr117, which serves as a segment downstream of the surplus Canal and hence intentionally selected for evaluating do impairment, subject to distinct climate change projections. 

meanwhile, figure 3 displays the ratios of CBod and do benefit attained through an example trading mechanism (e.g., 80% WWtp CBod removal, 50% tributary + storm drain CBod removal) relative to the corresponding CBod and do benefit under 95% WWtp CBod removal for segment Jr117. 

At the same time, the CBod and do longitudinal profile along the Jordan river are incorporated for comparing the performance among distinct historical and climate change scenarios, selecting a time period during the summer for which elevated temperatures and lower flows are observed. figure 4 displays the CBod and do longitudinal profile along the Jordan river without any CBod removal applied under 19 August 2009 at 3 pm. 
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figure 2:  CBod and do concentrations along the Jordan river segment Jr117 (1 km downstream of surplus Canal) under no CBod removal from 1 october, 2006 to 30 

september, 2009 under distinct historical and climate change rCp scenarios. 

furthermore, the following figures (fig. 5) provide the Jordan river longitudinal profile up to the south valley WWtp (41 km from downstream) at 19 August 2009 at 3 pm for displaying the ratio of CBod and do benefit for conducting the example trading mechanism relative to WWtp CBod removal only and the percentage difference upon CBod and do ratio per climate change scenario as compared to the historical case. 

4.2  effects of climate change characteristics upon do/Bod concentrations in model relative to the water quality concentrations yielded by the observed historical case (e.g., the implementation of observed meteorological data), the climate change rCp scenarios suggest greater effects upon the do concentrations than those upon CBod. for instance, the do concentrations yielded by rCp 4.5, 6.0 and 8.5 appear to exhibit deviations as compared to the one by the observed historical case under no CBod removal. meanwhile, under no CBod removal, rCp 8.5 appears to suggest lower do concentrations relative to the observed historical case, exhibiting up to 10–15% do decrease along Jr117 during the win-tertime (e.g., december 2008). At the same time, the climate change rCp scenarios suggest decreases upon the do concentration relative to the observed historical case (fig. 4), particularly upstream of the south valley WWtp (41 km from downstream) that yield up to 3% decrease. however, the climate change rCp scenarios appear to suggest minor changes upon the CBod concentration relative to the observed historical case, yielding within 1% 

increase/decrease for both the time-series plot (fig. 2) and the longitudinal profile (fig. 4). 

hence, the climate change rCp scenarios appear to suggest decreasing trends with do and thus greater removal levels for CBod for addressing state-established do standards though further analyses appear recommended for evaluating such linkages. 
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figure 3:   ratio of benefit along the Jordan river segment Jr117 (1 km downstream of surplus Canal) under 80% WWtp + 50% tributary and storm drain CBod removal against 95% WWtp CBod removal only from 1 october, 2006 to 30 september, 2009 under distinct historical and climate change rCp scenarios. (a) ratio of CBod benefit; (b) ratio of do benefit. 

4.3  implications of climate change characteristics upon WQt the climate change rCp scenarios appear to yield similar levels of decrease upon the CBod and increase upon the do concentrations relative to the observed historical case among all removal cases (e.g., no removal, WWtp removal, trading). from the Jordan river longitudinal profile for 19 August, 2009 at 3 pm, the climate change rCp and the observed historical 

[image: Image 2]
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 Juhn-Yuan Su et al., Int. J. Environ. Impacts, Vol. 4, No. 1 (2021) figure 4:  longitudinal profile along the Jordan river for CBod and do on 19 August 2009 

at 3 pm. 

scenarios yield up to an approximate 50% decrease upon CBod along the surplus Canal (25.5 

km from downstream) and an approximate 1% do increase near the most downstream end (1–2 km from downstream). meanwhile, the Jordan river longitudinal profiles yield ratios for CBod and do benefit greater than 1 among all climate change rCp and the observed historical scenarios, suggesting greater benefit attained through WQt than WWtp CBod removal only. furthermore, the ratios for CBod and do benefit appear greater than 1 during the summer months of the simulation among all rCp scenarios (fig. 3), with values up to 3.5 for June 2008 and 2009. on the other hand, the ratios for CBod and do benefit among the climate change rCp scenarios appear similar to those yielded by the observed historical case, yielding within 1% difference in ratios. such characteristics suggest the generally weak linkages among climate change rCp scenarios against the effectiveness of the example trading mechanism (e.g., 80% WWtp + 50% tributary/storm drain CBod removal), recommending generally negligible margins of safety upon trade ratios due to climate change. 

however, since uniform CBod loadings are applied among the climate change rCp and the observed historical cases for the exercise, further analyses appear recommended for deriving linkages among climate change and the effectiveness of WQt before such conclusions over such effects can be verified. 

5 ConClusions

Water quality simulations were conducted on a river system under distinct climate change scenarios for evaluating the effects upon the water quality performance followed by the effectiveness of WQt. such evaluations were conducted for suggesting potential margins of safety upon trade ratios for describing pollutant reduction credit attained through WQt due to climatic characteristics. While the analyses conducted over a river system suggest generally weak effects of climate change upon the effectiveness of WQt, the evaluations appear to 
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figure 5:  CBod and do benefit along the Jordan river longitudinal profile for 19 August, 2009 at 3 pm under 80% WWtp + 50% tributary and storm drain CBod removal relative to 95% WWtp CBod removal. (a) ratio of benefit per climate change rCp and observed historical scenario; (b) percent difference in ratio per climate change rCp relative to the observed historical case. 

indicate potential linkages among climate change and the water quality performance. on the other hand, such analyses of climate change, water quality and WQt require further assessment regarding the climate change data sources, the effects upon the water quality loadings and many other salient factors before such linkages can be derived. 

88  

 Juhn-Yuan Su et al., Int. J. Environ. Impacts, Vol. 4, No. 1 (2021) ACknoWledgements

the authors would like to thank the utah department of environmental Quality for processing and providing the inflow quantity and quality data. funding for this project was provided as part of the university of utah’s project number 835866-01 funded by the u.s. 

environmental protection Agency (epA). this work has not been formally reviewed by epA. 

the views expressed in this document are solely those of the authors and do not necessarily represent those of the agency. epA does not endorse any products or commercial services mentioned in this publication. 

referenCes

[1]  smith, e.p., ye, k., hughes, C., & shabman, l. statistical assessments of violations of water quality standards under section 303(d) of the Clean Water Act.  Environmental Science & Technology, 35(3), pp. 606-612, 2001. 

[2]  u.s. e.p.A. protocol for developing nutrient tmdls, first edition, office of Water (4503f), epA 841-B-99-007, Washington, d.C., 1999. 

[3]  ribaudo, m.o. & gottlieb, J. point-nonpoint trading – can it work?  Journal of the American Water Resources Association (JAWRA), 47(1), pp. 5-14, 2011. 

[4]  u.s. e.p.A. Water Quality trading toolkit for permit Writers. office of Wastewater management, epA 833-r-07-004, Washington, d.C., 2009. 

[5]  Woodward, r.t., kaiser, r.A., & Wicks, A.-m. B. the structure and practice of water quality trading markets.  Journal of the American Water Resources Association (JAWRA), 38(4), pp. 967-979, 2002. 

[6]  Wisconsin department of natural resources. guidance for implementing Water Quality trading in Wpdes permits. guidance 3800-2013-04. https://dnr.wi.gov/topic/sur-

facewater/documents/WQt_guidance_Aug_21_2013signed.pdf, 2013 (accessed 26 

february 2020). 

[7]  Woodbury, J. & shoemaker, C.A. stochastic assessment of long-term impacts of phosphorus management options on sustainability with and without climate change.  Journal of Water Resources Planning and Management, 139(5), pp. 512-519, 2013. 

[8]  Ahn, J.m. & lyu, s. Assessing future river environments in seomjin river Basin due to climate change,  Journal of Environmental Engineering, 143(5), 04017005, 2017. 

[9]  freni, g., mannina, g., & viviani, g. role of modeling uncertainty in the estimation of climate and socioeconomic impact on river water quality.  Journal of Water Resources Planning and Management, 138(5), pp.479-490, 2012. 

[10]  Johnson, t.e., Butcher, J.B., parker, A., & Weaver, C.p. investigating the sensitivity of u.s. streamflow and water quality to climate change: u.s. epA global Change research program’s 20 watersheds project.  Journal of Water Resources Planning and Management, 138(5), pp. 453-464, 2012. 

[11]  li, Z., Clark, r.m., Buchberger, s.g., & yang, y.J. evaluation of climate change impact on drinking water treatment plant operation.  Journal of Environmental Engineering, 140(9), A4014005, 2014. 

[12]  utah division of Water Quality. prioritizing utah’s 303(d) list. https://deq.utah.gov/

legacy/programs/water-quality/watersheds/docs/2016/303d-list-for%20tmdl-develop-

ment.pdf, 2016 (accessed 19 february 2020). 

[13]  martin, J.l., Ambrose, r.B., & Wool, t.A. WAsp8 macro Algae-model theory and user’s guide. office of research and development, u.s. environmental protection Agency, Washington, d.C. 

  

 Juhn-Yuan Su et al., Int. J. Environ. Impacts, Vol. 4, No. 1 (2021) 89

[14]  Abatzoglou, J.t. development of gridded surface meteorological data for ecological applications and modeling.  International Journal of Climatology, 33, pp. 121-131, 2013. 

[15]  Abatzoglou, J.t. & Brown, t.J. A Comparison of statistical downscaling methods suit-ed for wildfire applications.  International Journal of Climatology, 32, pp. 772-780, 2012. 

[16]  forster, k., hanzer, f., Winter, B., marke, t., & strasser, u. An open-source meteorological observation time series disaggregation tool (melodist v0.1.1).  Geoscien-tific Model Development, 9, pp. 2315-2333, 2016. 

[17]  smith, k., strong, C., & Wang, s.-y. Connectivity between historical great Basin precipitation and pacific ocean variability: a Cmip5 model evaluation.  Journal of Climate, 28, pp. 6096-6112, 2015. 

[18]  stantec Consulting ltd. Jordan river tmdl: 2010 Qual2kw model Calibration- tech-nical memo. utah department of environmental Quality, salt lake City, ut, 2010. 

[19]  mareddy,  A.r.  Environmental Impact Assessment: Theory and Practice. Bsp Books pvt ltd, elsevier, inc., Cambridge, mA, 2017. 



cover.jpeg
Juhn-Yuan Su et al., Int. J. Environ. Impacts, Vol. 4, No. 1 (2021) 77-89

ASSESSING CLIMATE CHANGE LINKAGES RELATED
TO WATER QUALITY TRADING EFFECTIVENESS FOR
INCORPORATING ANCILLARY BENEFITS
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ABSTRACT

Climate change effect on water quality performance of lakes, rivers and streams is a significant concern
for watershed planning and management. Climate change characteristics may potentially increase the
likelihood that waterbodies will fail to meet established water quality standards, often obligating wa-
tershed managers to undertake expensive monitoring and load allocation studies for possible remedies
against such impairment. One such load allocation study involves the implementation of water quality
trading (WQT), which often is proposed as a mechanism for improving surface water quality goals un-
der a socially and economically feasible manner. However, while future growth and land use change is
incorporated through a margin of safety, WQT markets do not typically incorporate the characteristics
of climate change that have been suggested to exhibit strong linkages against achieving the desired lev-
els of water quality benefit. Consequently, this modelling study evaluates the characteristics of climate
change upon the levels of water quality benefit along a river system subject to distinct load removal
exercises: a) removal upon point sources only and b) removal based on a point-nonpoint source trad-
ing mechanism under a theoretical WQT program. This study applies such assessments upon the load
allocation exercises through carbonaceous biochemical oxygen demand reduction for addressing a rec-
ognized dissolved oxygen problem along the Jordan River in Utah, conducting such analyses through
selected climate change projections described by the representative concentration pathways. For achiev-
ing such tasks, separate simulations are conducted through the Water Quality Assessment Simulation
Program, evaluating the performance of such trading mechanisms under observed meteorological data
against modelled climate data through selected representative concentration pathway projections under
ahistorical period from Water Year 2007 to 2009. This exercise assesses the performance of such load
allocation studies subject to climatic characteristics toward suggesting linkages among climate change,
water quality benefit and the effectiveness of a theoretical WQT mechanism.

Keywords: carbonaceous biochemical oxygen demand (CBOD), dissolved oxygen, total maximum daily
load (TMDL), Water Quality Assessment Simulation Program (WASP).

1 INTRODUCTION
‘Water quality studies conducted over waterbodies throughout the United States are often
centred around the Clean Water Act Section 303(d), requiring the monitoring of waterbod-
ies for water quality performance based on the state-established water quality standards [1].
Consequently, any waterbody that appears to not meet such state-established water qual-
ity standards requires water quality monitoring and modelling assessment, along with load
allocation studies planned for addressing such impairment. Typically, such monitoring and
modelling studies over impaired waterbodies involve the implementation of a total maximum
daily load study, conducting assessments of the waste-load allocations from point sources
and the load allocations from nonpoint sources with adjustments for addressing uncertain-
ties upon system performance through a margin of safety (MOS) [2]. The level of pollutant
waste-load allocation and load allocation reductions conducted under total maximum daily
loads for meeting state-established water quality goals are addressed through discharge per-
mits, such as the National Pollutant Discharge Elimination System for point sources and/
or the Municipal Separate Storm Sewer System permits [3]. Meanwhile, one method for
conducting and achieving pollutant reduction involves the concept of water quality trading
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