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Climate change can have substantial impacts on nitrogen runoff, which is a major cause of eutrophication,
harmful algal blooms, and hypoxia in freshwaters and coastal regions. We examined responses of nitrate
loading to climate change in the Upper Mississippi River Basin (UMRB) with an enhanced Soil and Water
Assessment Tool with physically based Freeze-Thaw cycle representation (SWAT-FT), as compared with
the original SWAT model that employs an empirical equation. Driven by future climate projections from
five General Circulation Models (GCMs) from 1960 to 2099 under the Representative Concentrations Path-
ways (RCP) 8.5 scenario, we analyzed changes in riverine nitrate loadings, as well as terrestrial surface
and subsurface contributions of the UMRB in the 21st century relative to the baseline period of 1960-
1999. By the end of the 21st century, the original SWAT model predicted about a 50% increase in riverine
nitrate loadings which is nearly twice as much as that estimated by SWAT-FT (ca. 25%). Such a large
difference in projected nitrate changes can potentially mislead mitigation strategies that aim to reduce
nitrogen runoff from the UMRB. Further analysis shows that the difference between the original SWAT
model and SWAT-FT led to substantial discrepancies in the spatial distribution of surface and subsur-
face nitrate loadings in the UMRB. In general, SWAT-FT predicted more nitrate leaching for northwestern
parts of the UMRB which are more sensitive to freeze-thaw cycle, mainly because SWAT-FT simulated
less frequent frozen soils. This study highlights the importance of using physically based freeze-thaw cy-
cle representation in water quality modeling. Design of future nitrogen runoff reduction strategies should
include careful assessment of effects that land management has on the freeze-thaw cycles to provide
reliable projection of water quality under climate change.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

2008b; c). Nitrate in certain freshwater systems can boost phy-
toplankton growth and algal blooms and result in eutrophica-

It is largely in agreement that global warming due to increasing
carbon dioxide and accumulating other greenhouse gasses would
likely continue in the 21st century (Nunes et al., 2008). Global
warming can generate higher evapotranspiration rates causing dra-
matic changes in precipitation pattern worldwide (Buytaert et al.,
2010), thereby adding uncertainty in regional water resources vari-
ability (Middelkoop et al., 2001). Climate change can alter ter-
restrial nitrogen cycles and riverine nitrate fluxes. High nitrate
concentrations in water bodies can deteriorate water quality, de-
grade ecological functions of aquatic systems, impair aquatic biota,
and pollute underground water (Miller et al., 2017; Zhang et al.,
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tion (Schindler, 2012), which can further deplete the oxygen in
water and cause reduction of aquatic biodiversity and fish stock
(Kendall, 1998). Hydrologic models are often used to assess the po-
tential impacts of climate change on the water resources availabil-
ity and water quality (Hagemann et al., 2013). Model credibility de-
pends on how accurately the model represent real world processes.
Most hydrologic models, however, have underrepresented freeze-
thaw cycles which is amongst the processes most sensitive to cli-
mate change (Bakir and Zhang, 2008; Wu et al., 2014). It has been
pointed out that misrepresentation of freeze-thaw cycles tends to
enlarge model prediction uncertainty under future climate change
scenarios (Guo and Wang, 2013; Yang et al., 2007).

Over one-third of the global land surface experiences freeze-
thaw cycle (Kimball et al., 2001), and seasonally frozen soils oc-
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cupy nearly 60% of the land surface of the Northern Hemisphere
(Hagemann et al., 2013). Soil thermal status can potentially al-
ter hydrological cycles and associated water quality processes at
the regional/global scales (Wu et al,, 2018). The seasonal freeze-
thaw cycle of soils has significant influences on water infiltra-
tion from precipitation/snowmelt, water migration in soils, and
nutrient movement in terrestrial environments (Ouyang et al.,
2013; Yi et al., 2014; Zhao et al., 2013). The freezing process can
cause soil water movement into freezing front resulting in ele-
vated soil water content and increased surface runoff (Zhang and
Sun, 2011). The thawing process can promote infiltration and re-
sultant groundwater discharge leading to increased nitrate leaching
(Hentschel et al., 2008; Yu et al., 2011). Therefore, it is essential to
investigate the nitrate loading from terrestrial environments and in
streams in response to future climate changes through accounting
for the freeze-thaw cycle in hydrological modeling.

Hydrological models are useful tools for assessing potential im-
pacts of future climate change on nitrate migration from soils
to streams. Comparison between eleven hydrological models in-
dicated that the SWAT model was the most suitable model for
simulating long term water quantity and quantity in agriculture
dominance watersheds (Borah and Bera, 2003). The SWAT model
has been used to simulate water quantity and quality in almost
all large basins worldwide. However, its application has confronted
many difficulties in cold regions affected by seasonal freeze-thaw
cycle (Bakir and Zhang, 2008), because its simplified empirical soil
temperature module does not represent well phase changes of wa-
ter and take into account of snow insulation effects. This model
deficiency tends to undermine its use for prediction of future cli-
mate change impacts (Guo and Wang, 2013; Yang et al., 2007).

The Upper Mississippi River Basin (UMRB) is a major ni-
trate source of eutrophication and hypoxia in the Gulf of Mexico
(Rabalais et al., 1996). Although it only occupies 18% of the whole
Mississippi River Basin (Moriasi et al., 2013), nitrate loadings from
UMRB account for about 35% of total nitrate loadings to the Gulf of
Mexico (Alexander et al., 1997), due to its intensive agriculture ac-
tivities as one of the most productive areas in the U.S. Since most
soils of UMRB are subject to seasonal freeze-thaw cycle, the as-
sessment of best management practices to reduce nitrate loadings
in the UMRB is subject to large uncertainty when using the SWAT
model with the empirical soil temperature module. As important
action plans are being framed and undertaken to reduce nitrogen
runoff in the Mississippi River Basin (Plan, 2008), for example, re-
ducing nitrate loading by 30% in the Gulf of Mexico (Mitsch et al.,
1999), it is important to understand how freeze-thaw cycle repre-
sentation in the SWAT model can influence nitrate simulation.

To our knowledge, there is a general lack of studies evaluating
hydrological models with respect to the role of freeze-thaw cycle
representation on nitrate loading simulation. Thus, we evaluated
implications of freeze-thaw cycle representation for water qual-
ity modeling under future climate change conditions in the UMRB.
Two versions of SWAT model were used, i.e. an enhanced SWAT
model with a physically based Freeze-Thaw cycle representation
(hereafter, SWAT-FT) and the original SWAT model with an empiri-
cal representation. A major driver for the current study is the large
differences between the original SWAT model and SWAT-FT in sim-
ulating soil thermal status (Qi et al., 2019c). Multiple General Cli-
mate Models (GCMs) simulations of future climate under the Rep-
resentative Concentration Pathways 8.5 scenario (RCP8.5) are em-
ployed. The objectives of this study are to: 1) analyze precipitation
and air temperature trends projected by GCMs from 1960 to 2099
in the UMRB, 2) compare simulations of riverine nitrate fluxes be-
tween the original SWAT model and SWAT-FT from 1960 to 2099,
3) compare predicted nitrate loadings carried by surface and sub-
surface flow at the temporal and spatial scales between the origi-
nal SWAT model and SWAT-FT, and 4) assess water quality in the

UMRB under the impact of future climate change. Overall, we hope
to improve our understanding of nitrate cycling processes influence
by freeze-thaw cycle, and further inform decision makers to facili-
tate designing economically suitable agricultural practices and reg-
ulating water quality management strategy.

2. Materials and methods
2.1. Introduction to swat-ft

2.1.1. Empirical vs. physically based soil temperature modules
The SWAT model employs a simple soil temperature formula to
represent soil freeze-thaw cycle (Neitsch et al., 2011a):

Toit(2) =V - Ty (@) + (1= y) - [d - (Tair — Tour) + Tur ] (1)

where, Ty,; is the soil temperature at depth z on the current day, y
is a lag coefficient considering the effect of soil temperature (T )
of the previous day on T, d is accounting for the effect of soil
depth on soil temperature, TAiris the average annual air tempera-
ture, and Tgis the soil surface temperature. This simple empiri-
cal soil temperature module was found to severely underestimate
soil surface temperature during winter for cold regions (Qi et al.,
2016b, 2019c¢). In addition, snow insulation and protective effects
were not well simulated by the empirical module (Qi et al., 2016a;
Zhang, 2005). Most importantly, because the empirical module
does not simulate water phase changes in the soil profile, the origi-
nal SWAT model does not explicitly simulate freeze-thaw cycle. As
a result, hydrological and biogeochemical processes coupled with
freeze-thaw cycle cannot be accurately simulated in cold regions
with seasonal snow cover (Zhang et al., 2008a).

To address this problem, Qi et al. (2016b) have developed a
physically-based soil temperature module within the SWAT model
to better simulate the insulating and protective effects of snow
and phase changes of soil water, and successfully validated the im-
proved SWAT model (Qi et al.,, 2016a; b; Qi et al.,, 2019b, 2019c).
For the physically-based method, soil temperature can be obtained
according to the following formula (Qi et al., 2016b):

aT 9 [k OdT\s
at:ax<c‘ax)c @

where, T denotes the soil temperature (°C), ¢t is time increments
(in days), k denotes soil thermal conductivity (] cm=! d-1 °C-1),
C denotes soil heat capacity (J cm=3 °C-1), x denotes downward
depth from soil/snow surface (cm), and s denotes soil latent heat
in source or sink (] cm=3 d-1). Eq. (2) was converted to a fully-
implicit discretized form solved with a tridiagonal-matrix algo-
rithm. Vertically, the simulation domain was defined as extend-
ing from the air-soil or air-snow interface (surface boundary) to
the damping depth (bottom boundary) (Fig. 1). When snow accu-
mulated on the ground, the snow cover was treated as a single
layer (Fig. 1). The surface boundary temperature was calculated
based on an energy balance algorithm (Hillel, 1980). The bottom
boundary was defined at the damping depth, and the temperature
at the damping depth was determined following the method of
Steppuhn (1981). The thermal conductivity of snow was calculated
as a function of snow density according to Sturm et al. (1997), and
soil thermal conductivity of both unfrozen and frozen soils were
determined based on the method developed by Johansen (1975).
The volumetric heat capacity for soils was calculated as the volu-
metric weighted mean of specific heat capacity of soil constituents,
while for snow it was calculated based on Verseghy (1991). Volu-
metric soil ice and water content were calculated according to the
release of energy during the freezing of liquid water and the ab-
sorption of energy during the melting of ice (Fig. 1). A soil layer
froze when its temperature reached or fell below 0°C and thawed
when its temperature exceeded 0°C (Fig. 1).
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Fig. 1. Schematic flowchart of coupled heat transfer and freeze-thaw cycles in snow and soil layers. Ry, is the net solar radiation, Ry, is the net longwave radiation, LE is the
latent heat flux, H is the sensible heat flux, T, is the temperature for nth node (N and N, are the surface and bottom nodes; Ns is the node at the center of the snow layer;
N; to N, are nodes centered at each soil layer), and i and w, are ice and water content in each soil layer. Yellow arrows indicate heat transfer processes and blue arrows

indicate mass transfer processes.

2.1.2. Nitrate cycling coupled with soil hydrology

Soil biogeochemical processes were simulated by a CENTURY-
based C/N cycling module which was recently incorporated into
the SWAT model by Zhang et al. (2013). The module has proven to
simulate soil C/N transformation and C/N loading/emissions from
agricultural soils better than the original SWAT’s soil biogeochem-
istry module (Qi et al.,, 2020; Yang et al., 2017; Zhang, 2018;
Zhang et al., 2013). The CENTURY-based C/N cycling module sep-
arates the soil organic matter and residue into five pools, includ-
ing structural litter, metabolic litter, microbial biomass, and slow
and passive humus, and simulates addition, decomposition, trans-
formation, and removal of each SOM-residue pool present in sur-
face and subsurface soil layers (Zhang et al., 2013). Mineraliza-
tion of organic matter and immobilization of nitrate and ammo-
nium are microbially mediated and controlled by different pools’
turnover rates and abiotic factors, such as soil temperature, soil
water content, tillage enhancement, oxygen availability, and soil
texture (Zhang et al., 2013). We also added CENTURY-based algo-
rithms to simulate N,O and N, emissions generated via denitrifi-
cation and nitrification (Parton et al., 1996; Yang et al.,, 2017).

Nitrate load to rivers is associated with surface runoff, leach-
ing, and subsurface runoff (including lateral flow, tile flow, and
baseflow as shown in Fig. 2. In the SWAT model, nitrate con-
centration is multiplied by the water moving in each pathway to
obtain the mass of nitrate lost from the soil layer and aquifer
(Neitsch et al., 2011b). In cold regions, partitioning of surface and
subsurface runoff is affected by soil thermal status during winter
and the snow melting seasons (Fig. 2). Thus, we anticipate that soil
freeze-thaw cycles will have significant impacts on nitrate loadings
via different water flow pathways.
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Fig. 2. Schematic diagram of partitioning of surface and subsurface nitrate runoff
as affected by freeze-thaw cycles in cold regions. Subsurface runoff includes soil
lateral flow, tile flow, and baseflow for the present study.

2.2. Study area and data collection

2.2.1. Upper Mississippi river basin

The UMRB, covering approximately 492,000 km?, is an impor-
tant upstream watershed within the Mississippi River Basin (MRB)
(ca. 18% of MRB) (Moriasi et al., 2013). The UMRB extends from
Lake Itasca in Minnesota to the Ohio River of north of Cairo, Illinois
(Fig. 3). Cropland, predominantly corn and soybean, accounts for
ca. 50% of the total area of the UMRB (Deb et al., 2015). Due to the
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intensive agriculture activities, the UMRB contributed about 43% of
the total nitrate loadings to the Gulf of Mexico between 2001 and
2005 leading to severe hypoxia (Panagopoulos et al., 2014). Soils in
the UMRB consist mainly of silty loam and loam soils, and are sub-
ject to seasonal freeze-thaw cycle (Qi et al., 2019c). Elevation varies
between 45 and 645 m, and flat and rolling terrains are dominant
(Deb et al., 2015). The UMRB has as a sub-humid continental cli-
mate (Panagopoulos et al., 2014), with average annual precipitation
of 900 mm and ca. 75% of annual precipitation falling in the grow-
ing season (between April and October). The UMRB has extensive
subsurface tile drainage systems for the purpose of soil conserva-
tion and improving crop production (Deb et al., 2015; Wu et al.,,
2012).

2.2.2. Model setup and data collection

A previously developed SWAT project for the UMRB has
been successfully tested for water quantity and quality simula-
tions under ungauged conditions (Qi et al., 2019a, 2019c, 2020;
Srinivasan et al., 2010). The main input data including Digital El-
evation Model (DEM), weather data, land use, and soil data for the
SWAT-UMRB project are shown in Table 1. The UMRB is divided
into 131 subbasins based on the eight-digit United States Geolog-
ical Survey (USGS) hydrologic unit codes (HUCs) (Srinivasan et al.,
2010). Management operation data in UMRB such as tile drainage,
tillage, crop rotation, irrigation, and fertilizer application are ob-
tained according to multi-sources (Srinivasan et al., 2010). Monthly
observed stream flow and nitrate loading data used for per-
formance evaluation of two different versions of SWAT model
were derived from U.S. Geological Survey (USGS) gage station #
05,587,450 (Grafton, Illinois) during 1997-2007.

2.2.3. Climate change data

We collected and compiled daily precipitation, solar radia-
tion, relative humidity, maximum/minimum air temperature, and
wind speed data from five Coupled Model Intercomparison Project
Phase 5 (CMIP5) GCMs, namely GFDL, HadGEM2, IPSL, MIROC and
NorESM1, which have been widely used in climate change studies
(Table 2). The future projection dataset has been corrected with
observed data using the bias-correction and spatial-downscaling
approach (Yang et al., 2019). We chose the RCP 8.5 to assess impact
of climate change scenarios on nitrate loading in the UMRB reflect-
ing the business-as-usual emissions scenario (i.e., greenhouse gas
emissions will continue to rise throughout the 21st century).

2.3. Model evaluation

2.3.1. Model performance on simulating stream flow and nitrate
loadings

The only difference between the two models is that SWAT-FT
used the physically based soil temperature module to represent
soil freeze-thaw cycles. All other hydrological and biogeochemical
algorithms remained the same. Model performances on simulat-
ing stream flow and nitrate loadings at the outlet of UMRB were
evaluated based on three widely used model efficiency coefficients,
including Nash-Sutcliffe efficiency (NS) (Nash and Sutcliffe, 1970),
coefficient of determination (R?), and percentage bias (PBIAS):

n 2
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Table 1

Dataset sources in the UMRB for SWAT setup and simulation.

Spatial Resolution

Available Sources

Description

Data Type

90 m

https://earthexplorer.usgs.gov/

ldas.gsfc.nasa.gov/nldas/

Shuttle Radar Topography Mission (SRTM)

DEM

0.125 °

Daily precipitation, maximum/minimum temperature, solar radiation, wind speed, and relative humidity from

the NASA North-American Land Data Assimilation System phase 2 (NLDAS2)

Weather Data

nassgeodata.gmu.edu/CropScape 30 m

websoilsurvey.nrcs.usda.gov
nhd.usgs.gov/data.html

the National Agricultural Statistics Service (NASS). (1) Cropland Data Layer. (2) 2001 National Land Cover Data

the State Soil Geographic (STATSGO) database 1:250,000 scale soil map

Land Use
Soil

1:250,000
1:100,000

The hydrography GIS layer was from the 2011 National Hydrography Dataset (NHD)

Hydrography



https://earthexplorer.usgs.gov/

6 Q. Wang, J. Qi and J. Li et al./ Water Research 186 (2020) 116355

Table 2

The five General Climate Models used for climate change simulations with RCP 8.5.
Scenario Dataset  Description Period
GFDL Geophysical Fluid Dynamics Laboratory-Earth System Model version 2 1960-2099
HadGEM2 The Hadley centre Global Environmental Model, version 2 1960-2099
IPSL Institut Pierre-Simon Laplace version 5a, low-resolution configuration 1960-2099
MIROC (Model for Interdisciplinary Research on Climate, Earth System Model, Chemistry Coupled  1960-2099
NorESM1 Norwegian Earth System Model 1-Medium resolution 1960-2099

where 0; and P; are observed and simulated values, O is the aver-
age of the observed,Pis the average of the simulated values. Model
performance results are shown in Fig. S1 of the Electronic Supple-
mentary Material.

2.3.2. Model performance on simulating soil thermal status

A previous study compared model performance on simulating
daily soil temperature at surface and 5, 10, 20, 50, and 100 cm
depths at six stations of the U.S. Climate Reference Network
(USCRN) in the UMRB (Qi et al., 2019c¢). Results show that empir-
ical soil temperature module consistently underestimated winter
soil temperatures and overestimated frozen days, while the phys-
ically based soil temperature significantly reduced the bias in es-
timated winter soil temperatures and frozen days. Here, we pro-
vided results of simulated vs. observed daily soil temperature at
5 cm depth over the six stations in Fig. S2 of the Electronic Supple-
mentary Material. Details on model comparison and performance
improvement can be found in Qi et al. (2019c).

2.4. Model projection and statistical analysis

Simulations driven by the five future climate scenarios were
conducted from 1960 to 2099 for both versions of SWAT models.
In order to understand the changes in future nitrate loadings in
temporal scales, we compared nitrate loadings of each decade of
2000-2099 relative to the baseline period (1960-1999) (Yang et al.,
2019). Mean values of annual riverine nitrate loadings for each
decade in the 21st century were calculated based on annual sim-
ulation results for the five climate scenarios (10 years x 5 sce-
narios). For the baseline period, the mean value was calculated
based on annual loadings simulated with the five climate scenarios
(40 years x 5 scenarios). Furthermore, percent changes (%) of an-
nual riverine nitrate loadings for each decade relative to the base-
line period were also calculated (= the mean value for a decade /
the mean value of the baseline period x 100). The Sen’s method
was employed to uncover trends in annual riverine nitrate load-
ings from the baseline period to the end of the 21st century based
on mean values as well as percent changes (Sen, 1968). The non-
parametric Mann-Kendall (MK) test was adopted to identify the
significance in these trends because it does not require data nor-
mality (Kendall, 1975; Mann, 1945). The global trend for the entire
series is significant when P-value < 0.05.

The MK test and Sen’s method were also used to detect trends
in climate variables (including precipitation and air temperature),
soil thermal status (as indicated by annual frozen days), nitrate
loadings (including riverine nitrate loadings, total terrestrial nitrate
loadings, and surface and subsurface nitrate loadings as well as
nitrate leaching), hydrological variables (including streamflow at
the outlet, total terrestrial water yield, and surface and subsurface
runoff) and organic nitrogen loadings. Annual frozen days is de-
fined as accumulated days with soil surface temperature < 0 °C
with all subbasins divided by the number of subbasins for one
year. In addition, the non-parametric Wilcoxon test was used to
detect significant difference between simulations by the original
SWAT model and SWAT-FT for the baseline period (1960-1999)
and each decade of the 21st century (Raje, 2014). We used the

Wilcoxon test rather than the t-test because simulated hydrologic
variables do not follow normal distribution (Raje, 2014). A P-value
< 0.05 indicates a significant difference between the two model
predictions.

Annual precipitation and average daily air temperature over the
UMRB were analyzed based on mean values for each decade from
1960 to 2099. Future climate change trend analysis results are
shown in Fig. S3 of the Electronic Supplementary Material. In ad-
dition, average annual soil mineral nitrogen transformation fluxes
for agriculture lands in the UMRB were calculated for baseline pe-
riod (1960-1999) and the 21st century (2000-2099) to demon-
strate the changes in soil nitrogen cycling processes under future
climate change scenarios. The results are shown in Fig. S4 of the
Electronic Supplementary Material.

3. Results and discussion
3.1. Responses of soil thermal status to future climate change

Fig. 4a shows annual frozen days decreased as simulated by
both models from 1960s to 2090s. The downward trends were at-
tributed to decreasing snow cover extent and depth caused by the
warming air temperature as predicted by the five GCMs (Fig. S3).
Furthermore, the differences in simulated annual frozen days be-
tween the two models were significant (P-value < 0.05) for each
period with SWAT-FT having fewer annual frozen days than the
original SWAT model (Fig. 4a). This reflects the effects of using
the physically based soil temperature module accounting for soil
freeze-thaw cycles and snow insulation effects.

The changes of annual frozen days compared with the baseline
also show substantial decreases in the 21st century (over —50% by
2090s; Fig. 4b). The original SWAT model projected smaller per-
cent changes than SWAT-FT for all decades, and the differences be-
tween the two models expanded with time. The greater changes
projected by SWAT-FT are mainly because the physically based soil
temperature module is more sensitive to snow cover changes as
demonstrated in supplementary Fig. S2 and by previous studies
(Qi et al., 2016b, 2019c).

3.2. Future riverine nitrate flux in the UMRB

Overall, both models predicted increasing trends in riverine ni-
trate fluxes (P-value < 0.05) with SWAT-FT having greater val-
ues for the baseline period and each decade of the 21st century
(Fig. 5a). SWAT-FT tended to generate more subsurface flow than
the original SWAT model (Fig. S9d), because SWAT-FT predicted
less annual frozen days (Fig. 5). As a result, more nitrate was
leached from root zones and finally exported to streams. Similarly,
upward trends in percent changes were detected for both models
(P-value < 0.05), but the original SWAT model had greater values
(Fig. 5b). The minimum and maximum difference values between
the two models occurred in 2000s (2.5%) and 2080s (24.3%), re-
spectively. In general, percent increases predicted by the original
SWAT model was about twice the prediction by SWAT-FT by the
end of the 21st century (i.e., 2080s and 2090s).
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The results clearly show the sensitivity of nitrate simulation to
empirical and physically based representation of freeze-thaw cy-
cle. Employing the original SWAT model to provide guidance for
implementation management practices to reduce nitrate loadings
from agricultural lands would give inaccurate assessment at the
cost of potentially less productivity and more costs on soil and
water conservation. For example, a reduction in nitrate loading by
30% has been recommended to reduce hypoxia in the Gulf of Mex-
ico (Mitsch et al., 1999). Using SWAT-FT as a decision support tool
would suggest less deployment of best management practices to
achieve the goal than the original SWAT model in future climate
change scenarios.

3.3. Future terrestrial nitrate loading in the UMRB

Different from the nitrate fluxes which can be monitored at
the outlet of a basin, the terrestrial nitrate loading is the summa-
tion of the surface nitrate loading and subsurface nitrate loading
(= lateral flow nitrate loading + tile flow nitrate loading + base-
flow nitrate loading) from uplands (Fig. 2). The terrestrial nitrate
loading and its components (surface nitrate loading and subsur-
face nitrate loading) were the key variables for understanding and
unentangling the nitrate cycling processes at the watershed scale
and for better design of effective agricultural management prac-

tices. We calculated annual terrestrial nitrate loadings, surface ni-
trate loadings, and subsurface nitrate loadings for the baseline pe-
riod and each decade of the 21st century (Fig. 6; also see Fig.
S6, Fig. S7, and Fig. S8 for reference). There were also upward
trends in annual terrestrial nitrate loadings with time (P-value <
0.05) (Figs. 6a and 6d). Like the results for the annual riverine ni-
trate flux (Fig. 5a), significant differences were observed between
the two versions of SWAT model (P-value < 0.05) with SWAT-FT
predicting more annual terrestrial nitrate loadings (Fig. 6a). The
largest percent change in annual terrestrial nitrate loading relative
to the baseline period occur in 2090s (Fig. 6d), with 52.7% pro-
jected by the original SWAT model which is nearly twice that of
SWAT-FT (29.1%).

To further investigate nitrate cycling processes, the annual sur-
face nitrate loading and subsurface nitrate loading were analyzed.
Significant differences in annual surface nitrate loadings predicted
by the two versions of SWAT model can be only found before
2060s (Fig. 6b), while there are significant differences in annual
subsurface nitrate loading between the two versions of SWAT
model for all decades in the 21st century (Fig. 6¢). Notably, the dif-
ferences between the two models for both the surface nitrate load-
ing and subsurface nitrate loading narrowed (Figs. 6b and 6¢). The
diminishing differences between the two models can be attributed
to the decreasing differences in frozen days simulated by the two
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models as shown in Fig. 4 (also see Fig. S5). This result shows that
the freeze-thaw cycle representation played an important role in
prediction of surface nitrate and subsurface nitrate loadings.

The original SWAT model predicted a downward trend in per-
cent changes for the surface nitrate loading (P-value < 0.05) and
an upward trend for subsurface nitrate loading (P-value < 0.05)
(Figs. 6e and 6f). In contrast, SWAT-FT had an insignificant upward
trend for surface nitrate loading (P-value > 0.05) (Fig. 6e), and
an upward trend for subsurface nitrate loading. Although the both
models predicted an upward trend for subsurface nitrate loading,
the trend line of SWAT-FT had a gentler slope than that of the
original SWAT model (Fig. 6f). It is worth noting that terrestrial
nitrate loading and subsurface nitrate loading exhibit close mean
values and slope of percent changes (Figs. 6a, 6¢, 6d, and 6f), high-
lighting the major contribution of subsurface nitrate loading to the
total nitrate loading from uplands (Figs. 6b and 6c). The signifi-
cance of subsurface nitrate loading requires accurate simulation of
hydrological processes impacted by soil thermal status, thereby ac-
centuating the important role of freeze-thaw cycles in hydrological
modeling.

3.4. Spatial variability in surface and subsurface nitrate loading in
the umrb

Information on spatial variability of surface and subsurface ni-
trate loading components is essential for water quality manage-
ment, agricultural management, and implementation of adaptation
strategies at the watershed scale. To better clarify the effects of soil
freeze-thaw cycle on nitrate loadings in projected future climate
conditions, we calculated the spatial differences (= simulations by
the original SWAT model minus simulations by SWAT-FT for each
subbasin) of average annual surface and subsurface nitrate loadings
in the UMRB for four periods (Fig. 7), including the baseline pe-
riod (1960-1999) and three future 30-year periods (i.e., 2010-2039,
2040-2069, and 2070-2099 representing near term, mid-term, and
long-term future conditions). In most subbasins, differences in the
surface nitrate loading were positive indicating that surface nitrate
loading predicted by the original SWAT model was greater than
that of SWAT-FT, except for several southern subbasins (Fig. 7a).
The differences in the surface nitrate loading predicted by the two
models tended to decrease over time. Note that the range of the
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widths of the violin plot denote probability density of the used data.

differences between surface nitrate loading simulated by the two
models was between —1 and 1 kg ha=! yr-! which is almost neg-
ligible compared to the total terrestrial nitrate loading.

Differences between subsurface nitrate loadings predicted by
the two models were negative (Fig. 7a), indicating that the orig-
inal SWAT model predicted less subsurface nitrate loadings than
SWAT-FT across the basin (Fig. 7b). We also found the differ-
ences in subsurface nitrate loadings between the two model
are larger in northwestern subbasins (maximum difference of
about —15 kg ha=! year~!) than in the southeastern subbasins.
In addition, the differences in subsurface nitrate loadings also
tended to narrow over time which is consistent with previ-

ous temporal analyses (also see Fig. 6¢). The cause of the nar-
rowing difference between simulated surface and subsurface ni-
trate loadings predicted by the two versions of SWAT model is
mainly attributed to the narrowing difference in simulated frozen
days (Fig. 4a).

Detailed information on spatial characteristics of nitrate load-
ings associated with subbasins can help decision making to im-
plement effective management practices to reduce nitrate leach-
ing and improve water quality in streams (Shaffer et al,, 1991). As
northern UMRB experiences more intensive freeze-thaw cycle and
the original SWAT model and SWAT-FT exhibited larger differences
in the colder region, it is deserved to pay more attention to those
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SWAT-FT during four periods using five different GCMs.

vulnerable areas when designing mitigation strategies under future
climate change conditions.

3.5. Future nitrate leaching and organic nitrogen loading

We also provided the projection on annual nitrate leaching and
terrestrial organic nitrogen loading for baseline period and each
decade of the 21st century as shown in Figs. S10-11 and Fig. S12,
respectively, in the Electronic Supplementary Material. Model pro-
jection on annual nitrate leaching had similar trends to the total
subsurface nitrate loading for both models (Figs. 6¢ and 6f vs. Figs.
S10a and S10b), which is understandable because nitrate leaching
contributes greatly to the subsurface nitrate loading (Fig. 2). Model
projection on annual organic nitrogen loading showed significant
decreasing trends for both models (Figs. S12a and S12b), which
was consistent with the decreasing trend in surface runoff of the
original SWAT model (Fig. S9c), but not for SWAT-FT whose annual
surface runoff had insignificant trend (P-value > 0.05). The differ-
ent association between annual surface runoff and organic nitro-

gen loading for the original SWAT model and SWAT-FT implied the
sensitivity of organic matter loading projection to freeze-thaw cy-
cle representation, which is out of scope of this study.

3.6. Relation between nitrate loading and water flow

Figure S9 shows model projections on annual stream flow at
the outlet, total terrestrial water yield in the UMRB, and sur-
face and subsurface runoff for both models for baseline period
and each decade of the 21st century. Contrary to riverine nitrate
flux and total terrestrial nitrate loading, there were no significant
differences in annual stream flow and water yield between the
two SWAT models for different periods (P-value > 0.05; Figs. S9a
and S9b). Like surface and subsurface nitrate loadings, there were
also significant differences between two models for surface and
subsurface runoff (Figs. S9c¢ and S9d). Except for surface runoff,
changing trends in annual stream flow, water yield, and subsur-
face runoff were opposite to respective nitrate loadings for both
models. The downward trends of stream flow, water yield, and
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subsurface runoff were caused by the increasing ET in the UMRB
(Wang et al., 2020), while the upward trends of riverine nitrate
flux, total terrestrial nitrate loading, and subsurface nitrate loading
were due to increased nitrate concentration in soil profile caused
by accelerated mineralization and nitrification rates under future
warmer conditions (Dai et al., 2020). For the annual surface runoff,
it had the similar changing trends to the annual surface nitrate
loading projected by both models with the original SWAT model
having decreasing trends in surface runoff and surface nitrate load-
ing, and SWAT-FT having insignificant changing trends (P-value
>0.05; Fig. S9c vs Fig. 6b) .

4. Conclusions

With improved freeze-thaw cycle representation, SWAT-FT bet-
ter simulated soil thermal status, streamflow, and riverine nitrate
fluxes in the UMRB. Driven by five GCMs under the RCP8.5 sce-
nario, both SWAT-FT and the original SWAT model projected in-
creases in terrestrial nitrate loadings in the 21st century, with
SWAT-FT predicting higher loadings due to more subsurface nitrate
contributions caused by less predicted frozen days.

Compared with the baseline period of 1960-1999, the original
SWAT model predicted a 50% increase of total nitrate loadings from
uplands at the end of the 21st century which was about twice that
predicted by SWAT-FT (ca. 25%). The large differences between pro-
jected future relative changes (ca. 50% by the original SWAT model
vs. ca. 25% by SWAT-FT) highlight the relevance of freeze-thaw cy-
cle representation to effective design of water quality management
practices to reduce nitrate fluxes from URMB (e.g. 30% reduction
as suggested by Mitsch et al., 1999).

Spatial distribution of surface and subsurface nitrate loading
from upland also showed that major differences between the orig-
inal SWAT model and SWAT-FT exist in the northern UMRB, which
experiences more intensive freeze-thaw cycle than the southern
part. Overall, our results clearly show the sensitive responses
of upland nitrate loading and riverine nitrate fluxes to differ-
ent freeze-thaw cycle representation. The use of physically based
freeze-thaw cycle representation in water quality modeling is im-
portant for reliable assessment of future water quality improve-
ment efforts under climate change.

The present study considered constant atmospheric reactive ni-
trogen deposition rate and CO, concentration for future hydrol-
ogy and water quality modeling in the UMRB. Terrestrial emissions
to the atmosphere and the feedback to land surface ecosystems
are also important for climate change studies. Future research is
needed to consider these complex processes by coupling SWAT-FT
with climate models to reduce prediction uncertainty.
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