L AND COVER/PLANT

The plant growth component of SWAT is a ssimplified version of the EPIC plant
growth model. As in EPIC, phenological plant development is based on daily
accumulated heat units, potential biomass is based on a method devel oped by Monteith, a
harvest index is used to calculate yield, and plant growth can be inhibited by temperature,
water, nitrogen or phosphorus stress. Portions of the EPIC plant growth model that were
not incorporated into SWAT include detailed root growth, micronutrient cycling and
toxicity responses, and the simultaneous growth of multiple plant species in the same
HRU.




CHAPTER 17

EQUATIONS:
GROWTH CYCLE

The growth cycle of a plant is controlled by plant attributes summarized in
the plant growth database and by the timing of operations listed in the
management file. This chapter reviews the heat unit theory used to regulate the
growth cycle of plants. Chapter 20 focuses on the impact of user inputs in

management operations on the growth and development of plants.
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17.1 HEAT UNITS

Temperature is one of the most important factors governing plant growth.
Each plant has its own temperature range, i.e. its minimum, optimum, and
maximum for growth. For any plant, a minimum or base temperature must be
reached before any growth will take place. Above the base temperature, the higher
the temperature the more rapid the growth rate of the plant. Once the optimum
temperature is exceeded the growth rate will begin to slow until a maximum
temperature is reached at which growth ceases.

In the 1920s and 1930s, canning factories were searching for ways to time
the planting of sweet peas so that there would be a steady flow of peas at the peak
of perfection to the factory. Crops planted at weekly intervals in the early spring
would sometimes come to maturity with only a 1- or 2-day differential while at
other times there was a 6- to 8-day differential (Boswell, 1926; 1929). A heat unit
theory was suggested (Boswell, 1926; Magoon and Culpepper, 1932) that was
revised and successfully applied (Barnard, 1948; Phillips, 1950) by canning
companies to determine when plantings should be made to ensure a steady harvest
of peas with no “bunching” or “breaks’.

The heat unit theory postulates that plants have heat requirements that can
be quantified and linked to time to maturity. Because a plant will not grow when
the mean temperature falls below its base temperature, the only portion of the
mean daily temperature that contributes towards the plant’s development is the
amount that exceeds the base temperature. To measure the total heat requirements
of a plant, the accumulation of daily mean air temperatures above the plant’s base
temperature is recorded over the period of the plant’s growth and expressed in
terms of heat units. For example, assume sweet peas are growing with a base
temperature of 5°C. If the mean temperature on a given day is 20°C, the heat units
accumulated on that day are 20 — 5 = 15 heat units. Knowing the planting date,
maturity date, base temperature and mean daily temperatures, the total number of

heat units required to bring a crop to maturity can be calculated.
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The heat index used by SWAT is a direct summation index. Each degree
of the daily mean temperature above the base temperature is one heat unit. This
method assumes that the rate of growth is directly proportional to the increase in
temperature. It is important to keep in mind that the heat unit theory without a
high temperature cutoff does not account for the impact of harmful high
temperatures. SWAT assumes that al heat above the base temperature accelerates
crop growth and development.
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Figure 17-1: Mean daily temperature recorded for Greenfield, Indiana

The mean daily temperature during 1992 for Greenfield, Indianais plotted
in Figure 17-1 along with the base temperature for corn (8°C). Crop growth will
only occur on those days where the mean daily temperature exceeds the base
temperature. The heat unit accumulation for a given day is calculated with the
equation:

HU=Ta-T,.  when Ta>T, 17.1.1
where HU is the number of heat units accumulated on a given day (heat units),

Ta isthe mean daily temperature (°C), and Tpase IS the plant’s base or minimum



264 SWAT USER'S MANUAL, VERSION 2000

temperature for growth (°C). The total number of heat units required for a plant to
reach maturity is calculated:

PHU = Zm: HU 17.1.2

d=1
where PHU is the total heat units required for plant maturity (heat units), HU is
the number of heat units accumulated on day d where d = 1 on the day of planting
and mis the number of days required for a plant to reach maturity. PHU is aso
referred to as potential heat units.

When calculating the potential heat units for a plant, the number of daysto
reach maturity must be known. For most crops, these numbers have been
guantified and are easily accessible. For other plants, such as forest or range, the
time that the plants begin to develop buds should be used as the beginning of the
growing season and the time that the plant seeds reach maturation is the end of the
growing season. For the Greenfield Indiana example, a 120 day corn hybrid was
planted on May 15. Summing daily heat unit values, the total heat units required

to bring the corn to maturity was 1456.

17.1.1 HEAT UNIT SCHEDULING
As the heat unit theory was proven to be a reliable predictor of harvest

dates for all types of crops, it was adapted by researchers for prediction of the
timing of other plant development stages such as flowering (Cross and Zuber,
1972). The successful adaptation of heat units to predict the timing of plant stages
has subsequently led to the use of heat units to schedule management operations.

SWAT alows management operations to be scheduled by day or by
fraction of potential heat units. For each operation the model checks to see if a
month and day has been specified for timing of the operation. If this information
is provided, SWAT will perform the operation on that month and day. If the
month and day are not specified, the model requires a fraction of potential heat
units to be specified. As a general rule, if exact dates are available for scheduling
operations, these dates should be used.

Scheduling by heat units allows the model to time operations as a function
of temperature. This method of timing is useful for several situations. When very
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large watersheds are being simulated where the climate in one portion of the
watershed is different enough from the climate in another section of the watershed
to affect timing of operations, heat unit scheduling may be beneficial. By using
heat unit scheduling, only one generic management file has to be made for a given
land use. This generic set of operations can then be used wherever the land use is
found in the watershed. Also, in areas where the climate can vary greatly from
year to year, heat unit scheduling will allow the model to adjust the timing of
operations to the weather conditions for each year.

To schedule by heat units, the timing of the operations are expressed as
fractions of the potential heat units for the plant or fraction of maturity. Let us use
the following example for cornin Indiana.

Date Operation Heat Units Fraction of

Accumulated PHU

April 24 Tandem disk

April 30 Tandem disk

May 7 Field cultivator

May 15 Plant corn (PHU = 1456) 0 .00

June 3 Row cultivator 165 A1

June 17 Row cultivator 343 24

October 15  Harvest & Kill 1686 1.16

October 29 Tandem disk
November 5 Chisel

The number of heat units accumulated for the different operation timings
is calculated by summing the heat units for every day starting with the planting
date (May 15) and ending with the day the operation takes place. To calculate the
fraction of PHU at which the operation takes place, the heat units accumulated is
divided by the PHU for the crop (1456).

Note that the fraction of PHU for the harvest operation is 1.16. The
fraction is greater than 1.0 because corn is alowed to dry down prior to
harvesting. The model will simulate plant growth until the crop reaches maturity
(where maturity is defined as PHU = 1456). From that point on, plants will not
transpire or take up nutrients and water. They will stand in the HRU until
converted to residue or harvested.

While the operations after planting have been scheduled by fraction of

PHU, operations—including planting—which occur during periods when no crop
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is growing must still be scheduled. To schedule these operations, SWAT keeps
track of a second heat index where heat units are summed over the entire year
using Tpase = 0°C. This heat index is solely a function of the climate and is termed
the base zero heat index. For the base zero index, the heat units accumulated on a
given day are:

HU,=Ta when Ta >0°C 17.1.3
where HU is the number of base zero heat units accumulated on a given day

(heat units), and Tav is the mean daily temperature (°C). The total number of heat

units for the year is calculated:

PHU, :3265:HU0 17.1.4
d=1

where PHUj is the total base zero heat units (heat units), HUg is the number of
base zero heat units accumulated on day d where d = 1 on January 1 and 365 on
December 31. Unlike the plant PHU which must be provided by the user, PHUy is
the average calculated by SWAT using long-term weather data provided in the
wagn file.

For the example watershed in Indiana, PHUy = 4050. The heat unit
fractions for the remaining operations are calculated using this value for potential
heat units.

Date Operation BaseZero Plant Fraction of Fraction of
Heat Units Heat Units PHU, PHU
Accumulated Accumulated (PHU,=4050) (PHU = 1456)

April 24 Tandem disk 564 A4

April 30 Tandem disk 607 A5

May 7 Field cultivator 696 A7

May 15 Plant corn (PHU = 1456) 826 0 .20

June 3 Row cultivator 1136 165 A1

June 17 Row cultivator 1217 343 .24

October 15 Harvest & Kill 3728 1686 1.16

October 29 Tandem disk 3860 .95

November 5 Chisel 3920 .97

As stated previously, SWAT aways keeps track of base zero heat units.
The base zero heat unit scheduling is used any time there are no plants growing in
the HRU (before and including the plant operation and after the kill operation).
Once plant growth is initiated, the model switches to plant heat unit scheduling
until the plant is killed.
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The following heat unit fractions have been found to provide reasonable

timings for the specified operations:

0.15 planting fraction of PHUq

1.0  harvest/kill for crops with no dry-down fraction of PHU

1.2 harvest/kill for crops with dry-down fraction of PHU

0.6  hay cutting operation fraction of PHU

Table 17-1: SWAT input variables that pertain to heat units.

Variable Input
Name Definition File
PHU PHU: potential heat units for plant that is growing at the beginning of .mgt

the simulation in an HRU
HEATUNITS  PHU: potential heat units for plant whose growth is initiated with a  .mgt
planting operation.
HUSC Fraction of potential heat units at which operation takes place. .mgt
T_BASE Thase: Minimum temperature for plant growth (°C) crop.dat

17.2 DORMANCY

SWAT assumes trees, perennials and cool season annuals can go dormant
as the daylength nears the shortest or minimum daylength for the year. During
dormancy, plants do not grow.

The beginning and end of dormancy are defined by a threshold daylength.
The threshold daylength is calcul ated:

TDL,thr = TDL,mn + tdorm 1721

where Tp vy 1S the threshold daylength to initiate dormancy (hrs), TpLm IS the
minimum daylength for the watershed during the year (hrs), and tgorm IS the
dormancy threshold (hrs). When the daylength becomes shorter than Tp, ¢ in the
fall, plants other than warm season annuals that are growing in the watershed will
enter dormancy. The plants come out of dormancy once the daylength exceeds
ToL thr iN the spring.
The dormancy threshold, tgorm, Varies with latitude.
dorm = 1.0 if ¢>40°NorS 17.2.2

tiorm = ——— if 20°NorS<@<40°NorS 1723

dorm — 0.0 if @< 20°NorS 17.2.4
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where tgorm is the dormancy threshold used to compare actual daylength to

minimum daylength (hrs) and ¢ is the latitude expressed as a positive value

(degrees).

At the beginning of the dormant period for trees, leaf biomassis converted
to residue and the leaf area index for the tree species is set to the minimum value
allowed (defined in the plant growth database). At the beginning of the dormant
period for perennias, 95% of the biomass is converted to residue and the leaf area
index for the species is set to the minimum vaue alowed. For cool season

annuals, none of the biomass is converted to residue.

17.3PLANT TYPES

SWAT categorizes plants into seven different types. warm season annual
legume, cold season annual legume, perennial legume, warm season annual, cold
season annual, perennial and trees. The differences between the different plant

types, as modeled by SWAT, are asfollows:

1

warm season annual legume:

» simulate nitrogen fixation

* root depth varies during growing season due to root growth

cold season annual legume:

* simulate nitrogen fixation

» root depth varies during growing season due to root growth

» fall-planted land covers will go dormant when daylength isless
than the threshold daylength

perennial legume:

* simulate nitrogen fixation

* root depth aways equal to the maximum allowed for the plant
species and soil

» plant goes dormant when daylength is less than the threshold
daylength

warm season annual:

» root depth varies during growing season due to root growth

cold season annual:

* root depth varies during growing season due to root growth

» fall-planted land covers will go dormant when daylength isless
than the threshold daylength
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6 perennia:
* root depth aways equal to the maximum allowed for the plant
species and soil
» plant goes dormant when daylength is less than the threshold
daylength
7 trees:

» root depth always equal to the maximum allowed for the plant
species and soil

e partitions new growth between leaves/needles (30%) and woody
growth (70%). At the end of each growing season, biomassin the
leaf fraction is converted to residue

17.4NOMENCLATURE

HU

HUo
PHU

PHU,q

Tbase
ToLm
ToLthr
Tav

tdor m

@

Number of heat units accumulated on a given day where base temperatureis
dependant on the plant species (heat units)

Number of base zero heat units accumulated on a given day (heat units)
Potential heat units or total heat units required for plant maturity where base
temperature is dependant on the plant species (heat units)

Total base zero heat units or potential base zero heat units (heat units)

Plant’ s base or minimum temperature for growth (°C)

Minimum daylength for the watershed during the year (hrs)

Threshold daylength to initiate dormancy (hrs)

Mean air temperature for day (°C)
Dormancy threshold (hrs)

Latitude expressed as a positive value (degrees)
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CHAPTER 18

EQUATIONS:
OPTIMAL GROWTH

For each day of simulation, potential plant growth, i.e. plant growth under
ideal growing conditions, is calculated. Ideal growing conditions consist of
adequate water and nutrient supply and afavorable climate. Differences in growth
between plant species are defined by the parameters contained in the plant growth
database.
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18.1 POTENTIAL GROWTH

Plant growth is modeled by simulating leaf area development, light
interception and conversion of intercepted light into biomass assuming a plant

species-specific radiation-use efficiency.

18.1.1 BIOMASS PRODUCTION

The amount of daily solar radiation intercepted by the leaf area of the
plant is calculated using Beer’s law (Mons and Saeki, 1953):
H jposn = 0.5H g, ({1 —exp(k, CLAI)) 18.1.1

phosyn
where Hpnogyn 1S the amount of intercepted photosynthetically active radiation on a

given day (MJ m®), Hgay is the incident total solar (MJ m?), 0.5[H, is the

day
incident photosynthetically active radiation (MJ m™), k, is the light extinction

coefficient, and LAI isthe leaf areaindex. In SWAT, the light extinct coefficient
is—0.65 for al plants.

Photosynthetically active radiation is radiation with a wavelength between
400 and 700 mm (McCree, 1972). Direct solar beam radiation contains roughly
45% photosynthetically active radiation while diffuse radiation contains around
60% photosynthetically active radiation (Monteith, 1972; Ross, 1975). The
fraction of photosynthetically active radiation will vary from day to day with
variation in overcast conditions but studies in Europe and Israel indicate that 50%
IS a representative mean value (Monteith, 1972; Szeicz, 1974, Stanhill and Fuchs,
1977).

Radiation-use efficiency is the amount of dry biomass produced per unit
intercepted solar radiation. The radiation-use efficiency is defined in the plant
growth database and is assumed to be independent of the plant’s growth stage.
The maximum increase in biomass on a given day that will result from the
intercepted photosynthetically active radiation is estimated (Monteith, 1977):

Abio = RUE H 18.1.2

phosyn
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where Abio is the potential increase in total plant biomass on a given day (kg/ha),
RUE is the radiation-use efficiency of the plant (kg/haliMJm?)™* or 10 g/MJ), and
Hpnosyn 1S the amount of intercepted photosynthetically active radiation on a given
day (MJm). Equation 18.1.2 assumes that the photosynthetic rate of a canopy isa
linear function of radiant energy.
The total biomass on agiven day, d, is calculated as.
d
bio =) Abio, 18.1.3
i=1
where bio is the total plant biomass on a given day (kg ha'), and Abig; is the

increase in total plant biomass on day i (kg/ha).

18.1.1.1 IMPACT OF CLIMATE ON RADIATION-USE EFFICIENCY

Radiation-use efficiency is sensitive to variations in atmospheric
CO;, concentrations and equations have been incorporated into SWAT to
modify the default radiation-use efficiency values in the plant database for
climate change studies. The relationship used to adjust the radiation-use
efficiency for effects of elevated CO, is (Stockle et al., 1992):

RUE = 100[TO,

= 18.1.4
Co, +exp(r, - r, [CO,)

where RUE is the radiation-use efficiency of the plant (kg/haliMJIm?)™* or
10" g/MJ), CO; is the concentration of carbon dioxide in the atmosphere
(ppmv), and r; and r,, are shape coefficients.

The shape coefficients are calculated by solving equation 18.1.4
using two known points (RUEam, COoanm) and (RUE;, COopi):

r,=In COzam
! (0.01(RUE,,, )

In COpar,__ CO,,., |=In O CO,,
_ ] (0.01RUE,,) (0.01[RUE,) 1816

’ Coz hi Cozamb

18.1.5

- COZamb} +1, [CO

2amb

where r; is the first shape coefficient, r, is the second shape coefficient,

COgamp IS the ambient atmospheric CO, concentration (ppmv), RUEam, iS
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the radiation-use efficiency of the plant at ambient atmospheric CO;
concentration (kg/hafMJm?)™* or 10* g/MJ), COu is an elevated
atmospheric CO, concentration (ppmv), RUEy is the radiation-use
efficiency of the plant at the elevated atmospheric CO, concentration,
COzi, (kg/halMJIm?)™* or 10" g/MJ). Equation 18.1.4 was developed
when the ambient atmospheric CO, concentration was 330 ppmv and is
valid for carbon dioxide concentrations in the range 330-660 ppmv. Even
though the ambient atmospheric concentration of carbon dioxide is now
higher than 330 ppmv, this value is still used in the calculation. If the CO,
concentration used in the simulation is less than 330 ppmv, the model
defines RUE = RUE .

Stockle and Kiniry (1990) have shown that a plant’s radiation-use
efficiency is affected by vapor pressure deficit. For a plant, a threshold
vapor pressure deficit is defined at which the plant’'s radiation-use
efficiency begins to drop in response to the vapor pressure deficit. The
adjusted radiation-use efficiency is calcul ated:

RUE = RUE,,_, - Arue,, [vpd —vpd,, ) if vpd > vpd,, 18.1.7

RUE = RUE if vpd <vpd,, 18.1.8

vpd =1
where RUE is the radiation-use efficiency adjusted for vapor pressure
deficit (kg/haiMJIm?)™* or 10" g/MJ), RUE=1 is the radiation-use
efficiency for the plant at a vapor pressure deficit of 1 kPa (kg/hal(MJm?)™
or 10" g/MJ), Arueyq is the rate of decline in radiation-use efficiency per
unit increase in vapor pressure deficit (kg/hafMJm?)*&Pa* or (10
g/MJIEPa™), vpd is the vapor pressure deficit (kPa), and vpdy, is the
threshold vapor pressure deficit above which a plant will exhibit reduced
radiation-use efficiency (kPa). The radiation-use efficiency value reported
for the plant in the plant growth database, RUE,,, or adjusted for elevated
carbon dioxide levels (equation 18.1.4) is the value used for RUEp¢-=1. The
threshold vapor pressure deficit for reduced radiation-use efficiency is
assumed to be 1.0 kPafor all plants (vpd,, =1.0).
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The radiation-use efficiency is never allowed to fall below 27% of
RUEamw. This minimum value was based on field observations (Kiniry,

personal communication, 2001).

18.1.2 CANOPY COVER AND HEIGHT

The change in canopy height and leaf area through the growing season as
modeled by SWAT is illustrated using parameters for Alamo Switchgrass in
Figures 18-1 and 18-2.
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Figure 18-1: Seasonal change in plant canopy height during growing season.
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Figure 18-2: Seasonal change in plant leaf areaindex during growing season.
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In the initial period of plant growth, canopy height and leaf area

development are controlled by the optimal |eaf area development curve:

fro, = Mevy 18.1.9
frony + eXp(El =Ly Uy )

where fr amx IS the fraction of the plant’s maximum leaf area index corresponding
to a given fraction of potential heat units for the plant, frpyy is the fraction of
potential heat units accumulated for the plant on a given day in the growing
season, and ¢, and /¢, are shape coefficients. The fraction of potential heat units
accumulated by a given date is calcul ated:
d
> Hu,
fro,, == 18.1.10
PHU PHU

where frpyy is the fraction of potential heat units accumulated for the plant on

day d in the growing season, HU is the heat units accumulated on day i (heat
units), and PHU isthetotal potential heat units for the plant (heat units).
The shape coefficients are calculated by solving equation 18.1.9 using two

known pOI nts (erALl,frpHU,l) and (erALz,frpHU,z):

fr
0, = In{ﬂ = frony ,1} + 0, Doy 18.1.11

I’LAI 1

fr fr
|n|: e - frPHU ,1} - |n|: ez - frPHU,2}
) = fron 1 erAI,Z

2

18.1.12

frPHU,Z - frPHU 1
where /7, is the first shape coefficient, 7, isthe second shape coefficient, frpnu 1

is the fraction of the growing season (i.e. fraction of total potential heat units)
corresponding to the 1% point on the optimal leaf area development curve, fria 1 is
the fraction of the maximum plant leaf area index (i.e. fraction of LAln)
corresponding to the 1% point on the optimal leaf area development curve, frpuu 2
is the fraction of the growing season corresponding to the 2™ point on the optimal
leaf area development curve, and fria 2 is the fraction of the maximum plant |eaf
area index corresponding to the 2™ point on the optimal leaf area development

curve.
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The canopy height on a given day is calculated:
he = N e & friam 18.1.13

where h. is the canopy height for a given day (m), he . is the plant’s maximum
canopy height (m), and fram is the fraction of the plant’s maximum leaf area
index corresponding to a given fraction of potential heat units for the plant. As
can be seen from Figure 18-1, once the maximum canopy height is reached, h.
will remain constant until the plant iskilled.

The amount of canopy cover is expressed as the leaf area index. The leaf

area added on day i is calculated:
ALAL, = (frouma = friame) LA, (f1-exp(5L{LAI_, — LAI . )) 18.1.14

And thetotal leaf areaindex is calculated:
LAI, = LAI,_, + ALAI, 18.1.15

where ALAI; is the leaf area added on day i, LAI; and LAI;; are the leaf area
indices for day i and i-1 respectiviely, fr amxi and fr amxj-1 are the fraction of the
plant’s maximum leaf areaindex calculated with equation 18.1.9 for day i and i-1,
and LAl is the maximum leaf areaindex for the plant.

Leaf areaindex is defined as the area of green leaf per unit area of land
(Watson, 1947). As shown in Figure 18-2, once the maximum leaf area index is
reached, LAl will remain constant until leaf senescence begins to exceed leaf
growth. Once leaf senescence becomes the dominant growth process, the leaf area
index is calculated:

LAl =16 0LAI,, [f1- fr.., ) frono > ony s 18.1.16

where LAl is the leaf area index for a given day, LAl is the maximum leaf area
index, frpyy IS the fraction of potential heat units accumulated for the plant on a
given day in the growing season, and frpyu «n 1S the fraction of growing season

(PHU) at which senescence becomes the dominant growth process.

18.1.3 ROOT DEVELOPMENT

The amount of total plant biomass partitioned to the root system is 30-50%
in seedlings and decreases to 5-20% in mature plants (Jones, 1985). SWAT varies
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the fraction of total biomass in roots from 0.40 at emergence to 0.20 at maturity.
The daily root biomass fraction is cal culated with the equation:
fr . =0.40-0.20 [y, 18.1.17

where fryo IS the fraction of total biomass partitioned to roots on a given day in
the growing season, and frppy is the fraction of potential heat units accumulated
for the plant on a given day in the growing season.

Calculation of root depth varies according to plant type. SWAT assumes
perennials and trees have roots down to the maximum rooting depth defined for
the soil throughout the growing season:

Z.y =2 18.1.18

root Toot,mx

where zq IS the depth of root development in the soil on a given day (mm), and
Zootmx 1S the maximum depth for root development in the soil (mm). The
simulated root depth for annuals varies linearly from 0.0 mm at the beginning of
the growing season to the maximum rooting depth at frpyy = 0.40 using the

equation:
Z oo = 2.50Mpy [ g m if fro,, <0.40 18.1.19
Z oot = Ziootmx if fro,, >0.40 18.1.20

where Zo IS the depth of root development in the soil on a given day (mm), frphy
is the fraction of potential heat units accumulated for the plant on a given day in
the growing season, and zqotmx 1S the maximum depth for root development in the
soil (mm). The maximum rooting depth is defined by comparing the maximum
potential rooting depth for the plant from the plant growth database (RDMX in
crop.dat), and the maximum potential rooting depth for the soil from the soil input
file (SOL_ZMX in .sol—if no value is provided for this variable the model will
set it to the deepest depth specified for the soil profile). The shallower of these
two depthsis the value used for z oot mx-

18.1.4 MATURITY

Plant maturity is reached when the fraction of potentia heat units

accumulated, frphy, is equal to 1.00. Once maturity is reached, the plant ceases to
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transpire and take up water and nutrients. Simulated plant biomass remains stable

until the plant is harvested or killed via a management operation.

Table 18-1: SWAT input variables that pertain to optimal plant growth.

Variable Input
Name Definition File
BIO E RUE.: Radiation use efficiency in ambient CO,((kg/ha)/(MJm?)) crop.dat
COZzHI CO,y,i: Elevated CO, atmospheric concentration (ppmv) crop.dat
BIOEHI RUE;;: Radiation use efficiency at elevated CO, atmospheric crop.dat
concentration value for CO2HI ((kg/ha)/(MJm?))
WAVP Arueyy: Rate of decline in radiation-use efficiency per unit increase  crop.dat
in vapor pressure deficit (kg/halMJm?) *[&Pa™ or (10" g/MJ)KPa™)
PHU PHU: potential heat units for plant growing at beginning of .mgt
simulation (heat units)
HEATUNITS  PHU: potentia heat units for plant whose growth is initiated in a .mgt
planting operation (heat units)
FRGRW1 frpnu 1 Fraction of the growing season corresponding to the 1% point  crop.dat
on the optimal leaf area development curve
LAIMX1 fr a 10 Fraction of the maximum plant leaf areaindex corresponding crop.dat
to the 1% point on the optimal leaf area development curve
FRGRW2 frequ 2: Fraction of the growing season corresponding to the 2" point  crop.dat
on the optimal |eaf area development curve
LAIMX2 fr a2 Fraction of the maximum plant leaf areaindex corresponding crop.dat
to the 2™ point on the optimal leaf area development curve
CHTMX hemc Plant’s potential maximum canopy height (m) crop.dat
BLAI LAl Potential maximum leaf areaindex for the plant crop.dat
DLAI frequsen: Fraction of growing season at which senescence becomes  crop.dat
the dominant growth process
SOL_ZMX Zrootmx. Maximum rooting depth in soil (mm) .sol
RDMX Zrootme. Maximum rooting depth for plant (mm) crop.dat

18.2 WATER UPTAKE BY PLANTS

The potential water uptake from the soil surface to any depth in the root

zone is estimated with the function:

Wup,z =

18.2.1

where W, IS the potential water uptake from the soil surface to a specified depth,
z, on agiven day (mm H,0), E; is the maximum plant transpiration on a given day
(mm H20), By is the water-use distribution parameter, z is the depth from the soil
surface (mm), and Zq iS the depth of root development in the soil (mm). The
potential water uptake from any soil layer can be calculated by solving equation
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18.2.1 for the depth at the top and bottom of the soil layer and taking the

difference.
WUpr = Wup,zl - Wup,zu 18.2.2

where w1y is the potential water uptake for layer ly (mm HxO), wypa is the
potential water uptake for the profile to the lower boundary of the soil layer (mm
H>0), and wyp is the potential water uptake for the profile to the upper boundary
of the soil layer (mm H,0).

Since root density is greatest near the soil surface and decreases with
depth, the water uptake from the upper layers is assumed to be much greater than
that in the lower layers. The water-use distribution parameter, 3., is set to 10 in
SWAT. With this value, 50% of the water uptake will occur in the upper 6% of
the root zone. Figure 18-3 graphically displays the uptake of water at different

depthsin the root zone.
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Figure 18-3: Depth distribution of water uptake
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The amount of water uptake that occurs on a given day is a function of the amount
of water required by the plant for transpiration, E;, and the amount of water
available in the soil, SW. Equations 18.2.1 and 18.2.2 calculate potential water
uptake solely as a function of water demand for transpiration and the depth
distribution defined in equation 18.2.1. SWAT modifies the initial potential water
uptake from a given soil layer to reflect soil water availability in the following
ways.

If upper layers in the soil profile do not contain enough water to meet the
potential water uptake calculated with equation 18.2.2, users may allow lower
layers to compensate. The equation used to calculate the adjusted potential water

uptakeis:
\N:Jp,ly = Wup,ly + Wdemand BEpCO 18.2.3
where W, isthe adjusted potential water uptake for layer ly (mm Hz0), Wyp,y is

the potential water uptake for layer |y calculated with equation 18.2.2 (mm H;0),
Wgemand 1S the water uptake demand not met by overlying soil layers (mm H;0),
and epco is the plant uptake compensation factor. The plant uptake compensation
factor can range from 0.01 to 1.00 and is set by the user. As epco approaches 1.0,
the model allows more of the water uptake demand to be met by lower layersin
the soil. As epco approaches 0.0, the model allows less variation from the depth
distribution described by equation 18.2.1 to take place.

As the water content of the soil decreases, the water in the soil is held
more and more tightly by the soil particles and it becomes increasingly difficult
for the plant to extract water from the soil. To reflect the decrease in the
efficiency of the plant in extracting water from dryer soils, the potentia water

uptake is modified using the following equations:

S
Wiy, = Wy, [€Xp| 5 Y -1|| when SW, <(250AWC,) 1824
| | (25mAWC, )
oty = Wipy when SW, > (250AWC,) 1825
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where W,

(mm H20), w,

is the potential water uptake adjusted for initial soil water content

is the adjusted potential water uptake for layer ly (mm H,0),

p.ly
SWiy is the amount of water in the soil layer on a given day (mm H0O), and AWC,y
is the available water capacity for layer ly (mm H,O). The available water
capacity is calculated:

AWC, = FC, -WR, 18.2.6

where AWCy is the available water capacity for layer ly (mm H20), FCy is the
water content of layer ly at field capacity (mm H,0), and WP, is the water
content of layer ly at wilting point (mm H;O).

Once the potential water uptake has been modified for soil water
conditions, the actual amount of water uptake from the soil layer is calculated:
= min|w,,,, (SW, -WR, ) 18.2.7

WactuaJ up,ly

where Wactuaiupty 1S the actual water uptake for layer ly (mm HO), SWy is the
amount of water in the soil layer on a given day (mm H,0), and WPy is the water
content of layer ly at wilting point (mm H,0). The total water uptake for the day
is calculated:

n
Wactualup = zwactualup,ly 18.2.8

ly=1

where Wacriaigp 1S the total plant water uptake for the day (mm H20), Wacwaiuply 1S

the actual water uptake for layer ly (mm H,O), and n is the number of layersin the

soil profile. The total plant water uptake for the day calculated with equation
18.2.8 is aso the actual amount of transpiration that occurs on the day.

Eiact = Wactuaiup 18.2.9

where E; o IS the actual amount of transpiration on a given day (mm H,0) and
Wacualup 1S the total plant water uptake for the day (mm H,0).

Table 18-2: SWAT input variables that pertain to plant water uptake.

Variable I nput
Name Definition File

EPCO epco: Plant uptake compensation factor .bsn, .hru
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18.3 NUTRIENT UPTAKE BY PLANTS

SWAT monitors plant uptake of nitrogen and phosphorus.

18.3.1 NITROGEN UPTAKE

Plant nitrogen uptake is controlled by the plant nitrogen equation. The
plant nitrogen equation cal culates the fraction of nitrogen in the plant biomass as
afunction of growth stage given optimal growing conditions.

fr
< ln ‘- PHU + fr 1831
N ( N1 N,S)EE frPHU + e)(p(n1 —-n, DfrpHu ) N,3

where fry is the fraction of nitrogen in the plant biomass on a given day, fry is
the normal fraction of nitrogen in the plant biomass at emergence, frys is the
normal fraction of nitrogen in the plant biomass at maturity, frepy is the fraction
of potential heat units accumulated for the plant on a given day in the growing
season, and n; and n, are shape coefficients.

The shape coefficients are calculated by solving equation 18.3.1 using two

known pOI nts (er.21 frpHU‘5Q%) and (eryg, frpHU‘]_oo%):

frPHU ,50%

n, =In ( ) — fronu 50 |+ N2 DMeny s00 18.3.2
(1 fry, = frys ]

i fry.— er'ai

frPHU ,50% frPHU ,100%

- frPHU,SO% - frPHU,lOO%
(1_ (er,z B er,s)J (1_ (er,~3 B er,s)J
ier’1 - erBi fry,— frys

n,=-— -
frPHU,lOO% - frPHU,SO%

where ny is the first shape coefficient, n, is the second shape coefficient, fry 1 is
the normal fraction of nitrogen in the plant biomass at emergence, fry2 is the
normal fraction of nitrogen in the plant biomass at 50% maturity, frys is the
normal fraction of nitrogen in the plant biomass at maturity, fry-3 is the normal

fraction of nitrogen in the plant biomass near maturity, fregy s00 1S the fraction of

18.3.3
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potential heat units accumulated for the plant at 50% maturity (fr phu 5006=0.5), and
frenu 1000 1S the fraction of potential heat units accumulated for the plant at
maturity (frphu1004=1.0). The normal fraction of nitrogen in the plant biomass
near maturity (frn-3) is used in equation 18.3.3 to ensure that the denominator

(er,~3 B er,a)

term 1-
frys— frus

j does not equa 1. The model assumes

(fry s — fry4)=0.00001.

To determine the mass of nitrogen that should be stored in the plant
biomass on a given day, the nitrogen fraction is multiplied by the total plant
biomass:

bioy o = fry [bio 18.3.4

where bion o IS the optimal mass of nitrogen stored in plant material for the
current growth stage (kg N/ha), fry is the optimal fraction of nitrogen in the plant
biomass for the current growth stage, and bio is the total plant biomass on a given
day (kg hal).

The plant nitrogen demand for a given day is determined by taking the
difference between the nitrogen content of the plant biomass expected for the
plant’s growth stage and the actual nitrogen content:

N, =bioy o —bioy 18.35

N opt
where Ny, is the potential nitrogen uptake (kg N/ha), bioyep is the optimal mass
of nitrogen stored in plant material for the current growth stage (kg N/ha), and
bioy isthe actual mass of nitrogen stored in plant material (kg N/ha).

The depth distribution of nitrogen uptake is cal culated with the function:

N Z
N =% _[1- - 0— 18.3.6
®: - expl- ﬁn)]EE ex"( “ ﬂ

where Ny is the potential nitrogen uptake from the soil surface to depth z (kg
N/ha), Nyp is the potential nitrogen uptake (kg N/ha), 5, is the nitrogen uptake
distribution parameter, z is the depth from the soil surface (mm), and z . is the
depth of root development in the soil (mm). Note that equation 18.3.6 issimilar in
form to the depth distribution for water uptake described by equation 18.2.1. The
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potential nitrogen uptake for a soil layer is calculated by solving equation 18.3.6
for the depth at the upper and lower boundaries of the soil layer and taking the
difference.

Nuosy = Nops = Nop 18.3.7

up,ly
where Nyp,y is the potential nitrogen uptake for layer ly (kg N/ha), Ny 2 is the
potential nitrogen uptake from the soil surface to the lower boundary of the soil
layer (kg N/ha), and Nyp IS the potential nitrogen uptake from the soil surface to
the upper boundary of the soil layer (kg N/ha).

Root density is greatest near the surface, and nitrogen uptake in the upper
portion of the soil will be greater than in the lower portion. The depth distribution
of nitrogen uptake is controlled by /£, the nitrogen uptake distribution parameter,
avariable users are alowed to adjust. Figure 18-4 illustrates nitrogen uptake as a

function of depth for four different uptake distribution parameter values.

Nutrient Uptake (%)
0 5 10 15

B =15

o
-

Depth from Soil Surface
(% of root depth)

| L1
- -
L L

=]
-
L

91 1

101 -

Figure 18-4: Depth distribution of nitrogen uptake
Nitrogen removed from the soil by plants is taken from the nitrate pool.

The importance of the nitrogen uptake distribution parameter lies in its control
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over the maximum amount of nitrate removed from the upper layers. Because the
top 10 mm of the soil profile interacts with surface runoff, the nitrogen uptake
distribution parameter will influence the amount of nitrate available for transport
in surface runoff. The model alows lower layers in the root zone to fully
compensate for lack of nitrate in the upper layers, so there should not be
significant changes in nitrogen stress with variation in the value used for S,.

The actual amount if nitrogen removed from a soil layer is calcul ated:
Nacwupsy = MiNNyyy + Nograngs  NO3, | 18.3.8
where Nacwalupy 1S the actual nitrogen uptake for layer ly (kg N/ha), Nypy is the
potential nitrogen uptake for layer ly (kg N/ha), Ngemang 1S the nitrogen uptake
demand not met by overlying soil layers (kg N/ha), and NO3y is the nitrate

content of soil layer ly (kg NO3-N/ha).

18.3.1.1 NITROGEN FIXATION

If nitrate levelsin the root zone are insufficient to meet the demand
of alegume, SWAT allows the plant to obtain additional nitrogen through
nitrogen fixation. Nitrogen fixation is calculated as a function of soil
water, soil nitrate content and growth stage of the plant.

N, =N Ofy Oin(fg,,  frosr 1) 18.3.9

fix demand
where Nsix is the amount of nitrogen added to the plant biomass by fixation
(kg N/ha), Ngemand 1S the plant nitrogen demand not met by uptake from the
soil (kg N/ha), fy is the growth stage factor (0.0-1.0), fsy is the soil water
factor (0.0-1.0), and fnes3 is the soil nitrate factor (0.0-1.0). The maximum
amount of nitrogen that can be fixed by the plant on a given day iS Ngemand-

Growth stage exerts the greatest impact on the ability of the plant

to fix nitrogen. The growth stage factor is calculated:

f, =0 when fr,,, <0.15 18.3.10
f, =6.67 0y, —1 when 0.15< fr,,, <0.30 18311
f, =1 when 0.30< fr,,,, <055 18312

fo =3.75= 500, when 0.55< fr,,, <0.75  18.3.13
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f, =0 when fr,,, >0.75 18.3.14

where fy is the growth stage factor and frpy is the fraction of potential
heat units accumulated for the plant on a given day in the growing season.
The growth stage factor is designed to reflect the buildup and decline of
nitrogen fixing bacteriain the plant roots during the growing season.
The soil nitrate factor inhibits nitrogen fixation as the presence of
nitrate in the soil goes up. The soil nitrate factor is calculated:
fos =1 when NO3 < 100 18.3.15
f; =1.5—0.00056[NO3  when 100 < NO3< 300 18.3.16
fos =0 when NO3 > 300 18.3.17
where fro3 is the soil nitrate factor and NO3 is the nitrate content of the soil
profile (kg NOs-N/ha).
The soil water factor inhibits nitrogen fixation as the soil dries out.
The soil water factor is calcul ated:
P S
' 85[FC
where fg, is the soil water factor, SWis the amount of water in soil profile

18.3.18

(mm H20), and FC isthe water content of soil profile at field capacity
(mm H0).

18.3.2 PHOSPHORUS UPTAKE

Plant phosphorus uptake is controlled by the plant phosphorus equation.
The plant phosphorus equation calculates the fraction of phosphorus in the plant

biomass as a function of growth stage given optimal growing conditions.

fr
fr, = fr,, — fr 1- PHU + fr 18.3.19
- = (. P'a)[ﬁ fropw +exp(p— P, O ) |

where frp is the fraction of phosphorus in the plant biomass on a given day, frp 1 is
the normal fraction of phosphorus in the plant biomass at emergence, frps is the
normal fraction of phosphorus in the plant biomass a maturity, frpyy is the
fraction of potential heat units accumulated for the plant on a given day in the

growing season, and p; and p, are shape coefficients.
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The shape coefficients are calculated by solving equation 18.3.19 using

two known pOI nts (frplz, frpHU,50%) and (frpyg, frpHU,]_oo%):

frPHU ,50%

frF,'1 - frF,’3

= - fr
P, (1_ (er2 — frp,g)) PHU ,50%

+ P, oy 00

18.3.20

fr 0 fr
In ( PHU 50 ) - frPHU,SO% -In ( L ) - frPHUJOO%
1- frp'z - frp,a 1- frp'~3 - frp,a
fro, = fros 11 oy = o

P, ="—

18.3.21

frPHU,lOO% - frPHU,SO%
where p; is the first shape coefficient, p, is the second shape coefficient, frp 1 is
the normal fraction of phosphorus in the plant biomass at emergence, frp is the
normal fraction of phosphorus in the plant biomass at 50% maturity, frps is the
normal fraction of phosphorus in the plant biomass at maturity, frp -3 is the normal
fraction of phosphorus in the plant biomass near maturity, frpyy 500 iS the fraction
of potentia heat units accumulated for the plant at 50% maturity (frpyu s006=0.5),
and frpyu 1009 1S the fraction of potential heat units accumulated for the plant at
maturity (frppu 100%=1.0). The normal fraction of phosphorus in the plant biomass
near maturity (fry-3) is used in equation 18.3.21 to ensure that the denominator

(frP,~3 - frP,3)

term | 1-
fros = fros

j does not equal 1. The mode assumes

(fro_s = fr,5) = 0.00001.

To determine the mass of phosphorus that should be stored in the plant
biomass for the growth stage, the phosphorus fraction is multiplied by the total
plant biomass:

biog ., = frp hio 18.3.22
where biop o IS the optimal mass of phosphorus stored in plant material for the
current growth stage (kg P/ha), frp is the optimal fraction of phophorus in the
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plant biomass for the current growth stage, and bio is the total plant biomass on a
given day (kg ha™).

The plant phosphorus demand for a given day is a function of the
difference between the phosphorus content of the plant biomass expected for the
plant’ s growth stage and the actual phosphorus content:

P,, =1.50bio,,, —bio,) 18.3.23

where Py, isthe potential phosphorus uptake (kg P/ha), biop o is the optimal mass
of phosphorus stored in plant material for the current growth stage (kg P/ha), and
biop is the actual mass of phosphorus stored in plant material (kg P/ha). The
difference between the phosphorus content of the plant biomass expected for the
plant’s growth stage and the actual phosphorus content is multiplied by 1.5 to
simulate luxury phosphorus uptake.

The depth distribution of phosphorus uptake is calculated with the

function:

P v4
P = = 1-exp — — 18.3.24
i |1 - eXp(— ﬁp j| I:E p( ﬁp Zroot ]:|

where Py, is the potential phosphorus uptake from the soil surface to depth z (kg
P/ha), Py is the potential phosphorus uptake (kg P/ha), Ge is the phosphorus
uptake distribution parameter, z is the depth from the soil surface (mm), and z oot
is the depth of root development in the soil (mm). The potential phosphorus
uptake for a soil layer is calculated by solving equation 18.3.24 for the depth at
the upper and lower boundaries of the soil layer and taking the difference.
P.w=P,, P 18.3.25

up,ly up,2 up,zu
where Py is the potential phosphorus uptake for layer ly (kg P/ha), Py is the
potential phosphorus uptake from the soil surface to the lower boundary of the
soil layer (kg P/ha), and Py, iS the potential phosphorus uptake from the soil
surface to the upper boundary of the soil layer (kg P/ha).

Root density is greatest near the surface, and phosphorus uptake in the
upper portion of the soil will be greater than in the lower portion. The depth
distribution of phosphorus uptake is controlled by £, the phosphorus uptake
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distribution parameter, a variable users are allowed to adjust. The illustration of
nitrogen uptake as a function of depth for four different uptake distribution
parameter valuesin Figure 18-4 isvalid for phosphorus uptake as well.

Phosphorus removed from the soil by plants is taken from the solution
phosphorus pool. The importance of the phosphorus uptake distribution parameter
lies in its control over the maximum amount of solution P removed from the
upper layers. Because the top 10 mm of the soil profile interacts with surface
runoff, the phosphorus uptake distribution parameter will influence the amount of
labile phosphorus available for transport in surface runoff. The model alows
lower layers in the root zone to fully compensate for lack of solution P in the
upper layers, so there should not be significant changes in phosphorus stress with
variation in the value used for £,.

The actual amount if phosphorus removed from a soil layer is calcul ated:

P +P P 18.3.26

actualup,ly demand ? solution,ly ]

= min[Pup,Iy
where Pacuaip)ly 1S the actual phosphorus uptake for layer ly (kg P/ha), Pyp,y is the
potential phosphorus uptake for layer ly (kg P/ha), Pgemana IS the phosphorus
uptake demand not met by overlying soil layers (kg P/ha), and Psyutionly 1S the

phosphorus content of the soil solution in layer ly (kg P/ha).

Table 18-3: SWAT input variables that pertain to plant nutrient uptake.

Variable Input

Name Definition File
BN(1) frn,1: Normal fraction of N in the plant biomass at emergence crop.dat
BN(2) fry2: Normal fraction of N in the plant biomass at 50% maturity crop.dat
BN(3) frn s Normal fraction of N in the plant biomass at maturity crop.dat

UBN [.: Nitrogen uptake distribution parameter .bsn
BP(1) frp1: Normal fraction of P in the plant biomass at emergence crop.dat
BP(2) frpo: Normal fraction of P in the plant biomass at 50% maturity crop.dat
BP(3) frp3: Normal fraction of P in the plant biomass at maturity crop.dat

UBP B: Phosphorus uptake distribution parameter Jbsn
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18.4 CROP YIELD

When a harvest or harvest/kill operation is performed, a portion of the
plant biomass is removed from the HRU as yield. The nutrients and plant material
contained in the yield are assumed to be lost from the system (i.e. the watershed)
and will not be added to residue and organic nutrient pools in the soil with the
remainder of the plant material. In contrast, a kill operation converts all biomass
to residue.

The fraction of the above-ground plant dry biomass removed as dry
economic yield is called the harvest index. For the mgjority of crops, the harvest
index will be between 0.0 and 1.0. However, plants whose roots are harvested,
such as sweet potatoes, may have a harvest index greater than 1.0.

The economic yield of most commercial crops is the reproductive portion
of the plant. Decades of crop breeding have lead to cultivars and hybrids having
maximized harvest indices. Often, the harvest index is relatively stable across a
range of environmental conditions.

SWAT calculates harvest index each day of the plant’s growing season
using the relationship:

100 Ui,

HI =HI
opt D(lOO Off o, + exp[ll.l —10Ofrpy, ])

184.1

where HI is the potential harvest index for a given day, Hlqy is the potential
harvest index for the plant at maturity given ideal growing conditions, and frppy IS
the fraction of potentia heat units accumulated for the plant on a given day in the
growing season. The variation of the optimal harvest index during the growing
season isillustrated in Figure 18-5.

The crop yield is calculated as:

yld = bio,, [HI when HI <1.00 18.4.2

yld = bio 1—; when HI >1.00 18.4.3
(1+HI)

where yld is the crop yield (kg/ha), bioyg is the aboveground biomass on the day
of harvest (kg ha®), HI is the harvest index on the day of harvest, and bio is the
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total plant biomass on the day of harvest (kg ha). The aboveground biomass is
calculated:
bio,, = (1— fr,. ) Dbio 18.4.4

where fr,qq iS the fraction of total biomass in the roots the day of harvest, and bio

isthe total plant biomass on the day of harvest (kg hal).

Variation in Optimal Harvest Index during the Growing Season

g

® s

205

2

B

8

B — N |
03

. /

0o 10 .20 30 40 30 .60 70 80 .90 1.00

Fraction of Growing Season

Figure 18-5: Variation in optimal harvest index (HIi/Hlqy) with fraction of
growing season (frpyy)

The amount of nutrients removed in the yield are cal culated:
yldy = fry 4 Dyld 18.4.5

yid, = fr, ,q Vid 18.4.6

where yldy is the amount of nitrogen removed in the yield (kg N/ha), ylde is the
amount of phosphorus removed in the yield (kg P/ha), frnyig is the fraction of
nitrogen in the yield, frpyiq is the fraction of phosphorusin the yield, and yld is the
crop yield (kg/ha).

If the harvest index override is used in the harvest only operation, the
model assumes that a significant portion of the plant biomassis being removed in
addition to the seed. Therefore, instead of using the nitrogen and phosphorus yield
fractions from the plant growth database, the model uses the total biomass
nitrogen and phosphorus fractions to determine the amount of nitrogen and

phosphorus removed:
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yld,, = fry Gyld 18.4.7

yld, = fr, Gyld 18.4.8
where yldy is the amount of nitrogen removed in the yield (kg N/ha), ylde is the
amount of phosphorus removed in the yield (kg P/ha), fry is the fraction of
nitrogen in the plant biomass calculated with equation 18.3.1, frp is the fraction of
phosphorus in the plant biomass calculated with equation 18.3.19, and yld is the
crop yield (kg/ha).

Table 18-4: SWAT input variables that pertain to crop yield.

Variable Input
Name Definition File
HVSTI Hl,p: Potential harvest index for the plant at maturity given ideal crop.dat
growing conditions
CNYLD frayq: Fraction of nitrogenin the yield crop.dat
CPYLD frevg: Fraction of phosphorusin the yield crop.dat

18.5 NOMENCLATURE

AWC,, Available water capacity for layer ly (mm H20)

CO,

Concentration of carbon dioxide in the atmosphere (ppmv)

COzamp Ambient atmospheric CO, concentration (330 ppmv)
COqyn Elevated atmospheric CO, concentration (ppmv)

E
Et,act
FC
FCy
H day

Maximum transpiration rate (mm d*%)

Actual amount of transpiration on a given day (mm H,0)

Water content of soil profile at field capacity (mm H,0)

Water content of layer |y at field capacity (mm H,0)

Solar radiation reaching ground on current day of simulation (MJm? d%)

Hpnosyn INtercepted photosynthetically active radiation on a given day (MJ m?)

HI
Hlopt
HU
LAl

Potential harvest index for a given day

Potential harvest index for the plant at maturity given ideal growing conditions
Number of heat units accumulated on a given day (heat units)

Leaf areaindex of the canopy

LAl Maximum leaf areaindex for the plant
Nacwalupy Actual nitrogen uptake for layer ly (kg N/ha)
Ngemand Nitrogen uptake demand not met by overlying soil layers (kg N/ha)

Amount of nitrogen added to the plant biomass by fixation (kg N/ha)

Potential nitrogen uptake (kg N/ha)

Potentia nitrogen uptake for layer ly (kg N/ha)

Potential nitrogen uptake from the soil surface to depth z (kg N/ha)

Potential nitrogen uptake from the soil surface to the lower boundary of the soil
layer (kg N/ha)
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Nu, Potential nitrogen uptake from the soil surface to the upper boundary of the soil
layer (kg N/ha)

NO3 Nitrate content of the soil profile (kg NOs-N/ha)

NO3, Nitrate content of soil layer ly (kg NOs-N/ha)

Pactuaiuply Actual phosphorus uptake for layer ly (kg P/ha)

Pgemand Phosphorus uptake demand not met by overlying soil layers (kg P/ha)

Py  Potentia phosphorus uptake (kg P/ha)

Puw,y Potentia phosphorus uptake for layer ly (kg P/ha)

Puw,: Potential phosphorus uptake from the soil surface to depth z (kg P/ha)

Puw, Potential phosphorus uptake from the soil surface to the lower boundary of the
soil layer (kg P/ha)

Puw,a Potential phosphorus uptake from the soil surface to the upper boundary of the
soil layer (kg P/ha)

PHU Potentia heat units or total heat units required for plant maturity (heat units)

Psouion)y  Phosphorus content of soil solution in layer ly (kg P/ha)

RUE Radiation-use efficiency of the plant (kg/hallMJm?)™* or 10 g/MJ)

RUE.w Radiation-use efficiency of the plant at ambient atmospheric CO, concentration
(kg/halMIm?)™* or 10 g/MJ)

RUE;; Radiation-use efficiency of the plant at the elevated atmospheric CO,
concentration, COg, (kg/halMI¥m?)™ or 10™ g/MJ)

RUE,¢-1 Radiation-use efficiency for the plant at a vapor pressure deficit of 1 kPa
(kg/halMIm?)* or 10 g/MJ)

SW  Amount of water in soil profile (mm H>0)

SWiy  Soil water content of layer Iy (mm H,0)

WP, Water content of layer ly at wilting point (mm HO).

bio  Tota plant biomass on agiven day (kg/ha)

bioyg Aboveground biomass on the day of harvest (kg ha b

bioy Actua massof nitrogen stored in plant materia (kg N/ha)

bion,opt Optimal mass of nitrogen stored in plant material for the growth stage (kg N/ha)
biop  Actual mass of phosphorus stored in plant material (kg P/ha)

biop ot Optimal mass of phosphorus stored in plant material for the current growth stage

(kg P/ha)
epco Plant uptake compensation factor
fgr Growth stage factor in nitrogen fixation equation

fros Sl nitrate factor in nitrogen fixation equation

faw Soil water factor in nitrogen fixation equation

friar  Fraction of the maximum plant leaf areaindex corresponding to the 1% point on
the optimal leaf area development curve

frao  Fraction of the maximum plant leaf areaindex corresponding to the 2™ point on
the optimal leaf area development curve

frLamx Fraction of the plant’s maximum leaf areaindex corresponding to a given fraction
of potential heat units for the plant

frn Optimal fraction of nitrogen in the plant biomass for current growth stage

frng  Normal fraction of nitrogen in the plant biomass at emergence

frn2  Normal fraction of nitrogen in the plant biomass at 50% maturity
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frns  Normal fraction of nitrogen in the plant biomass at maturity

frn~3  Normal fraction of nitrogen in the plant biomass near maturity

frnyia  Fraction of nitrogen in the yield

frp Fraction of phosphorusin the plant biomass

fre1 Normal fraction of phosphorusin the plant biomass at emergence

freo  Normal fraction of phosphorusin the plant biomass at 50% maturity

fres  Normal fraction of phosphorusin the plant biomass at maturity

fre—s  Normal fraction of phosphorusin the plant biomass near maturity

freyia  Fraction of phosphorusin the yield

frequ  Fraction of potential heat units accumulated for the plant on a given day in the
growing season

freu,1s Fraction of the growing season corresponding to the 1% point on the optimal 1eaf
area development curve

frpnu2 Fraction of the growing season corresponding to the 2™ point on the optimal |eaf
area development curve

frenu 500 Fraction of potential heat units accumulated for the plant at 50% maturity
(freru 50%=0.5)

frenu 1000 Fraction of potential heat units accumulated for the plant at maturity
(freru,100%=1.0)

frenusen Fraction of growing season at which senescence becomes the dominant growth
process

frroor  Fraction of total biomassin the roots on a given day in the growing season

he Canopy height (cm)

hemx  Plant’s maximum canopy height (m)

K, Light extinction coefficient

Ny First shape coefficient in plant nitrogen equation

Ny Second shape coefficient in plant nitrogen equation

p1 First shape coefficient in plant phosphorus equation

P2 Second shape coefficient in plant phosphorus equation

r First shape coefficient for radiation-use efficiency curve

ra Second shape coefficient for radiation-use efficiency curve

vpd  Vapor pressure deficit (kPa)

vpdy,r  Threshold vapor pressure deficit above which aplant will exhibit reduced
radiation-use efficiency (kPa)

Wacualyp 1 0tal plant water uptake for the day (mm H,0)

Wacaluply Actual water uptake for layer ly (mm H>0)

Wgemand Water uptake demand not met by overlying soil layers (mm H20)

Wyoty Potential water uptake for layer ly (mm H»O)

W, Adjusted potential water uptake for layer ly (mm H,0)

up,ly

w,,,, Potential water uptake when the soil water content is less than 25% of plant

available water (mm H,0)

Wy, Potential water uptake from the soil surface to a specified depth, z, on a given day
(mm H20)

Wyp2 1S the potential water uptake for the profile to the lower boundary of the soil layer

(mm H20)
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Wypa 1S the potential water uptake for the profile to the upper boundary of the soil layer
(mm H20)

yld  Cropyield (kg/ha)

yldy  Amount of nitrogen removed in the yield (kg N/ha)

ylde  Amount of phosphorus removed in the yield (kg P/ha)

z Depth below soil surface (mm)

Zoot Depth of root development in the soil (mm)

Zootmx  Maximum depth for root development in the soil (mm)

G Nitrogen uptake distribution parameter

BGo Phosphorus uptake distribution parameter

B Water-use distribution parameter

ALAl; Leaf areaadded on day i

Abio Potential increasein total plant biomass on a given day (kg/ha)

Arueyq Rate of decline in radiation-use efficiency per unit increase in vapor pressure
deficit (kg/halMIYm?) " &Pa* or (10" g/MJ)KPa™)

l, First shape coefficient for optimal leaf area development curve

l, Second shape coefficient for optimal |eaf area development curve
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CHAPTER 19

EQUATIONS:
ACTUAL GROWTH

Actua growth varies from potential growth due to extreme temperatures,
water deficiencies and nutrient deficiencies. This chapter reviews growth
constraints as well as overrides that the user may implement to ignore growth

constraints.

299



300 SWAT USER'SMANUAL, VERSION 2000

19.1 GROWTH CONSTRAINTS

Plant growth may be reduced due to extreme temperatures, and
insufficient water, nitrogen or phosphorus. The amount of stress for each of these
four parameters is calculated on a daily basis using the equations summarized in

the following sections.

19.1.1 WATER STRESS
Water stress is simulated by comparing actual and potential plant

transpiration:

E W,
wstrs =1 — w8 =1 _adtaup 19.1.1
Et Et

where wstrs is the water stress for a given day, E; is the maximum plant
transpiration on a given day (mm H;0), E; o is the actual amount of transpiration
on agiven day (mm H,0) and Wacwaiup 1S the total plant water uptake for the day
(mm H20). The calculation of maximum transpiration is reviewed in Chapter 7
and the determination of actual plant water uptake/transpiration is reviewed in
Chapter 18.

19.1.2 TEMPERATURE STRESS

Temperature stress is a function of the daily average air temperature and

the optimal temperature for plant growth. Near the optimal temperature the plant
will not experience temperature stress. However as the air temperature diverges
from the optimal the plant will begin to experience stress. The equations used to

determine temperature stress are:

tstrs=1 when T, < T, 19.1.2

[-0.10540fT,, - T, ) |
tstrs=1-exp (T_ T )2
av base

when T, <T, <T 19.1.3

av = ‘opt

-0.10540T,, - T, | _
al | when T, <T,, <2(T,, - T, 19.14
(2 D-opt T Tbase) i

tstrs=1 when T,, > 2T, - T,

opt

tstrs=1-exp

19.15

base
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where tstrs is the temperature stress for a given day expressed as a fraction of
optimal plant growth, Tav is the mean air temperature for day (°C), Tpas iS the
plant’s base or minimum temperature for growth (°C), and Ty is the plant’s
optimal temperature for growth (°C). Figure 19-1 illustrates the impact of mean
daily air temperature on plant growth for a plant with a base temperature of 0°C

and an optimal temperature of 15°C.

Impact of Temperature on Plant Growth

1.0000

0.6000

0.4000

Fraction of Optimal Plant Growth

0.2000

0.0000 \\

T2 2 4 5 6 7 8 9 1011121314 15 16 17 18 19 20 21 22 23 24 25 26 37 28 29 30 31 32 33 34 35 36

Average Air Temperature (deg C)

Figure 19-1: Impact of mean air temperature on plant growth for a plant with Tp,ee= 0°C and
Top=15°C

19.1.3 NITROGEN STRESS

Nitrogen stress is calculated only for non-legumes. SWAT never alows

legumes to experience nitrogen stress.

Nitrogen stress is quantified by comparing actual and optimal plant
nitrogen levels. Nitrogen stress varies non-linearly between 0.0 at optimal
nitrogen content and 1.0 when the nitrogen content of the plant is 50% or less of
the optimal value. Nitrogen stress is computed with the equation:

nstrs=1- 9,
@, +exp[3.535-0.02597 [, ]

19.1.6
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where nstrs is the nitrogen stress for a given day, and ¢, is a scaling factor for

nitrogen stress. The scaling factor is calcul ated:

¢ = 200[E bioy _ 0.5] 19.1.7

bio, opt

where bionop IS the optimal mass of nitrogen stored in plant material for the
current growth stage (kg N/ha) and bioy is the actual mass of nitrogen stored in
plant material (kg N/ha).
19.1.4 PHOSPHORUS STRESS

As with nitrogen, phosphorus stress is quantified by comparing actual and

optimal plant phosphorus levels. Phosphorus stress varies non-linearly between
0.0 at optima phosphorus content and 1.0 when the phosphorus content of the
plant is 50% or less of the optimal value. Phosphorus stress is computed with the
equation:

#y
¢, +exp[3.535-0.02597 [ |

pstrs=1- 19.1.8

where pstrs is the phosphorus stress for a given day, and ¢, is a scaling factor for

phosphorus stress. The scaling factor is cal culated:

4, = 200[E bio__ 0.5J 19.1.9

P,opt
where biop o IS the optimal mass of phosphorus stored in plant material for the
current growth stage (kg N/ha) and biop is the actual mass of phosphorus stored in
plant material (kg N/ha).

Table 19-1: SWAT input variables that pertain to stress on plant growth.

Variable Input
Name Definition File
T_BASE Toase: Base temperature for plant growth (°C) crop.dat

T_OPT Topt: Optimal temperature for plant growth (°C) crop.dat
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19.2 ACTUAL GROWTH

The plant growth factor quantifies the fraction of potentia growth
achieved on a given day and is calcul ated:

Vig =1-max(wstrs, tsirs, nsirs, pstrs) 19.2.3

where K is the plant growth factor (0.0-1.0), wstrs is the water stress for a given
day, tstrs is the temperature stress for a given day expressed as a fraction of
optimal plant growth, nstrs is the nitrogen stress for a given day, and pstrs is the
phosphorus stress for a given day.

The potential biomass predicted with equation 18.1.2 is adjusted daily if
one of the four plant stress factors is greater than 0.0 using the equation:

Abio,, = Abio [y, 19.2.1

where Abio, is the actual increase in total plant biomass on a given day (kg/ha),
Abio is the potential increase in total plant biomass on a given day (kg/ha), and
Weg 1S the plant growth factor (0.0-1.0).

The potential leaf area added on a given day is also adjusted daily for plant

stress:

ALAl ;= ALA, QY 19.2.2

act,i
where ALAl 4 is the actual leaf area added on day i, ALAI; is the potential leaf
area added on day i that is calculated with equation 18.1.14, and kg is the plant
growth factor (0.0-1.0).

19.2.1 BIOMASS OVERRIDE
The model allows the user to specify a total biomass that the plant will

produce each year. When the biomass override is set in the plant operation (.mgt),
the impact of variation in growing conditions from year to year isignored, i.e. }ey
isalways set to 1.00 when biomass overrideis activated in an HRU.

When avalue is defined for the biomass override, the change in biomassis
calculated:

bio,, —bio,
Abio,, = Abio, [-l(‘@’—l) 19.2.4

bio,,
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where Abio, isthe actual increase in total plant biomass on day i (kg/ha), Abiog; is
the potentia increase in total plant biomass on day i calculated with equation
18.1.2 (kg/ha), bioyg is the target biomass specified by the user (kg/ha), and bio;.,
isthe total plant biomass accumulated on day i-1 (kg/ha).

Table 19-2: SWAT input variables that pertain to actual plant growth.

Variable Input
Name Definition File
BIO_TARG bio,4/1000: Biomass target (metric tonsg/ha) .mgt

19.3 ACTUAL YIELD

The harvest index predicted with equation 18.4.1 is affected by water
deficit using the relationship:

You FHI, 19.3.1

HI B
Vo +€xp|6.13-0.8831Y,,]

= (HI-HI,,)

act

where Hl o is the actual harvest index, HI is the potentia harvest index on the day
of harvest calculated with equation 18.4.1, Hl i, is the harvest index for the plant
in drought conditions and represents the minimum harvest index allowed for the
plant, and K is the water deficiency factor. The water deficiency factor is
calculated:
> E,
Ve =100032— 19.3.2

2E
i=1

where E; is the actua evapotranspiration on a given day, E, is the potential
evapotranspiration on agiven day, i isaday in the plant growing season, and mis
the day of harvest if the plant is harvested before it reaches maturity or the last
day of the growing season if the plant is harvested after it reaches maturity.

19.3.1 HARVEST INDEX OVERRIDE
In the plant and harvest only operations (.mgt), the model allows the user

to specify atarget harvest index. The target harvest index set in a plant operation
is used when the yield is removed using a harvest/kill operation. The target
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harvest index set in a harvest only operation is used only when that particular
harvest only operation is executed.

When a harvest index override is defined, the override value is used in
place of the harvest index calculated by the model in the yield calculations.
Adjustments for growth stage and water deficiency are not made.

HI,, = HI 19.33

trg

where Hl ot isthe actual harvest index and Hlyq is the target harvest index.

19.3.2 HARVEST EFFICIENCY
In the harvest only operation (.mgt), the model allows the user to specify a

harvest efficiency. The harvest efficiency defines the fraction of yield biomass
removed by the harvesting equipment. The remainder of the yield biomass is
converted to residue and added to the residue pool in the top 10 mm of soil. If the
harvest efficiency is not set or a0.00 is entered, the model assumes the user wants
to ignore harvest efficiency and sets the fraction to 1.00 so that the entire yield is
removed from the HRU.

yld,, = yld [harv 19.34

where ylday is the actual yield (kg ha), yid is the crop yield calculated with

equation 18.4.2 or 18.4.3 (kg ha'), and harves is the efficiency of the harvest

operation (0.01-1.00). The remainder of the yield biomassis converted to residue:
Arsd = yld Eﬂl— harveﬁ) 19.3.5

rsdg, ; =rsdg;, +Arsd 19.3.6

surf i
where Arsd is the biomass added to the residue pool on a given day (kg ha*), yld
is the crop yield cal culated with equation 18.4.2 or 18.4.3 (kg ha') and harve is
the efficiency of the harvest operation (0.01-1.00) rsdgys; IS the materia in the
residue pool for the top 10 mm of soil on day i (kg ha?), and rsdgj.1 is the
material in the residue pool for the top 10 mm of soil on day i-1 (kg ha™).
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Table 19-3: SWAT input variables that pertain to actual plant yield.

Variable Input
Name Definition File
WSYF Hln: Harvest index for the plant in drought conditions, the crop.dat
minimum harvest index allowed for the plant
HITAR Hlq: Harvest index target .mgt
HIOVR Hlyq: Harvest index target .mgt
HARVEFF harvg: Efficiency of the harvest operation .mgt
19.4 NOMENCLATURE

Ea Actual amount of evapotranspiration on a given day (mm H,0)

E,  Potential evapotranspiration (mm d?)

E Maximum transpiration rate (mm d'%)

Eiace Actua amount of transpiration on a given day (mm H,0)

HI Potential harvest index for a given day

Hlae Actua harvest index

Hlnin Harvest index for the plant in drought conditions and represents the minimum
harvest index allowed for the plant

Hlyg Target harvest index

Thase Plant’s base or minimum temperature for growth (°C)

Topr  Plant’s optimal temperature for growth (°C)

Ta  Mean air temperature for day (°C)

bioy Actua mass of nitrogen stored in plant materia (kg N/ha)

bion,opt Optimal mass of nitrogen stored in plant material for the growth stage (kg N/ha)

biop Actual massof phosphorus stored in plant material (kg P/ha)

biop,opt Optimal mass of phosphorus stored in plant material for the current growth stage
(kg P/ha)

bioyg Target biomass specified by the user (kg/ha)

harve; Efficiency of the harvest operation

nstrs Nitrogen stress for a given day

pstrs Phosphorus stress for a given day

rsdssti Material in the residue pool for the top 10mm of soil on day i (kg ha')

tstrs Temperature stress for a given day expressed as a fraction of optimal plant growth

Wacwalp 1 0tal plant water uptake for the day (mm H,0)

wstrs Water stress for a given day

yld. Actua yield (kg hat)

ALAIl; Leaf areaadded on day i (potential)

ALAIl,; Actua leaf areaadded on day i

Abio Potential increasein total plant biomass on a given day (kg/ha)
Abioy Actual increasein total plant biomass on a given day (kg/ha)
Arsd  Biomass added to the residue pool on a given day (kg ha?)

Weg  Plant growth factor (0.0-1.0)
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¥w  Water deficiency factor
on Scaling factor for nitrogen stress equation
®o Scaling factor for phosphorus stress equation
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MANAGEMENT PRACTICES

Quantifying the impact of land management and land use on water supply and
quality is a primary focus of environmental modeling. SWAT allows very detailed

management information to be incorporated into a simulation.
The following three chapters review the methodology used by SWAT to simulate

water management, tillage and urban processes.




CHAPTER 20

EQUATIONS:
GENERAL M ANAGEMENT

Management operations that control the plant growth cycle, the timing of
fertilizer and pesticide and the removal of plant biomass are explained in this
chapter. Water management and the simulation of urban areas are summarized in
subsequent chapters.

311
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20.1 PLANTING/BEGINNING OF GROWING SEASON

The plant operation initiates plant growth. This operation can be used to
designate the time of planting for agricultural crops or the initiation of plant
growth in the spring for aland cover that requires several years to reach maturity
(forests, orchards, etc.).

The plant operation will be performed by SWAT only when no land cover
isgrowing in an HRU. Before planting a new land cover, the previous land cover
must be removed with a kill operation or a harvest and kill operation. If two plant
operations are placed in the management file and the first land cover is not killed
prior to the second plant operation, the second plant operation is ignored by the
model.

Information required in the plant operation includes the timing of the
operation (month and day or fraction of base zero potential heat units), the total
number of heat units required for the land cover to reach maturity, and the
specific land cover to be simulated in the HRU. If the land cover is being
transplanted, the leaf area index and biomass for the land cover at the time of
transplanting must be provided. Also, for transplanted land covers, the total
number of heat units for the land cover to reach maturity should be from the
period the land cover is transplanted to maturity (not from seed generation). Heat
units are reviewed in Chapter 17.

The user has the option of varying the curve number in the HRU
throughout the year. New curve number values may be entered in a plant
operation, tillage operation and harvest and kill operation. The curve number
entered for these operations are for moisture condition 1l. SWAT adjusts the
entered value daily to reflect change in water content.

For simulations where a certain amount of crop yield and biomass is
required, the user can force the model to meet this amount by setting a harvest
index target and a biomass target. These targets are effective only if a harvest and
kill operation is used to harvest the crop.
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Table 20-1: SWAT input variables that pertain to planting.

Input
Variable Name Definition File
Variablesin plant operation line:
MONTH/DAY or HUSC  Timing of planting operation. .mgt
MGT_OP Operation code. MGT_OP = 1 for plant operation .mgt
HEAT UNITS PHU : Tota heat units required for plant maturity (heat .mgt
units)
NCR Plant/land cover code from crop.dat .mgt
Optional inputs:
HITAR Hlyg: Target harvest index .mgt
BIO_TARG bioyg: Target biomass specified by the user (kg/ha) .mgt
ALAINIT LAI: Leaf areaindex of the canopy for transplanted species .mgt
BIOINIT bio: Total plant biomass on a given day (kg/ha) .mgt
CNOP CN,: Moisture condition |1 curve number .mgt
Variablesin second line of .mgt file
IGRO Land cover status code .mgt
Inputs for plants growing at the beginning of the smulation
NCRP Plant/land cover code from crop.dat .mgt
ALAI LAI: Leaf areaindex of the canopy .mgt
BIO_MS bioyg: Target biomass specified by the user (kg/ha) .mgt
PHU PHU : Tota heat units required for plant maturity (heat .mgt
units)

20.2 HARVEST OPERATION

The harvest operation will remove plant biomass without killing the plant.
This operation is most commonly used to cut hay or grass.

The only information required by the harvest operation is the date.
However, a harvest index override and a harvest efficiency can be set.

When no harvest index override is specified, SWAT uses the plant harvest
index from the plant growth database to set the fraction of biomass removed. The
plant harvest index in the plant growth database is set to the fraction of the plant
biomass partitioned into seed for agricultural crops and a typical fraction of
biomass removed in a cutting for hay. If the user prefers a different fraction of
biomass to be removed, the harvest index override should be set to the desired
value.

A harvest efficiency may also be defined for the operation. This value
specifies the fraction of harvested plant biomass removed from the HRU. The
remaining fraction is converted to residue on the soil surface. If the harvest

efficiency is left blank or set to zero, the model assumes this feature is not being
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used and removes 100% of the harvested biomass (no biomass is converted to
residue).

After biomass is removed in a harvest operation, the plant’s leaf area
index and accumulated heat units are set back by the fraction of biomass removed.
Reducing the number of accumulated heat units shifts the plant’s development to

an earlier period in which growth is usually occurring at a faster rate.

Table 20-2: SWAT input variables that pertain to harvest.

Input

Variable Name Definition File
Variablesin harvest operation line:

MONTH/DAY or HUSC  Timing of harvest operation. .mgt

MGT_OP Operation code. MGT_OP =7 for harvest operation .mgt

Optional inputs:
HIOVR Hlyq: Harvest index override or target harvest index .mgt
HARVEFF harvg: Efficiency of the harvest operation .mgt

20.3 GRAZING OPERATION

The grazing operation simulates plant biomass remova and manure
deposition over a specified period of time. This operation is used to simulate
pasture or range grazed by animals.

Information required in the grazing operation includes the time during the
year at which grazing begins (month and day or fraction of plant potential heat
units), the length of the grazing period, the amount of biomass removed daily, the
amount of manure deposited daily, and the type of manure deposited. The amount
of biomass trampled is an optional input.

Biomass removal in the grazing operation is similar to that in the harvest
operation. However, instead of a fraction of biomass being specified, an absolute
amount to be removed every day is given. In some conditions, this can result in a
reduction of the plant biomass to a very low level that will result in increased
erosion in the HRU. To prevent this, a minimum plant biomass for grazing may
be specified (BIO_MIN in the second line of the management file). When the
plant biomass falls below the amount specified for BIO_MIN, the model will not
graze, trample, or apply manure in the HRU on that day.
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If the user specifies an amount of biomass to be removed daily by
trampling, this biomassis converted to residue.

Nutrient fractions of the manure applied during grazing must be stored in
the fertilizer database. The manure nutrient loadings are added to the topmost 10
mm of soil. Thisisthe portion of the soil with which surface runoff interacts.

After biomass is removed by grazing and/or trampling, the plant’s leaf
area index and accumulated heat units are set back by the fraction of biomass
removed.

Table 20-3: SWAT input variables that pertain to grazing.

Input
Variable Name Definition File
Variablesin grazing operation line:
MONTH/DAY or HUSC  Time grazing operation isinitiated (1% day of grazing) .mgt
MGT_OP Operation code. MGT_OP = 9 for grazing operation .mgt
NDGRAZ Number of days of grazing. .mgt
BMEAT bio: Total plant biomass consumed daily (kg/ha) .mgt
IGFTYP Manure code from fert.dat .mgt
WMANURE fert: Amount of manure applied—dry weight (kg/ha) .mgt
Optional inputs:
BMTRMP bio: Total plant biomass trampled daily (kg/ha) .mgt
Variablesin second line of .mgt file
BIO_MIN bio: Minimum plant biomass for grazing to occur (kg/ha) .mgt

20.4 HARVEST & KiLL OPERATION

The harvest and kill operation stops plant growth in the HRU. The fraction
of biomass specified in the land cover’'s harvest index (in the plant growth
database) is removed from the HRU as yield. The remaining fraction of plant
biomassis converted to residue on the soil surface.

The only information required by the harvest and kill operation is the
timing of the operation (month and day or fraction of plant potential heat units).
The user aso has the option of updating the moisture condition 11 curve number in

this operation.
Table 20-4: SWAT input variables that pertain to harvest & kill.
Input
Variable Name Definition File
Variablesin harvest & kill operation line:
MONTH/DAY or HUSC  Timing of harvest and kill operation. .mgt
MGT_OP Operation code. MGT_OP =5 for harvest/kill operation .mgt

Optional inputs:
CNOP CN,: Moisture condition Il curve number .mgt
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20.5 KILL/END OF GROWING SEASON

The kill operation stops plant growth in the HRU. All plant biomass is
converted to residue.

The only information required by the kill operation is the timing of the
operation (month and day or fraction of plant potential heat units).

Table 20-5: SWAT input variables that pertain to kill.

Input

Variable Name Definition File
Variablesin kill operation line:

MONTH/DAY or HUSC  Timing of kill operation. .mgt

MGT_OP Operation code. MGT_OP = 8 for kill operation .mgt

206 TILLAGE

The tillage operation redistributes residue, nutrients, pesticides and
bacteria in the soil profile. Information required in the tillage operation includes
the timing of the operation (month and day or fraction of base zero potential heat
units), and the type of tillage operation.

The user has the option of varying the curve number in the HRU
throughout the year. New curve number values may be entered in a plant
operation, tillage operation and harvest and kill operation. The curve number
entered for these operations are for moisture condition 1l. SWAT adjusts the
entered value daily to reflect change in water content.

The mixing efficiency of the tillage implement defines the fraction of a
residue/nutrient/pesticide/bacteria pool in each soil layer that is redistributed
through the depth of soil that is mixed by the implement. To illustrate the
redistribution of constituents in the soil, assume a soil profile has the following
distribution of nitrate.

Layer # Depth of Layer NO; Content
surface layer 0-10 mm 50 kg/ha
1 10-100 mm 25 kg/ha
2 100-400 mm 20 kg/ha
3 400-1050 mm 10 kg/ha
4 1050-2000 mm 10 kg/ha
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If this soil istilled with afield cultivator, the soil will be mixed to a depth

of 100 mm with 30% efficiency. The change in the distribution of nitrate in the

soil is:
Mixed
Initial Unmixed NO;
Layer # Depth of Layer NO; NO; (70%) (30%) Redistribution of Mixed NOs Final NO3
surface
layer 0-10 mm 50 kg/ha 35 kg/ha 15kglha  22.5x10mm/100mm = 2.25 kgtlha  37.25 kg/ha
1 10-100 mm 25kg/ha  175kg/ha  7.5kg/ha  22.5x90mm/100mm = 20.25 kg/ha  37.75 kg/ha
2 100-400 mm 20 kg/ha 20 kg/ha 20 kg/ha
3 400-1050 mm 10 kg/ha 10 kg/ha 10 kg/ha
4 1050-2000 mm 10 kg/ha 10 kg/ha 10 kg/ha

Total mixed: 22.5kg/ha

Because the soil is mixed to a depth of 100 mm by the implement, only the nitrate
in the surface layer and layer 1 is available for redistribution. To calculated
redistribution, the depth of the layer is divided by the tillage mixing depth and
multiplied by the total amount of nitrate mixed. To calculate the final nitrate
content, the redistributed nitrate is added to the unmixed nitrate for the layer.

All nutrient/pesticide/bacterialresidue pools are treated in the same manner
as the nitrate example above. Bacteria mixed into layers below the surface layer is

assumed to die.

20.6.1 BIOLOGICAL MIXING

Biological mixing is the redistribution of soil constituents as a result of the
activity of biota in the soil (e.g. earthworms, etc.). Studies have shown that
biological mixing can be significant in systems where the soil is only infrequently
disturbed. In general, as a management system shifts from conventional tillage to
conservation tillage to no-till there will be an increase in biological mixing.
SWAT allows biological mixing to occur to a depth of 300 mm (or the bottom of
the soil profile if it is shallower than 300 mm). The efficiency of biological
mixing is defined by the user. The redistribution of nutrients by biological mixing
is calculated using the same methodol ogy as that used for atillage operation.
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Table 20-6: SWAT input variables that pertain to tillage.

Input
Variable Name Definition File
Variablesin tillage operation line:
MONTH/DAY or HUSC  Timing of planting operation. .mgt
MGT_OP Operation code. MGT_OP = 6 for tillage operation .mgt
TILLAGE_ID Tillage implement code from till.dat .mgt
Optional inputs:
CNOP CN,: Moisture condition Il curve number .mgt
Variablesin second line of .mgt file
BIOMIX Biological mixing efficiency .mgt
Variablein tillage database:
EFFMIX Mixing efficiency of tillage operation. till.dat
DEPTIL Depth of mixing by tillage operation. till.dat

20.7 FERTILIZER APPLICATION

The fertilizer operation applies fertilizer or manure to the soil.

Information required in the fertilizer operation includes the timing of the
operation (month and day or fraction of plant potential heat units), the type of
fertilizer/manure applied, the amount of fertilizer/manure applied, and the depth
distribution of fertilizer application.

SWAT assumes surface runoff interacts with the top 10 mm of soil.
Nutrients contained in this surface layer are available for transport to the main
channel in surface runoff. The fertilizer operation allows the user to specify the
fraction of fertilizer that is applied to the top 10 mm. The remainder of the
fertilizer is added to thefirst soil layer defined in the HRU .sol file.

In the fertilizer database, the weight fraction of different types of nutrients
and bacteria are defined for the fertilizer. The amount of nutrient added to the
different poolsin the soil are calculated:

NO3,,, = fert,,,, {1 fert,,,) dfert 20.7.1
NH4,,, = fert,, ., [fert,,, Cfert 20.7.2
OrgN g, o = 0.50ffert,,  Cert 20.7.3
OrgN oy e = 0.5CFert,  ert 20.7.4
P = fert,;» LTert 20.7.5

solution, fert minP
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OrgPy g, 1o = 0.50fert,, o Lfert 20.7.6
OrgRym e = 0.5 00Nt Ufert 20.7.7
bact, o e = fEIt pay Ky Cfert 20.7.8
DACt ey et = €M topace (L= Ko ) CFENE 20.7.9
bact .oy o = fErt o Kooy CifErt 20.7.10
DACt e, e = FENtpaee (L= Ko ) N 20.7.11

where NO3g is the amount of nitrate added to the soil in the fertilizer (kg N/ha),
NH4e is the amount of ammonium added to the soil in the fertilizer (kg N/ha),
orgNs e fert 1S the amount of nitrogen in the fresh organic pool added to the soil in
the fertilizer (kg N/ha), orgNact fert 1S the amount of nitrogen in the active organic
pool added to the soil in the fertilizer (kg N/ha), Psouionfert 1S the amount of
phosphorus in the solution pool added to the soil in the fertilizer (kg P/ha),
orgPsshiert 1S the amount of phosphorus in the fresh organic pool added to the soil
in the fertilizer (kg P/h@), orgPhumsert 1S the amount of phosphorus in the humus
organic pool added to the soil in the fertilizer (kg P/ha), bact|pso fert 1S the amount
of less persistent bacteria in the solution pool added to the soil in the fertilizer (#
bact/ha), bactipsorbfert 1S the amount of less persistent bacteria in the sorbed pool
added to the soil in fertilizer (# bact/ha), bactys et 1S the amount of persistent
bacteria in the solution pool added to the soil in the fertilizer (# bact/ha),
bactsorb,ert 1S the amount of persistent bacteria in the sorbed pool added to the soil
in fertilizer (# bact/ha), fertyiny is the fraction of mineral N in the fertilizer, fertypg
is the fraction of mineral N in the fertilizer that is ammonium, fertogn is the
fraction of organic N in the fertilizer, fertyinp is the fraction of minera P in the
fertilizer, fertygp is the fraction of organic P in the fertilizer, fertippae is the
concentration of less persistent bacteria in the fertilizer (# bact/kg fert), fertypac is
the concentration of persistent bacteria in the fertilizer (# bact/kg fert), Kpact 1S the
bacterial partition coefficient, and fert is the amount of fertilizer applied to the soil

(kg/ha).
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Table 20-7: SWAT input variables that pertain to fertilizer application.

Input

Variable Name Definition File
Variablesin fertilizer operation line:
MONTH/DAY or HUSC  Timing of fertilizer operation. .mgt
MGT_OP Operation code. MGT_OP = 3 for fertilizer operation .mgt
FERT_ID Type of fertilizer/manure applied (code from fert.dat). .mgt
FRT_KG fert: Amount of fertilizer/manure applied (kg/ha) .mgt
FRT_LY1 Fraction of fertilizer applied to top 10 mm .mgt
Variablesin fertilizer database:
FMINN fert,inn: Fraction of mineral nitrogen in the fertilizer fert.dat
FMINP fertine: Fraction of mineral P in the fertilizer fert.dat
FORGN fertygn: Fraction of organic N in the fertilizer fert.dat
FORGP fertyge: Fraction of organic P in the fertilizer fert.dat
FNH3N fertyua: Fraction of mineral N in the fertilizer that is fert.dat

ammonium
BACTPDB fertppat: Concentration of persistent bacteria in manure (#  fert.dat
bact/kg)
BACTLPDB fertippaet: Concentration of less-persistent bacteriain manure  fert.dat
(# bact/kg)

BACTKDDB Koact: Bacterial partition coefficient fert.dat

20.8 AUTO-APPLICATION OF FERTILIZER

Fertilization in an HRU may be scheduled by the user or automatically
applied by SWAT. When the user selects auto-application of fertilizer in an HRU,
a nitrogen stress threshold must be specified. The nitrogen stress threshold is a
fraction of potential plant growth. Anytime actua plant growth falls below this
threshold fraction due to nitrogen stress, the model will automatically apply
fertilizer to the HRU. The user specifies the type of fertilizer, the fraction of tota
fertilizer applied to the soil surface, the maximum amount of fertilizer that can be
applied during the year, the maximum amount of fertilizer that can be applied in
any one application, and the application efficiency.

To determine the amount of fertilizer applied, an estimate of the amount of
nitrogen that will be removed in the yield is needed. For the first year of
simulation, the model has no information about the amount of nitrogen removed
from the soil by the plant. The nitrogen yield estimate is initially assigned a value
using the following equations:

yld , =35000fr, 4 [RUE if HI, <10 20.8.1

yld, y =10000Fr,, ,, [RUE if HI_, 21.0 20.8.2

opt
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where yldesn IS the nitrogen yield estimate (kg N/ha), frnyig IS the fraction of
nitrogen in the yied, RUE is the radiation-use efficiency of the plant
(kg/hal(MJIm?)™ or 10" g/MJ), and Hlyy is the potential harvest index for the
plant a maturity given ideal growing conditions. The nitrogen yield estimate is
updated at the end of every simulation year using the equation:

yldest,Nprev |:yrsim + yldyr,N
yrg, +1

sim

yldy = 20.8.3

where yldeg N IS the nitrogen yield estimate update for the current year (kg N/ha),
Yldest nprev 1S the nitrogen yield estimate from the previous year (kg N/ha), yrsm is
the year of simulation, yldy  is the nitrogen yield target for the current year (kg
N/ha). The nitrogen yield target for the current year is calculated at the time of
harvest using the equation:

yld,, = bio,, Ofr, Cferty 20.8.4

yr.N
where yldy \ is the nitrogen yield target for the current year (kg N/ha), biogg is the
aboveground biomass on the day of harvest (kg hal), fry is the fraction of
nitrogen in the plant biomass calculated with equation 18.3.1, and fertes IS the
fertilizer application efficiency assigned by the user. The fertilizer application
efficiency allows the user to modify the amount of fertilizer applied as a function
of plant demand. If the user would like to apply additional fertilizer to adjust for
loss in runoff, fertes will be set to a value greater than 1. If the user would like to
apply just enough fertilizer to meet the expected demand, ferts will be set to 1. If
the user would like to apply only a fraction of the demand, ferte will be set to a
value lessthan 1.

The optimal amount of mineral nitrogen to be applied is calcul ated:

minN,,, = yld., , - (NO3+ NH4) - bio, 20.8.5

where minNgy, is the amount of mineral nitrogen applied (kg N/ha), yldesn is the
nitrogen yield estimate (kg N/ha), NO3 is the nitrate content of the soil profile (kg
NO3-N/ha), NH4 is the ammonium content of the soil profile (kg NH4-N/ha), and
bioy is the actual mass of nitrogen stored in plant material (kg N/ha). If the
amount of mineral nitrogen calculated with equation 20.8.5 exceeds the maximum
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amount allowed for any one application, minNp, is reset to the maximum value

(minN,,, =minN,, .. ). The total amount of nitrogen applied during the year is
also compared to the maximum amount allowed for the year. Once the amount
applied reaches the maximum amount allowed for the year (minNappmqr), SWAT
will not apply any additional fertilizer regardless of nitrogen stress.

Once the amount of minera nitrogen applied is determined, the total
amount of fertilizer applied is calculated by dividing the mass of mineral nitrogen

applied by the fraction of mineral nitrogen in the fertilizer:

_minN,,

fert = 20.8.6

fert,
where fert is the amount of fertilizer applied (kg/ha), minNgy, is the amount of
mineral nitrogen applied (kg N/ha), and fertnin is the fraction of mineral nitrogen
in the fertilizer.

The type of fertilizer applied in the HRU is specified by the user. In
addition to mineral nitrogen, organic nitrogen and phosphorus and minera
phosphorus are applied to the HRU. The amount of each type of nutrient is
calculated from the amount of fertilizer and fraction of the various nutrient types
in the fertilizer as summarized in Section 20.7.

While the model does not alow fertilizer to be applied as a function of
phosphorus stress, the model does monitor phosphorus stress in the auto-
fertilization subroutine. If phosphorus stress causes plant growth to fall below

75% of potential growth, the model ignores the fraction of mineral phosphorus in

the fertilizer and applies an amount of mineral phosphorus equal to (% [MinN,,,).

Table 20-8: SWAT input variables that pertain to auto-fertilization.

Input
Variable Name Definition File
Variablesin auto-fertilizer operation line:
MONTH/DAY or HUSC  Timing of fertilizer operation. .mgt
MGT_OP Operation code. MGT_OP = 11 for auto-fertilizer operation .mgt
FERT_ID Type of fertilizer/manure applied (code from fert.dat). .mgt
AFRT_LY1 Fraction of fertilizer applied to top 10 mm .mgt
AUTO_NSTR nstrs: Nitrogen stress that triggers fertilizer application .mgt
AUTO_EFF ferte: Application efficiency .mgt
AUTO_NMXS MiNNgppme Maximum amount of mineral N alowed to be  .mgt

applied on any one day (kg N/ha)
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Table 20-8, cont.: SWAT input variables that pertain to auto-fertilization.

Input
Variable Name Definition File
AUTO_NMXA MiNNgppmyr: Maximum amount of mineral N allowed to be .mgt

applied during a year (kg N/yr)

Other variables:

CNYLD frayig: Fraction of nitrogenin the yield crop.dat

BIO E RUE: Radiation use efficiency ((kg/ha)/(MJm?)) crop.dat

HVSTI HIl,py: Potential harvest index for the plant at maturity given  crop.dat
ideal growing conditions

FMINN fertmim: fraction of mineral N in the fertilizer fert.dat

20.9 PESTICIDE APPLICATION

The pesticide operation applies pesticide to the HRU.

Information required in the pesticide operation includes the timing of the
operation (month and day or fraction of plant potential heat units), the type of
pesticide applied, and the amount of pesticide applied.

Field studies have shown that even on days with little or no wind, a
portion of pesticide applied to the field is lost. The fraction of pesticide that
reaches the foliage or soil surface is defined by the pesticide’s application
efficiency. The amount of pesticide that reaches the foliage or ground is:

pest' = ap, [pest 20.9.1

where pest’' is the effective amount of pesticide applied (kg pst/ha), ape is the

pesticide application efficiency, and pest is the actual amount of pesticide applied
(kg pst/ha).

The amount of pesticide reaching the ground surface and the amount of
pesticide added to the plant foliage is calculated as a function of ground cover.
The ground cover provided by plantsis:

_ 1.99532 - erfc[1.333 LAl -2
e 2.1

where gc is the fraction of the ground surface covered by plants, erfc is the

20.9.2

complementary error function, and LAl isthe leaf areaindex.
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The complementary error function frequently occurs in solutions to
advective-dispersive equations. Vaues for erfc(f) and erf(f) (erf is the error
function for ), where £ is the argument of the function, are graphed in Figure 20-
1. The figure shows that erf(f) ranges from -1 to +1 while erfc(f) ranges from O
to +2. The complementary error function takes on a value greater than 1 only for

negative values of the argument.

2.0 —
1:5 \
2 erf (B)
\té 1.0 —
2 05
& il
=
-~ 0.0
= erfc (8)
-0.5 /
-1.0 ]

—¢) =2 =l 0 i 2 3
.
Figure 20-1: erf(f) and erfc(f) plotted versus £ (from Domenico and Schwartz, 1990)

Once the fraction of ground covered by plants is known, the amount of
pesticide applied to the foliage is calcul ated:

pest,, = gc[pest’ 20.9.3
and the amount of pesticide applied to the soil surfaceis

pest,,. = (1- gc)Chest’ 20.9.4
where pesty, is the amount of pesticide applied to foliage (kg pst/ha), pests,f is the
amount of pesticide applied to the soil surface (kg pst/ha), gc is the fraction of the

ground surface covered by plants, and pest’ is the effective amount of pesticide
applied (kg pst/ha).

Table 20-9: SWAT input variables that pertain to pesticide application.

Input

Variable Name Definition File
Variablesin pesticide operation line:

MONTH/DAY or HUSC  Timing of pesticide operation. .mgt

MGT_OP Operation code. MGT_OP = 4 for pesticide operation .mgt

PEST_ID Type of pesticide applied (code from pest.dat). .mgt

PST_KG pest: Amount of pesticide applied (kg/ha) .mgt

Variablesin pesticide database:
AP_EF apg: Pesticide application efficiency pest.dat
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20.10 FILTER STRIPS

Edge-of field filter strips may be defined in an HRU. Sediment, nutrient,
pesticide and bacteria loads in surface runoff are reduced as the surface runoff
passes through the filter strip.

The filter strip trapping efficiency for bacteriais calcul ated:
_[12+ a5 mwidthg,)

100
where trapes pact 1S the fraction of the bacteria loading trapped by the filter strip,

20.10.1

trapy poe =1

and widthsiisrip 1S the width of the filter strip (m).
The filter strip trapping efficiency for sediment, nutrients and pesticides is
calculated:

trap, = 0.367 fwidthyq.,, /= 20.10.2

where trape is the fraction of the constituent loading trapped by the filter strip,
and widthsiisrip 1S the width of the filter strip (m).

Table 20-10: SWAT input variables that pertain to filter strips.

Input
Variable Name Definition File
FILTERW Wi dthygrip: Width of filter strip (m) .hru

20.11 NOMENCLATURE

CN;
Hlopt
Hlug
LAl

NH4

Moisture condition Il curve number

Potential harvest index for the plant at maturity given ideal growing conditions
Target harvest index

Leaf areaindex of the canopy

Ammonium content of the soil profile (kg NHs-N/ha)

NH4et Amount of ammonium added to the soil in the fertilizer (kg N/ha)

NO3

Nitrate content of the soil profile (kg NOs-N/ha)

NOStert Amount of nitrate added to the soil in the fertilizer (kg N/ha)
Psoutionfert Amount of phosphorus in the solution pool added to the soil in the fertilizer

PHU

RUE

aAPer

(kg P/ha)
Potential heat units or total heat units required for plant maturity where base
temperature is dependant on the plant species (heat units)
Radliation-use efficiency of the plant (kg/hallMJm?)™* or 10 g/MJ)

Pesticide application efficiency
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bactpsl fert Amount of less persistent bacteriain the solution pool added to the soil in the
fertilizer (# bact/ha)
bactpsorb,fert Amount of less persistent bacteriain the sorbed pool added to the soil in
fertilizer (# bact/ha)
bact,si fert Amount of persistent bacteriain the solution pool added to the soil in the
fertilizer (# bact/ha)
bactysorbfert Amount of persistent bacteriain the sorbed pool added to the soil in fertilizer
(# bact/ha)
bio  Tota plant biomass on agiven day (kg/ha)
bioyg Aboveground biomass on the day of harvest (kg ha Y
bioy Actua massof nitrogen stored in plant material (kg N/ha)
bioyg Target biomass specified by the user (kg/ha)
fert  Amount of fertilizer applied (kg/ha)
ferter Fertilizer application efficiency assigned by the user
fertipmact  Concentration of less persistent bacteriain the fertilizer (# bact/kg fert)
fertyiny Fraction of mineral nitrogen in the fertilizer
fertinp Fraction of mineral P in thefertilizer
fertnng Fraction of mineral N in the fertilizer that is ammonium
fertorgy Fraction of organic N in the fertilizer
fertarge Fraction of organic P in the fertilizer
fertonact Concentration of persistent bacteriain the fertilizer (# bact/kg fert)
frn Optimal fraction of nitrogen in the plant biomass for current growth stage
frnyia  Fraction of nitrogen in the yield
gc Fraction of the ground surface covered by plants
harve; Efficiency of the harvest operation
Koact ~ Bacterial partition coefficient
MiNNgp — Amount of mineral nitrogen applied (kg N/ha)
MiNNap,mx« Maximum amount of mineral N allowed to be applied on any one day (kg
N/ha)
MiNNap,mqr Maximum amount of mineral N allowed to be applied during a year (kg
N/ha)
nstrs  Nitrogen stress for a given day
orgNactfert Amount of nitrogen in the active organic pool added to the soil in the fertilizer
(kg N/ha)
orgNs«n fert Amount of nitrogen in the fresh organic pool added to the soil in the fertilizer
(kg N/ha)
orgPsrshiert AmMount of phosphorusin the fresh organic pool added to the soil in the
fertilizer (kg P/ha)
0r gPrumtert Amount of phosphorus in the humus organic pool added to the soil in the
fertilizer (kg P/ha)
pest Actual amount of pesticide applied (kg pst/ha)
pest’ Effective amount of pesticide applied (kg pst/ha)
pest:q  Amount of pesticide applied to foliage (kg pst/ha)
pests,rr Amount of pesticide applied to the soil surface (kg pst/ha)
trapg Fraction of the constituent loading trapped by the filter strip
trapes pact Fraction of the bacteria loading trapped by the filter strip
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wi dthyiisrip Width of filter strip (m)

yldesn Nitrogen yield estimate (kg N/ha)

Yldes nprev  Nitrogen yield estimate from the previous year (kg N/ha)
yldy: n Nitrogen yield target for the current year (kg N/ha)

Yrsm Year of simulation

20.12 REFERENCES
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CHAPTER 21

EQUATIONS:
WATER M ANAGEMENT

Accurately reproducing water management practices can be one of the
most complicated portions of data input for the model. Because water
management affects the hydrologic balance, it is critical that the model is able to
accommodate a variety of management practices. Water management options
modeled by SWAT include irrigation, tile drainage, impounded/depressional

areas, water transfer, consumptive water use, and loadings from point sources.

329
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21.1 IRRIGATION

Irrigation in an HRU may be scheduled by the user or automatically
applied by SWAT. In addition to specifying the timing and application amount,
the user must specify the source of irrigation water.

Weater applied to an HRU is obtained from one of five types of water
sources. areach, areservoir, a shalow aquifer, a deep aquifer, or a source outside
the watershed. In addition to the type of water source, the model must know the
location of the water source (unless the source is outside the watershed). For the
reach, shalow aguifer or deep aguifer, SWAT needs to know the subbasin
number in which the source is located. If a reservoir is used to supply water,
SWAT must know the reservoir number.

If the source of the irrigation water is a reach, SWAT allows additional
input parameters to be set. These parameters are used to prevent flow in the reach
from being reduced to zero as a result of irrigation water removal. Users may
define a minimum in-stream flow, a maximum irrigation water remova amount
that cannot be exceeded on any given day, and/or a fraction of total flow in the
reach that is available for removal on agiven day.

For a given irrigation event, SWAT determines the amount of water
available in the source. The amount of water available is compared to the amount
of water specified in the irrigation operation. If the amount available is less than
the amount specified, SWAT will only apply the available water.

Water applied to an HRU is used to fill the soil layers up to field capacity
beginning with the soil surface layer and working downward until al the water
applied is used up or the bottom of the profile is reached. If the amount of water
specified in an irrigation operation exceeds the amount needed to fill the soil
layers up to field capacity water content, the excess water is returned to the
source. For HRUs that are defined as potholes or depressional areas, the irrigation

water is added to the ponded water overlying the soil surface.
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21.1.1 AUTO-APPLICATION OF |IRRIGATION

When the user selects auto-application of irrigation water in an HRU, a
water stress threshold must be specified. The water stress threshold is a fraction of
potential plant growth. Anytime actual plant growth falls below this threshold
fraction due to water stress the model will automatically apply water to the HRU.
If enough water is available from the irrigation source, the model will add water
to the soil until it is at field capacity.

The water stress threshold is usually set somewhere between 0.90 and
0.95.

Table 21-1: SWAT input variables that pertain to irrigation.

Input

Variable Name Definition File
Variablesin irrigation operation line:
MONTH/DAY or HUSC  Timing of irrigation operation. .mgt
MGT_OP Operation code. MGT_OP = 2 for irrigation operation .mgt
IRR_AMT Depth of irrigation water applied on HRU (mm) .mgt
Variablesin .hru file
IRR Type of water body from which irrigation water is obtained hru
IRRNO Source location hru
FLOWMIN Minimum in-stream flow (m?/s) hru
DIVMAX Maximum daily irrigation diversion (mm or 10* m®) hru
FLOWFR Fraction of available flow allowed to be used for irrigation .hru
Variablesin auto-irrigation operation line:
MONTH/DAY or HUSC  Initialization of auto-irrigation .mgt
MGT_OP Operation code. MGT_OP = 10 for auto-irrigation .mgt
AUTO WSTR Water stress that triggers irrigation .mgt

21.2 TILE DRAINAGE

To simulate tile drainage in an HRU, the user must specify the depth from
the soil surface to the drains, the amount of time required to drain the soil to field
capacity, and the amount of lag between the time water enters the tile till it exits
the tile and enters the main channel.

Tile drainage occurs when the soil water content exceeds field capacity. In
the soil layer where the tile drains are installed, the amount of water entering the

drain on agiven day is calculated:



332 SWAT USER'S MANUAL, VERSION 2000

tile,, = (SW, - FCly)Eﬁl— eXp{ 24D if SW, >FC, 21.2.1

drain
where tile, is the amount of water removed from the layer on a given day by tile
drainage (mm H>O), SWiy is the water content of the layer on a given day (mm
H>0O), FCyy is the field capacity water content of the layer (mm H,0), and tgrain IS
the time required to drain the soil to field capacity (hrs).

Water entering tiles is treated like lateral flow. The flow is lagged using
equations reviewed in Chapter 8.

Table 21-2: SWAT input variables that pertain to tile drainage.

Input

Variable Name Definition File
DDRAIN Depth to subsurface drain (mm). .hru
TDRAIN tgrain: Timeto drain soil to field capacity (hrs) .hru
GDRAIN tilgag: Draintile lag time (hrs) hru

21.3 IMPOUNDED/DEPRESSIONAL AREAS

Impounded/depressional areas are simulated as a water body overlying a
soil profile in an HRU. This type of ponded system is needed to simulate the
growth of rice, cranberries or any other plant that grows in a waterlogged system.
The simulation and management operations pertaining to impounded/depressional
areasisreviewed in Chapter 27.

21.4\WATER TRANSFER

While water is most typically removed from a water body for irrigation
purposes, SWAT dso alows water to be transferred from one water body to
another. This is performed with a transfer command in the watershed
configuration file.

The transfer command can be used to move water from any reservoir or
reach in the watershed to any other reservoir or reach in the watershed. The user
must input the type of water source, the location of the source, the type of water
body receiving the transfer, the location of the receiving water body, and the

amount of water transferred.
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Three options are provided to specify the amount of water transferred: a
fraction of the volume of water in the source; a volume of water |€eft in the source;
or the volume of water transferred. The transfer is performed every day of the
simulation.

The transfer of water from one water body to another can be accomplished
using other methods. For example, water could be removed from one water body
via consumptive water use and added to another water body using point source

files.

Table 21-3: SWAT input variables that pertain to water transfer.

Input

Variable Name Definition File
DEP_TYPE Water source type fig
DEP_NUM Water source location fig
DEST TYPE Destination type fig
DEST_NUM Destination location fig
TRANS AMT Amount of water transferred fig
TRANS CODE Rule code governing water transfer. fig

21.5 CoONSUMPTIVE WATER USE

Consumptive water use is a management tool that removes water from the

basin. Water removed for consumptive use is considered to be lost from the
system. SWAT alows water to be removed from the shalow aquifer, the deep
aquifer, the reach or the pond within any subbasin in the watershed. Water aso
may be removed from reservoirs for consumptive use.

Consumptive water use is allowed to vary from month to month. For each
month in the year, an average daily volume of water removed from the source is
specified. For reservoirs, the user may also specify a fraction of the water
removed that is lost during removal. The water lost in the removal process

becomes outflow from the reservoir.
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Table 21-4: SWAT input variables that pertain to consumptive water use.

Input
Variable Name Definition File
WUPND(1-12) Average daily water removal from pond in subbasin (10* m®) WuS
WURCH(1-12) Average daily water removal from reach in subbasin (10* m°) WuS
WUSHAL(1-12)  Average daily water removal from shallow aquifer in subbasin .Wus
(10* m?)
WUDEEP(1-12) Average daily water removal from deep aquifer in subbasin .Wus
(10* m?)
WURESN(1-12)  Average daily water removal from reservoir (10* m®) res
WURTNF Fraction of water removal lost in transfer and returned as res

reservoir outflow.

21.6 POINT SOURCE L OADINGS

SWAT directly ssmulates the loading of water, sediment and other
constituents off of land areas in the watershed. To simulate the loading of water
and pollutants from sources not associated with aland area (e.g. sewage treatment
plants), SWAT allows point source information to be read in at any point along
the channel network. The point source loadings may be summarized on a daily,
monthly, yearly, or average annual basis.

Files containing the point source loads are created by the user. The loads
are read into the model and routed through the channel network using recday,
recmon, recyear, or reccnst commands in the watershed configuration file. SWAT
will read in water, sediment, organic N, organic P, nitrate, soluble P, ammonium,
nitrite, metal, and bacteria data from the point source files. Chapter 31 reviews the
format of the command lines in the watershed configuration file while Chapter 43

reviews the format of the point sourcefiles.

21.7 NOMENCLATURE

SWiy

tdrain
tilew

Water content of the layer on a given day (mm H,0)
Field capacity water content of the layer (mm H,0)

Time required to drain the soil to field capacity (hrs)
Amount of water removed from the layer on a given day by tile drainage (mm
H.0)



CHAPTER 22

EQUATIONS:
URBAN AREAS

Most large watersheds and river basins contain areas of urban land use.
Estimates of the quantity and quality of runoff in urban areas are required for
comprehensive management analysis. SWAT calculates runoff from urban areas
with the SCS curve number method or the Green & Ampt equation. Loadings of
sediment and nutrients are determined using one of two options. The first is a set
of linear regression equations developed by the USGS (Driver and Tasker, 1988)
for estimating storm runoff volumes and constituent loads. The other option is to
simulate the buildup and washoff mechanisms, similar to SWMM - Storm Water
Management Model (Huber and Dickinson, 1988).

335
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22.1 CHARACTERISTICSOF URBAN AREAS

Urban areas differ from rura areas in the fraction of total area that is
impervious. Construction of buildings, parking lots and paved roads increases the
impervious cover in a watershed and reduces infiltration. With development, the
gpatial flow pattern of water is altered and the hydraulic efficiency of flow is
increased through artificial channels, curbing, and storm drainage and collection
systems. The net effect of these changes is an increase in the volume and velocity
of runoff and larger peak flood discharges.

Impervious areas can be differentiated into two groups. the area that is
hydraulically connected to the drainage system and the area that is not directly
connected. As an example, assume there is a house surrounded by a yard where
runoff from the roof flows into the yard and is able to infiltrate into the soil. The
rooftop isimpervious but it is not hydraulically connected to the drainage system.
In contrast, a parking lot whose runoff enters a storm water drain is hydraulically
connected. Table 22-1 lists typica values for impervious and directly connected

impervious fractions in different urban land types.

Table 22-1: Range and average impervious fractions for different urban land types.

Averagedirectly Rangedirectly

Averagetotal Rangetotal connected connected
Urban Land Type impervious impervious impervious impervious
Residential-High Density
(> 8 unit/acre or unit/2.5 ha) .60 44 - .82 44 .32-.60
Residential-Medium Density
(1-4 unit/acre or unit/2.5 ha) .38 .23 - .46 .30 18- .36
Residential-Med/Low Density
(> 0.5-1 unit/acre or unit/2.5 ha) .20 14 - .26 17 12 -.22
Residential-Low Density
(< 0.5 unit/acre or unit/2.5 ha) 12 .07-.18 .10 .06-.14
Commercia .67 A48 -.99 .62 44 - .92
Industrial .84 .63-.99 .79 .59-.93
Transportation .98 .88-1.00 .95 .85-1.00
Ingtitutional 51 .33-.84 A7 .30-.77

During dry periods, dust, dirt and other pollutants build up on the
impervious areas. When precipitation events occur and runoff from the
impervious areas is generated, the runoff will carry the pollutants as it moves

through the drainage system and enters the channel network of the watershed.
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22.2 SURFACE RUNOFF FROM URBAN AREAS

In urban areas, surface runoff is calculated separately for the directly
connected impervious area and the disconnected impervious/pervious area. For
directly connected impervious areas, a curve number of 98 is always used. For
disconnected impervious/pervious areas, a composite curve number is calculated
and used in the surface runoff calculations. The equations used to calculate the
composite curve number for disconnected impervious/pervious areas are (Soil

Conservation Service Engineering Division, 1986):

CN, Eﬁl‘ imp., +'mp) . 984%]
2 2 o
= if imp,, <0.30 2221

1-imp,,

CN

C

— CN p [ql - irnptot ) + 98 |:nrnpdcon
1 - I mpcon

CN

if imp,, > 0.30 22.2.2

C

where CN; is the composite moisture condition Il curve number, CN, is the
pervious moisture condition 1l curve number, impy is the fraction of the HRU
area that is impervious (both directly connected and disconnected), impcon, is the
fraction of the HRU area that is impervious and hydraulically connected to the
drainage system, impgceon IS the fraction of the HRU areathat is impervious but not

hydraulically connected to the drainage system.

Table 22-2: SWAT input variables that pertain to surface runoff calculationsin urban areas.

I nput
Variable Name Definition File
CN2 CN,: SCS moisture condition |1 curve number for pervious areas .mgt
CNOP CN,: SCS moisture condition | curve number for pervious areas .mgt
specified in plant, harvest/kill and tillage operation
FIMP impyt: fraction of urban land type area that isimpervious urban.dat
FCIMP impeon: fraction of urban land type area that is connected urban.dat
impervious

22.3 USGS REGRESSION EQUATIONS

The linear regression models incorporated into SWAT are those described

by Driver and Tasker (1988). The regression models were developed from a
national urban water quality database that related storm runoff loads to urban
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physical, land use, and climatic characteristics. USGS developed these equations
to predict loadings in ungaged urban watersheds.

The regression models calculate loadings as a function of total storm
rainfall, drainage area and impervious area. The general equation is
_ B, AR, /25.4)" {DA2:59)* dimp,, [100+1)" 0B,

2.205

where Y isthetotal constituent load (kg), Raay iS precipitation on a given day (mm

Y 22.3.1

H,0), DA is the HRU drainage area (km?), impy is the fraction of the total area
that isimpervious, and the S variables are regression coefficients. The regression
equations were developed in English units, so conversion factors were
incorporated to adapt the equations to metric units: 25.4 mm/inch, 2.59 km?/mi?,
and 2.205 Ib/kg.

USGS derived three different sets of regression coefficients that are based
on annual precipitation. Category | coefficients are used in watersheds with less
than 508 mm of annual precipitation. Category |l coefficients are used in
watersheds with annual precipitation between 508 and 1016 mm. Category Il1
coefficients are used in watersheds with annual precipitation greater than 1016
mm. SWAT determines the annual precipitation category for each subbasin by
summing the monthly precipitation totals provided in the weather generator input
file.

Regression coefficients were derived to estimate suspended solid load,
total nitrogen load, total phosphorus load and carbonaceous oxygen demand
(COD). SWAT calculates suspended solid, total nitrogen, and total phosphorus
loadings (the carbonaceous oxygen demand is not currently calculated).
Regression coefficients for these constituents are listed in Table 22-3.

Once total nitrogen and phosphorus loads are calculated, they are
partitioned into organic and mineral forms using the following relationships from
Northern Virginia Planning District Commission (1979). Total nitrogen loads
consist of 70 percent organic nitrogen and 30 percent mineral (nitrate). Total
phosphorus loads are divided into 75 percent organic phosphorus and 25 percent
orthophosphate.
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Table 22-3: Urban regression coefficients (from Driver and Tasker, 1988).

Precipitation
L oading Category B B B Bs B
suspended solids I 17780 0.867 0.728 0.157 2.367
I 812.0 1.236 0.436 0.202 1.938
i 97.7 1.002 1.009 0.837 2.818
total nitrogen I 2020 0.825 1.070 0.479 1.258
I 4.04 0.936 0.937 0.692 1.373
Il 1.66 0.703 0.465 0.521 1.845
total phosphorus I 1725 0.884 0.826 0.467 2.130
I 0.697  1.008 0.628 0.469 1.790
i 1618 0.954 0.789 0.289 2.247
COD I 407.0 0.626 0.710 0.379 1.518

I 151.0 0.823 0.726 0.564 1451
"l 1020 0.851 0.601 0.528 1.978
| = annual precipitation < 508 mm
Il = 508 mm < annual precipitation < 1,016 mm
[l = annual precipitation > 1,016 mm

Table 22-4: SWAT input variables that pertain to urban modeling with regression equations.

Input
Variable Name Definition File
IURBAN Urban simulation code .hru
URBLU Urban land type identification number from urban database .hru
FIMP Fraction of HRU that isimpervious. impy, = FIMP 1100 urban.dat
PRECIPITATION Ry, Precipitation on agiven day (mm H,0) .pcp
HRU_FR Fraction of total watershed areain HRU hru
DA_KM Area of watershed (km?) bsn
PCPMM (mon) Average amount of precipitation falling in month (mm H,0) .wgn

22.4 BuiLD UP/WASH OFF

In an impervious area, dust, dirt and other constituents are built up on
street surfaces in periods of dry weather preceding a storm. Build up may be a
function of time, traffic flow, dry falout and street sweeping. During a storm
runoff event, the material is then washed off into the drainage system. Although
the build up/wash off option is conceptually appeding, the reliability and
credibility of the simulation may be difficult to establish without local data for
calibration and validation (Huber and Dickinson, 1988).

When the build up/wash off option is used in SWAT, the urban hydrologic
response unit (HRU) is divided into pervious and impervious areas. Management
operations other than sweep operations are performed in the pervious portion of
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the HRU. Sweep operations impact build up of solids in the impervious portion of
the HRU. For the pervious portion of the HRU, sediment and nutrient loadings are
calculated using the methodology summarized in Chapters 13 and 14. The
impervious portion of the HRU uses the build up/wash off algorithm to determine
sediment and nutrient loadings.

The build up/wash off algorithm calculates the build up and wash off of
solids. The solids are assumed to possess a constant concentration of organic and
mineral nitrogen and phosphorus where the concentrations are a function of the
urban land type.

Build up of solids is smulated on dry days with a Michaelis-Menton
eguation:

SED,, [id

SED = ‘(—)Vthalf ”: d 224.1
where SED is the solid build up (kg/curb km) td days after the last occurrence of
SED = 0 kg/curb km, SED, is the maximum accumulation of solids possible for
the urban land type (kg/curb km), and tny¢ IS the length of time needed for solid
build up to increase from 0 kg/curb km to ¥2 SEDn (days). A dry day is defined
as a day with surface runoff less than 0.1 mm. An example build-up curve is
shown in Figure 22-1. As can be seen from the plot, the Michaelis-Menton

function will initialy rise steeply and then approach the asymptote slowly.
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Figure 22-1: Build-up function for solids in urban areas.
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The two parameters that determine the shape of this curve are SED and
thar. These parameters are a function of the urban land type.

Wash off is the process of erosion or solution of constituents from an
impervious surface during a runoff event. An exponential relationship is used to
simulate the wash off process (Huber and Dickinson, 1988):

Y,, = SED, ffL— ™) 2242
where Yeq IS the cumulative amount of solids washed off at time t (kg/curb km),
SEDy is the amount of solids built up on the impervious area at the beginning of
the precipitation event (kg/curb km), and kk is a coefficient.

The coefficient, kk, may be estimated by assuming it is proportional to the
peak runoff rate:

KK = U (8] ey 22.4.3

where urbee is the wash off coefficient (mm™) and Opeak 1S the peak runoff rate
(mm/hr).

The origina default value for urbee Was calculated as 0.18 mm™ by
assuming that 13 mm of total runoff in one hour would wash off 90% of the initia
surface load. Later estimates of urbge gave values ranging from 0.002-0.26 mm™.
Huber and Dickinson (1988) noted that values between 0.039 and 0.390 mm™ for
urbeeer give sediment concentrations in the range of most observed values. They
aso recommended using this variable to calibrate the model to observed data.

To convert the sediment loading from units of kg/curb km to kg/ha, the
amount of sediment removed by wash off is multiplied by the curb length density.
The curb length density is a function of the urban land type. Nitrogen and
phosphorus loadings from the impervious portion of the urban land area are
calculated by multiplying the concentration of nutrient by the sediment loading.

22.4.1 STREET CLEANING

Street cleaning is performed in urban areas to control buildup of solids and
trash. While it has long been thought that street cleaning has a beneficial effect on
the quality of urban runoff, studies by EPA have found that street sweeping has
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little impact on runoff quality unless it is performed every day (U.S
Environmental Protection Agency, 1983).

SWAT performs street sweeping operations only when the build up/wash
off agorithm is specified for urban loading calculations. Street sweeping is
performed only on dry days, where adry day is defined as a day with less than 0.1
mm of surface runoff. The sweeping remova equation (Huber and Dickinson,
1988) is:

SED = SED, ({1 - fr,, [Feff ) 22.4.4

where SED is amount of solids remaining after sweeping (kg/curb km), SEDy is
the amount of solids present prior to sweeping (kg/curb km), fry, is the fraction of
the curb length available for sweeping (the availability factor), and reff is the
remova efficiency of the sweeping equipment. The availability factor and
removal efficiency are specified by the user.

Table 22-5: Removal efficiencies (fraction removed) from street cleaner path (from Pitt, 1979)

Street Cleaning Program and Total BODs COD KN PO, Pesticides
Street Surface L oading Conditions Solids

Vacuum Street Cleaner
(5.5-55 kg/curb km)

1 pass 31 24 .16 .26 .08 .33
2 passes 45 .35 .22 37 A2 .50
3 passes .53 41 27 45 14 .59
Vacuum Street Cleaner
(55-280 kg/curb km)
1 pass 37 .29 21 31 A2 40
2 passes .51 A2 .29 46 A7 .59
3 passes .58 A7 .35 51 .20 .67
Vacuum Street Cleaner
(280-2820 kg/curb km)
1 pass 48 .38 .33 43 .20 57
2 passes .60 .50 42 54 .25 72
3 passes .63 .52 44 57 .26 .75
Mechanical Street Cleaner
(50-500 kg/curb km)
1 pass 54 40 31 40 .20 .40
2 passes .75 .58 48 .58 .35 .60
3 passes .85 .69 .59 .69 46 72
Flusher .30 a a a a a

Mechanical Street Cleaner followed
by a Flusher .80 b b b b b

a: efficiency fraction estimated .15 to .40
b: efficiency fraction estimated .35 to 1.00



CHAPTER 22; EQUATIONS—URBAN AREAS 343

The availability factor, fry, is the fraction of the curb length that is
sweepable. The entire curb length is often not available for sweeping due to the
presence of cars and other obstacles.

The removal efficiency of street sweeping is a function of the type of
sweeper, whether flushing is a part of the street cleaning process, the quantity of
total solids, the frequency of rainfall events and the constituents considered.
Removal efficiency can vary depending on the constituent being considered, with
efficiencies being greater for particulate constituents. The removal efficiencies for
nitrogen and phosphorus are typically less than the solid removal efficiency (Pitt,
1979). Because SWAT assumes a set concentration of nutrient constituents in the
solids, the same removal efficiency isin effect used for al constituents. Table 22-

5 provides removal efficiencies for various street cleaning programs.

Table 22-6: SWAT input variables that pertain to build up/wash off.

Input
Variable Name Definition File
IURBAN Urban simulation code .hru
URBLU Urban land type identification number from urban database .hru
DIRTMX SED,,: maximum amount of solids allowed to build up on urban.dat
impervious areas (kg/curb km)
THALF that: NUMber of days for amount of solids on impervious areato  urban.dat
build up from 0 kg/curb km to ¥2 SED
URBCOEF urbeeer: Wash off coefficient (mm™) urban.dat
CURBDEN curb length density in urban land type (km/ha) urban.dat
TNCONC concentration of total nitrogen in suspended solid load (mg N/kg)  urban.dat
TPCONC concentration of total phosphorus in suspended solid load (mg urban.dat
N/kg)
TNO3CONC concentration of nitrate in suspended solid load (mg N/kg) urban.dat
SWEEPEFF reff: removal efficiency of the sweeping equipment .mgt
AVWSP fr,: fraction of the curb length that is sweepable. .mgt
22.5 NOMENCLATURE
CN  Curve number
DA  HRU drainage area (km?)
Riay Amount of rainfall on agiven day (mm H;0)
SED  Solid build up (kg/curb km)
SED Maximum accumulation of solids possible for the urban land type (kg/curb km)
Y Total constituent load (kg)
Yo« Cumulative amount of solids washed off at timet (kg/curb km)
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fray  Fraction of the curb length available for sweeping (the availability factor)

impeon Fraction of the HRU areathat isimpervious and hydraulically connected to the
drainage system

iMpgcon Fraction of the HRU areathat is impervious but not hydraulically connected to the
drainage system

impy:  Fraction of the HRU areathat isimpervious (both connected and disconnected)

kk Coefficient in urban wash off equation

Opeak  Peak runoff rate (mm/hr)

reff  Removal efficiency of the sweeping equipment

thar  Length of time needed for solid build up to increase from 0 kg/curb km to ¥2
SEDn (days)

urbeeet Wash off coefficient (mm™)

Lo Coefficient for USGS regression equations for urban loadings
b Coefficient for USGS regression equations for urban loadings
5 Coefficient for USGS regression equations for urban loadings
s Coefficient for USGS regression equations for urban loadings
Jen Coefficient for USGS regression equations for urban loadings
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