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Abstract

Water quality and groundwater dynamics in wetlands are strongly influenced by the

spatiotemporal distribution of contaminant application, and variations and changes in

climate, vegetation, and anthropogenic interventions in its neighborhood. For

groundwater-fed wetlands, this relevant neighborhood at least extends to the ground-

water contributing area (GCA) boundary. In spite of its importance, understanding of

the nature of GCA dynamics vis-à-vis meteorological variations remains largely under-

studied. This work attempts to map GCA of inland forested wetlands. Following that,

two specific questions are answered: (a) Is GCA extent and its variation different than

that of the topographic contributing area (TCA)? and (b) Is the temporal dynamics of

GCA for different wetlands, all of which are experiencing very similar climatological

forcing, similar? Our results show that GCAs for wetlands vary temporally, are much

different in extent and shape than the TCA, and on an average are larger than the

TCA. Although wetlands in the studied watershed experienced similar meteorological

forcings, their covariation with forcings varied markedly. Majority of the wetlands reg-

istered an increase in GCA during dry period, but for a few the GCA decreased. This

highlights the role of additional physical controls, other than meteorological forcings,

on temporal dynamics of GCA. Notably, wetlands with larger TCA are found to gener-

ally have larger average GCA as well, thus indicating the dominant role of topography

in determining the relative size of average GCA over the landscape. Our results pro-

vide a refined picture of the spatiotemporal patterns of GCA dynamics and the con-

trols on it. The information will help improve the prediction of wet period dynamics,

recharge, and contamination risk of groundwater-fed wetlands.
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1 | INTRODUCTION

Wetlands provide a multitude of ecosystem services (Barbier, 1993;

Bullock & Acreman, 2003; Mitsch & Gosselink, 2000; Richardson,

1994; Zhu et al., 2017), including groundwater recharge (McCarthy,

2006), flood control (Galat et al., 1998; Hey & Philippi, 1995; Watson,

Ricketts, Galford, Polasky, & O’Niel-Dunne, 2016), water quality buff-

ering (Gilliam, 1994) through removal of carbon (Reuter, Djohan, &

Goldman, 1992), metals (Mungur, Shutes, Revitt, & House, 1995), sed-

iments (Jordan, Whigham, Hofmockel, & Pittek, 2003), and nitrate

(Lin, Jing, Wang, & Lee, 2002), and provisioning of aquatic habitat for

a number of plant and animal life (Benson, Carberry, & Langen, 2018;

Knight, 1997; Knight, Clarke, & Bastian, 2001; Zedler & Kercher,

2005). Given their importance to varied life forms including humans, it

is important to understand the controls on wetland dynamics so as to

predict their sustainability and function.
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Hydrologic dynamics in wetlands are strongly influenced by the

variations and changes in climate (Erwin, 2009; Fossey & Rousseau,

2016; Liu & Kumar, 2016; Zhu et al., 2017), bathymetry (Bertassello,

Rao, Park, Jawitz, & Botter, 2018; Park, Botter, Jawitz, & Rao, 2014),

vegetation, and anthropogenic interventions (Krapu, Kumar, & Borsuk,

2018; Van Meter & Basu, 2015). These factors alter the wetland

dynamics by modulating the recharge to wetlands, which can be from

groundwater (Harbor, 1994; Hunt, Krabbenhoft, & Anderson, 1996;

Jolly, McEwan, & Holland, 2008; Min, Perkins, & Jawitz, 2010; van der

Kamp & Hayashi, 2009; Winter, 1999), surface runoff (Ameli & Creed,

2017; Harbor, 1994; Jolly et al., 2008; Vanderhoof, Alexander, &

Todd, 2016; Winter, 1999) and direct precipitation on it. As ground-

water and surface water recharge affects the wetland dynamics, it is

likely that changes in forcings and properties within the contributing

area of surface water and groundwater will affect wetland's wet

period and water quality. Unsurprisingly, several studies have dis-

cussed the dynamics of surface water contributing area of wetlands,

especially in prairie pothole settings where closely distanced wetlands

can merge and split over time (Chu, Yang, Chi, & Zhang, 2013; Shaw,

Vanderkamp, Conly, Pietroniro, & Martz, 2012; Yang & Chu, 2013)

thus affecting contributing areas as well. In these studies, surface

water contributing area have been often discussed in terms of hydro-

logic connectivity. The dynamics of groundwater contributing area

(GCA) of wetlands, however, remains mostly understudied in part due

to the challenges associated with observing groundwater field at fine

spatiotemporal resolutions.

One of the few studies focused on groundwater contributing area

dynamics of wetlands was performed by O’Driscoll & Parizek (2003),

who used a detailed groundwater monitoring network with 124 nested

piezometers at 31 locations (each location contained 4 piezometers at

depths 1.5, 3.0, 6.1, and 9.1 m) to map hydrologic catchments for a

chain of karst wetlands in central Pennsylvania. The study showed

that the maximum surface flow contributing area or the topographic

catchment areas (TCAs) of karst wetlands were generally larger than

the effective groundwater contributing areas. Furthermore, the obser-

vations indicated that the groundwater contributing areas are dynamic

and vary across seasons. Locke et al. (2005) used a multitude of exis-

ting groundwater-level data to obtain GCAs by identifying areas

hydraulically upgradient of the site using flownet analyses. They gen-

erated GCA for 12 Illinois Nature Preserves and other natural areas.

The report concluded that because of paucity of groundwater obser-

vations at fine spatial scales, alternative data and methods should be

developed, especially considering that GCA is expected to be dynamic

as a result of fluctuations in recharge and water usage (e.g., variations

in climatic conditions, alterations to surface permeability, and

increased or decreased pumping). They also noted data-centric

methods based on historical data may be inaccurate for evaluations in

the future as the hydraulic conditions are dynamic.

The challenge posed by the need for fine resolution groundwater

gauge network to map GCA and predict its dynamics in near-term and

future can be alleviated through the use of adequately calibrated and

validated distributed surface-subsurface hydrologic models such as

Parflow, FIHM, PIHM, Hydrogeosphere, and PAWS (Kollet & Maxwell,

2006; Kumar, Duffy, & Salvage, 2009; Qu & Duffy, 2007; Shen & Pha-

nikumar, 2010; Therrien, McLaren, Sudicky, & Panday, 2010) that can

potentially account for the dynamic contributions of surface and

groundwater recharge in space and time. To our knowledge, no such

model application has been performed yet to obtain temporally vary-

ing GCA of wetlands. One reason for the lack of such a study could be

the computational demand associated with the application of distrib-

uted surface-subsurface hydrologic models. These applications are

generally computationally intensive to begin with (Hwang, Park,

Sudicky, & Forsyth, 2014; Kumar & Duffy, 2015; Vivoni et al., 2011)

and are likely to be so in settings where wetlands are small (area <

0.5 km2), thus requiring fine resolution simulations over the model

domain. Misut and Monti (2016) did map long-term or static ground-

water watersheds of 48 surface water bodies on the Long Island,

New York. They used MODFLOW-2005 (Harbaugh, 2005) to simulate

groundwater field for a period ranging from 1968 to 1983 and then

used MODPATH version 6 (Pollock, 2012) to trace particles on the

groundwater field to obtain static delineations of groundwater water-

sheds. Nippgen, Mcglynn, and Emanuel (2015) evaluated spatial and

temporal variations in contributing areas using a parsimonious but

fully distributed rainfall-runoff model, WECOH (Watershed

ECOHydrology). The study used empirical data about network con-

nectivity from water table observations from 84 shallow groundwater

wells in the watershed to evaluate the fraction of groundwater stor-

age that may be contributing to a stream. Although this study is one

of the few that provided a dynamic mapping for groundwater contrib-

uting area, the evaluation was performed only for streams instead of

wetlands.

Building on the aforementioned studies, this work first mapped

the temporally evolving GCA of freshwater inland wetlands. Following

that, two specific questions were answered: (a) Is GCA extent and its

variation different than that of TCA? (b) Is the temporal dynamics of

GCA for different wetlands, all situated in close proximity and

experiencing very similar climatological forcing, similar? To answer

these questions, a physically-based, fully distributed hydrologic model

PIHM (Kumar, 2009; Qu & Duffy, 2007) was implemented in the Sec-

ond Creek watershed in southwest North Carolina. GCA was derived

for multiple wetlands within the study area using the simulated

groundwater field. Section 2 provides details of the study site, the

hydrologic model, and the method to delineate GCA of wetlands.

Section 3 discusses our findings and answers the questions mentioned

above. Section 4 summarizes the major results and conclusions, dis-

cusses the limitations, and suggests future directions of research.

2 | DATA AND METHOD

2.1 | Site Description

The study was conducted in the Second Creek watershed in south-

west North Carolina (Figure 1). The watershed is a part of South Yad-

kin river basin that drains 325 km2 area at USGS streamflow gauge #

02120780 (35.6 N, 80.7 W) located on the Second Creek. Streamflow

at the gauge has been measured for more than thirty years. The
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watershed also has a USGS groundwater gauging station

(#354057080362601) where daily groundwater level has been mea-

sured since 1989. The watershed was selected because it contains

multiple forested freshwater wetlands within its boundary. Physiogra-

phy of the watershed is characterized by valleys and ridges oriented

along the southwest-northeast direction. The elevation in the water-

shed ranges from 197 to 331 m. Land cover in the watershed mainly

consists of hay/pasture (37.6%), deciduous forest (32.9%), developed

area (6.8%), and evergreen forest (5.4%). The most common soil types

in the watershed are loam in the riverbed and riparian regions and

sandy clay loam in the uplands. Based on the Koppen-Geiger climate

classification (Kottek, Grieser, Beck, Rudolf, & Rubel, 2006), the

watershed falls in a warm temperate climate zone characterized by

humid and warm summer. The average temperature in the watershed

during 1981-2013 was 15.5 �C and the annual precipitation ranged

from 703 to 1473 mm. The watershed consists of several inland wet-

lands, the majority of which are classified as freshwater forested/

shrub wetland or freshwater pond according to the National Wetland

Inventory data (U.S. Fish and Wildlife Service, 2019). Because of the

computational constraint associated with ensuing analyses, here we

focused our attention on the largest ten wetlands in the watershed

with area ranging from 57,000 to 167,000 m2. Type and attribute of

each of these wetlands are listed in Table S1.

2.2 | Hydrologic model application

2.2.1 | Model Description

A physically based, fully distributed hydrologic model, PIHM (Kumar,

2009; Qu & Duffy, 2007) was used to simulate coupled hydrologic

states and fluxes. Processes simulated in PIHM include snowmelt,

evapotranspiration (Penman-Monteith equation), interception (Rutter

model), overland flow (2D diffusion-wave equation), unsaturated zone

infiltration (a 1D approximation of the Richards equation), groundwa-

ter flow (Boussinesq equation), and streamflow (1D diffusion-wave

equation). The model couples surface (channel routing and overland

flow) and subsurface (groundwater and unsaturated flow) process

based on continuity of fluxes across grid interfaces while ensuring the

mass conservation locally and globally. Using a semidiscrete finite-

volume approach, the model spatially discretizes the partial differen-

tial equations of hydrologic states into ordinary differential equations

(ODEs). The system of ODEs defined on all mesh elements is assem-

bled and solved simultaneously in time using a stiff solver based on

Newton-Krylov iteration. An adaptive time-stepping scheme is used

to capture the varied time scales of states. The model has been previ-

ously applied at multiple scales and in diverse hydro-climatological

settings for simulating coupled dynamics of streamflow, groundwater,

soil moisture, snow, and evapotranspiration fluxes (Chen, Kumar, &

McGlynn, 2015; Chen, Kumar, Wang, Winstral, & Marks, 2016;

Kumar, Marks, Dozier, Reba, & Winstral, 2013; Seo, Sinha,

Mahinthakumar, Sankarasubramanian, & Kumar, 2016; R. Wang,

Kumar, & Marks, 2013; Yu, Duffy, Baldwin, & Lin, 2014; Zhang, Chen,

Kumar, Marani, & Goralczyk, 2017). The model has already been used

to study wetland dynamics in multiple studies (Liu & Kumar, 2016;

D. Wang, Liu, & Kumar, 2018; Yu et al., 2015).

2.2.2 | Domain discretization

The entire watershed, including the inland forested wetlands, was dis-

cretized using unit elements that are triangular in 2D and prismatic in

3D. Streams were discretized using linear-shaped unit elements that

are rectangular in 2D and cuboidal in 3D. These elements were projec-

ted downward to the bedrock (for land surface elements) or the river

bed (for river elements), respectively (Kumar, 2009). Each land ele-

ment was discretized into four layers: a top surface overland flow

F IGURE 1 Second creek watershed
with the distribution of the wetlands (of a
size larger than 57000 m2) based on the
National Wetland Inventory data (https://
www.fws.gov/wetlands/) including model
grids used for this research. Also shown
are the USGS gauging stations and
streamflow network. The dark-colored
polygon in the North Carolina map
(shown in the upper right corner)
represents the location and extent of the
Second Creek watershed
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layer with variable thickness, a relatively thin unsaturated layer with a

defined maximum thickness T (default value of T is 0.25 m), a second

unsaturated layer that extends from T to groundwater level, and a

groundwater layer. Moisture content in both unsaturated layers could

range from full saturation to residual saturation. The two lowest layers

had variable dimensions, as their thickness depended on the evolving

groundwater table depth. Each river unit was vertically discretized into

two layers, with a flowing river on the top and a groundwater zone

below it. As the average combined thickness of soil, saprolite, and the

transition zone of regolith has been estimated to be less than 20 m in

the piedmont region of North Carolina (Daniel, 1987; Zhang et al.,

2017), a uniform depth of 20 m was considered as the lower boundary

of the subsurface layer. Use of triangular cells allowed efficient and

accurate representation of physiographic, climatic and hydrographic

features because of their spatial adaptivity and ability to conform to

sinuous boundaries (Kumar, Bhatt, & Duffy, 2009; Kumar, Duffy, et al.,

2009; Vivoni, Ivanov, Bras, & Entekhabi, 2004; D. Wang et al., 2018).

As all major wetlands in the watershed were smaller than 167,000 m2

in area, capturing groundwater dynamics required modeling at fine

spatial-temporal resolution. Here, the simulation was conducted for a

discretization with 25443 elements. The discretization was generated

using the PIHMgis (Bhatt, Kumar, & Duffy, 2014) while enforcing a

maximum area constraint of 20,000 m2, i.e., all Delaunay triangles in

the domain were of size smaller than or equal to 20,000 m2.

2.2.3 | Model parameterization

Model parametrization over each grid was obtained using the

PIHMgis, which facilitates automatic extraction and assignment of

ecological and hydrogeological parameters and meteorological forc-

ings on each discretization grid using a shared data model (Kumar,

Bhatt, & Duffy, 2010). Derived model parameters describe topogra-

phy, soil, land cover, vegetation, geology, and meteorology. We used

the 30 m resolution elevation data from National Elevation Dataset

(NED) (Gesch et al., 2002), USDA-NRCS Soil Survey Geographic

(SSURGO) soil data (Soil Survey Staff, Natural Resources Conservation

F IGURE 2 Conceptual diagram explaining the delineation steps of groundwater contributing area for a twocell wetland. Sub-steps sequence
is from left to right. Letters and numerals on each triangle element indicate its name and centroidal elevation respectively. Marked elements are
identified by orange colored shade and also using hollowed red rectangles. Arrow indicates the act of adding an element to the set CalcGCA
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Service, 2005), and National Land Cover Dataset (NLCD) land cover

data (Homer et al., 2015). Meteorological forcings such as precipita-

tion, air temperature, relative humidity, wind speed, and radiation

were obtained from the North America Land Data Assimilation Sys-

tem Phase 2 (NLDAS-2) data (Xia et al., 2012), which has a spatial and

temporal resolution of 1/8 degree and an hour, respectively. As

detailed geologic data in the watershed was unavailable, following the

lead of other studies (Abdelbaki, 2016; Rodríguez-Lado, Rial,

Taboada, & Cortizas, 2015; Wösten, Pachepsky, & Rawls, 2001) spa-

tial distribution of geological properties were approximated based on

SSURGO soil map. Pedotransfer functions (Wösten et al., 2001) were

used to assign the properties, which were later modified uniformly

across the watershed during calibration.

The model simulation was conducted for six water years ranging

from Sep 1st, 2004 to Aug 31th 2010. A water year is an annual period

spanning from the start of September to the end of August of next

year. The simulation was performed using the calibration parameters

derived in Liu and Kumar (2016). Initial conditions of hydrologic states

on 09/01/2004 mid-night were also extracted from the same study.

To map the states from the mesh configuration used in Liu and Kumar

(2016) to that used here, Inverse Distance Weighted (IDW) interpola-

tion was employed. To negate the effects of errors introduced by the

IDW interpolation scheme and mismatch of a mesh configuration, the

first year simulation was used to allow the system to equilibrate with

the forcing. The one-year simulation length for “equilibration” was

found to be sufficient for this watershed and was derived by

comparing results from alternative simulations of varying lengths

ranging from 3 months to 2 years. Only the simulation for the next

five years (Sep 1st, 2005 to Aug 31th 2010) was used for analyses. It is

to be noted that the average annual precipitation during 2005-2010

was equal to 1047 mm, which was close to the long-term average pre-

cipitation (1084 mm during 1979-2014) at the site. Also, the selected

years had diverse climatology with the wettest water year (2009)

receiving 1376 mm of precipitation while the driest water year (2006)

receiving 869 mm. This provided the opportunity to study groundwa-

ter contributing area dynamics under a range of hydroclimatological

conditions. Validation of the simulation results against gauged data of

streamflow and groundwater table has already been presented in

D. Wang et al. (2018); readers may consult the fine-scale scenario

shown in Figure 3 of the referred text.

2.3 | Delineation of groundwater contributing area

The groundwater contributing area (GCA) for a given triangular ele-

ment or set of elements (that could be representing a wetland) was

obtained based on the classic multiple flow direction methods often

used to delineate catchments for topography grids (e.g., Freeman,

1991; Quinn, Beven, Chevallier, & Planchon, 1991). However, the

model domain discretization used here presented two challenges.

First, the discretization used in PIHM is unstructured, with both trian-

gular and linear unit elements. Second, each triangle has three neigh-

bors (could be three triangles or at most two river reaches). Relevant

F IGURE 3 Topographic contributing area (TCA) (a), and maximum (b) and minimum (c) groundwater contributing area (GCA) for the ten
wetlands in Second Creek watershed. The frequency with which a triangular element is part of GCA of a given wetland is shown in (d). Overlaps
in the shown contributing areas of different wetlands are because they occur at different times during the simulation period
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adjacency was considered for evaluation of groundwater connectivity

between elements. The direction of connectivity was assigned based

on flow direction at a given time step, which in turn was evaluated

using the hydraulic gradient between an element and its neighbors.

Steps for delineating the contributing area are as follows:

Step 1. Identify contiguous unit elements for which contributing area

is to be evaluated. In the present context, these elements

belong to a given target wetland. Push these elements into a

list (/array) called CalcGCA.

Step 2. Select an element from CalcGCA and mark it. Then compare

the groundwater elevation (GE) in it with three of its neigh-

bors. If the neighboring element is not within the target wet-

land and GE in the neighboring element is higher than or

equal to it, the neighbor is pushed into CalcGCA after check-

ing that it is not already in there.

Step 3. Run step 2 for all unmarked elements in the CalcGCA, includ-

ing elements added in the previous step, until there are

none left.

Step 4. If all elements in the list are marked by now, the GCA is set

as the collection of all elements, except the wetland cells, in

the CalcGCA.

Step 5. Run steps 1-4 for contiguous unit elements belonging to

other target wetlands for which contributing area is desired.

Figure 2 explains the implementation of these steps on a simple

mesh. This study implemented the above steps for each wetland at

each simulation time step. If instead of groundwater elevation in step

2 topographic elevation is considered, then the contributing area

derived using the above algorithm will be the topographic contributing

area (TCA). It is to be noted that GCA was derived for model-detected

wetlands in this study. The model-detected wetlands were locations

with simulated groundwater table being higher than -0.3 m for at least

two continuous weeks in the growing season every other year. This

definition for wetland conforms with National Research Council's def-

inition of wetlands (National Research Council, 1995), and was used

to delineate wetlands within the watershed in an earlier study (Liu &

Kumar, 2016).

3 | RESULTS AND DISCUSSION

3.1 | Spatio-temporal variability of Groundwater
Contributing Area (GCA) compared with Topographic
Contributing Area (TCA)

GCA and TCA were obtained using the algorithm outlined in

section 2.3. Assuming negligible changes in the land surface elevation

in the watershed due to sediment erosion/deposition processes or

geological activity during the simulation period, the TCA for different

wetlands remained constant in time. In contrast, GCA for wetlands

varied temporally, with a mean coefficient of variation (CV) of 0.28.

CV for wetlands 5 and 6 are as large as 0.54 and 0.97, respectively

(Table 1). Notably, both the TCA and GCA of wetlands varied spatially.

TCAs of wetlands were different from each other (see Table 1, Fig-

ure 3) because of the differences in topographic configuration around

them that majorly determines the surface flow field. Spatial variations

in GCA of wetlands were due to dissimilarity in the groundwater field

around wetlands, which in turn is an integrated response to local net

recharge and lateral groundwater flow. The GCA was very different in

shape w.r.t. the TCA (Figure 3). The temporal variations in the GCA

were due to spatiotemporal fluctuations in the groundwater flow field.

On average, GCAs were found to be much larger than TCAs for all

wetlands (Table 1) in contrast to the result reported in O’Driscoll &

Parizek (2003).

Figure 3 shows the maximum and minimum extent of GCA for ten

wetlands during the simulation period. The difference between GCA

and TCA varied across wetlands. For example, the average GCA for

wetland 8 was larger by around 233% of the TCA, while the

TABLE 1 Topographic contributing area (TCA) and groundwater contributing area (GCA) of the 10 wetlands in the Second Creek watershed
for the 5-year simulation period. SD indicates the standard deviation; CV indicates the coefficient of variation

TCA (m2)

Average of
hourly
GCA (m2)

Maximum of
hourly
GCA (m2)

Minimum of
hourly
GCA (m2)

100*(GCA-
TCA)/TCA

SD of hourly
GCA (m2)

CV of
hourly
GCA

% time when
GCA>=TCA

Wetland 1 2,535,641 5,337,374 8,999,413 4,368,294 110.49 490,254.45 0.09 100.00

Wetland 2 1,228,643 2,023,327 5,713,509 1,840,571 64.68 92,910.17 0.05 100.00

Wetland 3 3,104,659 4,402,699 5,306,321 2,817,373 41.81 630,325.53 0.14 97.00

Wetland 4 2,922,320 3,388,735 5,951,742 2,648,004 15.96 880,257.59 0.26 80.07

Wetland 5 1,743,966 2,347,352 11,557,904 425,315 34.60 1,270,012.17 0.54 78.42

Wetland 6 678,688 1,824,312 12,147,632 578,622 168.80 1,767,067.03 0.97 68.00

Wetland 7 1,893,404 3,574,669 5,506,334 2,220,056 88.80 760,680.17 0.21 100.00

Wetland 8 636,532 2,117,044 2,999,076 1,322,807 232.59 563,425.90 0.27 100.00

Wetland 9 1,620,928 2,925,646 5,544,843 2,069,374 80.49 531,470.93 0.18 100.00

Wetland 10 2,857,660 3,747,364 4,871,311 3,220,590 31.13 340,164.41 0.09 100.00
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corresponding magnitude of wetland 4 was only 16%. GCAs for dif-

ferent wetlands did sometimes get smaller than TCA (~7.6% of the

simulation time). However, during these periods, GCA was smaller

than TCA by 18.8 %. In contrast, during the period GCA was larger

than TCA, on the average GCA was larger by 95.7 %. This indicates

that for times when GCA was smaller than TCA, it was by a much

smaller amount. Larger GCA than the TCA during most periods was

because of the milder spatial gradient of the groundwater flow field

relative to the topography, especially around the wetlands as they

generally lie in flatter topographic areas that serve as groundwater

flow convergence zones.

The differences between GCA and TCA were attributable to mul-

tiple factors including topographic configuration around wetlands, and

other physiographic descriptors such as vegetation, soil and geology

types that influence the spatial distribution of net recharge and lateral

groundwater flow, and eventually the groundwater field. The Pearson

correlation coefficient and the Spearman rank-order correlation coef-

ficient between the average GCA and TCA was equal to 0.81 and

0.83, respectively. Both correlation coefficients were large enough to

conclude there is a significant linear and monotonic relation between

GCA and TCA. The result indicated that wetlands with larger TCA

were likely to have larger GCA as well, thus highlighting topography's

dominant role in determining the relative size of GCA for different

wetlands over the landscape.

3.2 | GCA dynamics via-a-vis climatological
variations

The time series of the extent of GCA variation w.r.t. the long term

mean (i.e., mean for the entire simulation period), hereafter called the

GCA anomaly, showed significant fluctuations in GCA at both event

and seasonal scales (Figure 4). This was in contrast to mean ground-

water dynamics in respective wetlands, which showed relatively

smoother seasonal cycles. On average, GCA varied by 0.16, 1.296,

14.197, and 23.995 % at hourly, daily, monthly, and seasonal interval.

In contrast, corresponding variations in GWT in wetlands were 0.007,

0.167, 4.268, and 10.382 % respectively. The reason for high-

frequency variation in GCA anomaly, especially at finer temporal

scales, was because even small changes in the groundwater table at

the boundary of GCA at a given time step could (dis)connect ground-

water table in neighboring areas thus contracting/extending the GCA

significantly. This could also result in non-linear variations in GCA at

both inter-event and inter-annual scales. For example, GCA anomaly

in wetland 6 oscillated between around -70 % to 60 %, but it suddenly

increased to 566.07 % in the 3rd year of the simulation (Figure 4). This

abnormal fluctuation was because of the merging of existing GCA

with a large neighboring area that drains into it during an extremely

dry period.

An appreciable correlation existed between groundwater dynam-

ics and GCA at the seasonal scale (Table 2). This was because, during

F IGURE 4 GCA anomaly and average groundwater table elevation for each wetland. The anomaly time series of GCA is calculated based on
the percentage deviation from the mean of the GCA over the five simulation years. “0” on the horizontal axis represents Sep 1st 2005
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wet and dry periods i.e., when the groundwater was shallower

vs. when it was deeper, GCA generally exhibited very distinct

response for each wetland. The absolute magnitude of correlations

was lower than 0.5 only for wetlands 1, 8, and 9. At finer temporal

scales, the absolute magnitude of correlations was much smaller. This

was due to large fluctuations in GCA at shorter time scales even for

small temporal variations in groundwater table height. It is worth not-

ing that the correlation between GCA and GWT were generally nega-

tive for most, although not all, of the wetlands. The negative

correlations, at least at the seasonal scale, indicated that GCA was

smaller during wet periods and larger during dry periods.

Temporal variations in GCA were markedly different across wet-

lands even when the groundwater table (GWT) dynamics across them

were similar. For example, the cross-correlations between the ground-

water table in different wetlands were generally high at all considered

temporal scales (Table S2). The average of cross-correlation of

groundwater table between different wetlands at hourly, daily,

monthly, and seasonal scales were 0.929, 0.929, 0.930, and 0.932,

respectively. Range of cross-correlation values at different scales were

[0.794, 0.996], [0.794, 0.996], [0.796, 0.996] and [0.800, 0.996],

respectively. These results confirm close covariation of groundwater

dynamics between wetlands in this watershed. However, the cross-

correlations of GCA (see Table S3) varied from -0.46 (between wet-

land 4 and 5 for hourly time scale) to 0.81 (between wetland 5 and

8 for seasonal time scale), indicating disparate GCA response across

wetlands. Here, the four seasons were defined to range from

September–November (autumn), December– February (winter),

March-May (spring), and June–August (summer).

The varied response of GCA, i.e., increase vs. decrease in GCA

during dry periods, can be explained based on the conceptual model

shown in Figure 5. The figure shows a schematic with two scenarios:

scenario A (shown in the top) in which GCA during the dry period is

larger than that in the wet period and scenario B (shown in the bot-

tom) in which GCA during the dry period is smaller than in the wet

period. In each of the two subfigures, a two-dimensional profile of

groundwater table elevation around a representative wetland during

both a dry and wet period (identified by GWT_tdry and GWT_twet

respectively) are shown. For the shown profiles, GCA for the wetland

TABLE 2 Correlation between GWT and GCA area for each
wetland at hourly, daily, monthly, and seasonal scales

Time scale Hour Day Month Season

Wetland 1 -0.2367 -0.2501 -0.3316 -0.3777

Wetland 2 -0.3236 -0.3723 -0.4848 -0.6132

Wetland 3 -0.7578 -0.7634 -0.8054 -0.8583

Wetland 4 -0.5246 -0.5268 -0.5745 -0.6116

Wetland 5 0.4194 0.4219 0.4420 0.5200

Wetland 6 -0.6010 -0.6032 -0.6394 -0.7389

Wetland 7 -0.4284 -0.4344 -0.5156 -0.7046

Wetland 8 -0.0515 -0.0516 -0.0625 -0.0468

Wetland 9 -0.1032 -0.1037 -0.1099 -0.2221

Wetland 10 -0.4538 -0.4557 -0.4907 -0.5032

F IGURE 5 Conceptual model for groundwater
contributing area (GCA) dynamics. Two scenarios
are introduced to describe the variation in GCA
between wet and dry periods. Scenario A shows a
situation with larger contributing area in the dry
period and scenario B presents a case with larger
contributing area in the wet period
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can be considered as the region between peaks of the groundwater

table on either side of the wetland. Scenario A illustrates a situation

when groundwater table just outside of GCAwet boundary reduces by

a smaller magnitude than at the groundwater boundary minus the dif-

ference in groundwater table elevation at the boundary and the out-

side of it. This results in groundwater table elevation in the dry period

right outside of the GCAwet boundary to be higher than at the bound-

ary. Consequently, GCA increases in area during the dry period. As

wetlands are generally situated in valleys and also experience high

evapotranspiration rates, in part because the water in them is either

directly exposed to the atmosphere or is easily accessible by the vege-

tation for transpiration, they facilitate loss of groundwater from the

GCA. This results in a larger decrease in groundwater table at the

GCA boundary during the dry period thus leading to a higher likeli-

hood of increase in GCA for wetlands during the dry periods. How-

ever, as observed for wetland 5, it is always possible to have a

positive correlation between GCA and GWT i.e., a decrease in GCA

(instead of an increase) during the dry period, depending on the differ-

ences in hydrogeological properties, meteorological forcings, and bed-

rock gradient between inside and outside of the GCA. If the reduction

in GWT at the GCA boundary is larger than inside of it plus the exis-

ting difference in groundwater table elevation at the boundary and

the inside (see scenario B in Figure 5), GCA will become smaller in the

dry period w.r.t. the wet period. It is to be noted that relative

decrease/increase in GWT at the boundary of GCA does not have to

happen all around the GCA circumference. A change just in a small

section of the GCA boundary may extend/contract the GCA extent.

The two aforementioned scenarios explain the changes in the

GCA between wet and dry periods as realized in the model simulation.

This is demonstrated in Figure 6, which shows a GWT transect on a

dry and wet date around wetlands 5 and 10. For wetland 5, the

selected dry and wet dates are August 12 2006 (346th day of 1st year

in Figure 4) and February 15 2006 (168th day of 1st year in Figure 4)

respectively. The corresponding dates for wetland 10 are May 6 2008

(248th day of 3rd year in Figure 4) and August 29 2008 (364th day of

3rd year in Fig. 4). The dynamics of groundwater table around wetland

5 in Figure 6(c) indicates a situation that is presented in scenario B of

Figure 5. Here, the groundwater table in the ninth element from point

S (towards point E) experienced a decrease in elevation from 210.94

m to 210.28 m between the wet and the dry date, while the

corresponding decrease in the eighth element was from 210.72 m to

210.45 m. This resulted in formation of groundwater divide at the

edge of the eighth element on the dry date, which otherwise was far

out at the edge of tenth element on the wet date. Similar formation of

groundwater divides in other neighborhoods of wetland 5 as well

resulted in the GCA to decrease from 2 km2 on the wet date to

0.53 km2 on the dry date. Scenario A is on exhibit in wetland 10 (Fig-

ure 6(d)) where the groundwater elevation in the eighth element

increased from 239.80 m to 240.10 m between a dry and a wet date.

The corresponding increase in elevation in the ninth element was

from 239.82 m to 239.97 m. This results in contraction of groundwa-

ter divide from edge of element tenth to the edge of element eighth.

As a result, the GCA for wetland 10 decreased from 3.89 km2 on the

dry date to 3.80 km2 on the wet date.

4 | SUMMARY AND CONCLUSIONS

This study presents, to our knowledge, one of the first attempts at

mapping the temporal dynamics of groundwater contributing area

(GCA) of inland wetlands using a coupled surface-subsurface hydro-

logic model. GCA was computed for each model output time step

(1 hr. in this case) using a multiple flow direction method. Although

the mapping was performed on a model discretization with mixed grid

shapes with both triangular and linear elements, the methodology can

be applied to most other fully distributed models such as PARFLOW

(Kollet & Maxwell, 2006), PAWS (Shen & Phanikumar, 2010),

Hydrogeosphere (Therrien et al., 2010), CATHY (Camporese, Paniconi,

Putti, & Orlandini, 2010), etc.

Our result demonstrates that GCAs for wetlands vary temporally,

and are much different in extent and shape than the topographic con-

tributing area (TCA). On average, GCAs varied by 0.162, 1.296,

14.197, and 23.995 % at hourly, daily, monthly, and seasonal intervals.

This was much larger than variation in the average groundwater table

in the wetlands, which was 0.007, 0.167, 4.268, and 10.382 % at the

four temporal resolutions. The reason for higher frequency variation

in GCA was because even small changes in the groundwater table at

the boundary of GCA at a given time step could (dis/)connect with

groundwater table in neighboring areas thus contracting/extending

the GCA significantly. It is to be noted that abrupt changes in GCA

may also occur as a result of merging of neighboring wetlands when

the water table rises above the TCA boundary. However, given the

distance between considered wetlands in the study area and the

topographic relief within their TCA, this phenomenon was never real-

ized in our simulations.

The results also showed that on an average GCAs were larger than

TCA. This was true for more than 92% of the simulation period. As

the groundwater-fed wetlands generally occurred within the flat con-

vergence areas of the groundwater flow field, the smoother variations

(lower spatial gradient) in groundwater flow field relative to the

topography usually results in GCA being larger than the TCA. A larger

GCA w.r.t. TCA indicated that water quality in wetlands might not

only be contributed by contamination in its topographic contributing

area, as is often considered in wetland quality estimation, restoration

and preservation studies (Evenson, Golden, Lane, McLaughlin, &

D’Amico, 2018; Hansen, Dolph, Foufoula-Georgiou, & Finlay, 2018;

Russell, Hawkins, & O’Neill, 1997; Tomer, Tanner, & Howard-williams,

2009; White & Fennessy, 2005). Instead, water quality analyses

should account for the contamination in the GCA, which may extend

well beyond the TCA. Notably, the result is relevant only for wetlands

that are (at least to some extent) groundwater-fed.

The difference in GCA and TCA may explain why (climate-)topo-

graphic metrics (e.g., Ali et al., 2014; Lang, McCarty, Oesterling, &

Yeo, 2013; Merot et al., 2003) that are often used for identification/

delineation/mapping of wetlands may fail in many settings. Notably,
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F IGURE 6 River, wetland, transition zone, topographic contributing area (TCA), and groundwater contributing area (GCA) on wet and dry
dates for wetland 5 (a, top left) and wetland 10 (b, top right) respectively. Also shown are land surface elevation (black) and GWT (blue for the
wet date, green for the dry date) in the transition zone around wetland 5 (c, bottom left) and wetland 10 (d, bottom right). Sky-blue and
yellowgreen dashed vertical lines indicate the location of the GCA boundary on wet date and dry date, respectively. Transition zone consists of

14 and 12 discretization elements respectively around the boundary of GCA, with the center of the first element that is nearest to wetland being
considered as the start (S) point
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the said metrics do not account for the influence of temporally vary-

ing groundwater contributing area and consequently recharge to

groundwater-fed wetlands. However, our result also showed that

wetlands with larger TCA were likely to have larger GCA owing to

topography's dominant role in determining the relative size of GCA

over the landscape. This, after all, reaffirms that in spite of the simplic-

ity of (climate-)topographic metrics, they may still have value for iden-

tification/delineation/mapping of wetlands.

All wetlands in the Second Creek watershed experienced similar

precipitation, temperature and other meteorological forcings resulting

in similar seasonal groundwater table (GWT) dynamics, but the GCA

dynamics across some wetlands were markedly different. The correla-

tion between GCA and GWT was generally found to be negative for

most of the wetlands. The overall negative correlations at the sea-

sonal scale indicated that GCA was smaller during wet periods and

larger during dry periods for most of the wetlands. However, one wet-

land did show a positive correlation between GCA and GWT. To

explain the disparate temporal dynamics of GCAs across wetlands

that lie within the same hydroclimatic setting, a conceptual model

based on the relative changes in groundwater table elevation at the

boundary of GCA and its neighbor was developed. The model

explained the cause for why GCA across different wetlands may

either increase or decrease. The conceptual model may be used in

future studies to identify a priori if GCA for a wetland will be larger

during wet period w.r.t. the dry periods. The timing could be useful

for delineation of maximum GCA, using a transient groundwater well

network.

Although hydroclimatic conditions are shown to strongly influence

GCA dynamics as indicated by the temporal variations in GCA, our

results show that they are also controlled by physiographic factors

that result in disparate variations in GCA across the wetlands even

when they occur within the same hydroclimate. Despite the fact that

majority of the wetlands in the watershed show an overall negative

correlation between GCA and GWT dynamics, in part due to the effi-

ciency of the wetlands and its surrounding landscape for losing

groundwater through evapotranspiration, it is possible for these corre-

lations to be either positive or negative depending on the spatial dis-

tribution of physiographic and hydrogeological properties. Future

studies focused on GCA mapping of wetlands in watersheds with dis-

parate hydrologic properties will help confirm if certain organization

of watershed properties generally result in higher incidence of nega-

tive correlation between GCA and GWT for inland wetlands. While

previous studies have highlighted the role of surface and subsurface

flux exchange between the wetland and the neighboring aquifer, river,

and hillslope on groundwater dynamics in wetlands (Bertassello et al.,

2018; Frei, Lischeid, & Fleckenstein, 2010; Scheliga, Tetzlaff,

Nuetzmann, & Soulsby, 2019; D. Wang et al., 2018), the results here

show that GCA dynamics is also sensitive to groundwater flow field

that lie away from the wetland.

Although the simulated hydrologic responses, specifically the

streamflow response near the watershed outlet and the groundwater

table dynamics at the gauge location, were previously validated, more

confidence in the simulated extent and shape of GCA dynamics can

be gained by performing groundwater table measurements at fine

spatiotemporal resolutions around each wetland. The simulated GCA

map may likely have been affected by the parameterization used in

the model domain and the mesh configuration. Notably, simulations

conducted using alternative mesh resolution may yield different GCA

extent even when the groundwater table dynamics is similar. This is

due to the dependence of GCA on local differences in groundwater

table height in neighboring elements, which can suddenly (dis-)con-

nect large areas to the existing GCA. If the goal is to map out GCA for

decision making, it is suggested that a fine enough mesh resolution be

chosen such that the GCA dynamics is independent of the mesh reso-

lution at any finer scale while still ensuring that simulations remain

computationally tractable. In spite of the aforementioned uncer-

tainties, the study highlights the disparate dynamics of GCA in space

and time across wetlands within a watershed. The results could be

used to guide source area estimation of wetland contamination, pre-

diction of wetland locations, and understanding the resilience of wet-

lands. The result may also help guide the design of groundwater well

observation network needed to understand the dynamics of the flow

field that recharges wetlands.
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