
 

 
 
 
 
 
 
 
 

ABSTRACT 
 

Hydrology of Non-Riverine Freshwater Wetlands of the Upper Texas Coast  
 

Adam G. Clapp, M.S. 
 

Mentor: Joe C Yelderman Jr., Ph.D. 
 
 

Coastal Prairie Freshwater Wetlands (CPFWs) are characterized by depressions 

and flats that occur in the Galveston Bay area.  Studies estimate that over 9,000 acres of 

CPFWs were lost between 1992 and 2002.  The cumulative loss of water quality and 

flood storage function may have detrimental effects on water quality and flood 

attenuation.  There are few quantitative data available to explain the hydrologic processes 

of palustrine (freshwater) wetlands.  This study monitored six individual CPFWs with a 

combination of weirs, piezometers and rain gages; each with data loggers to record 

wetland, groundwater and nearby surface water levels. Data were collected for 

approximately 18 months with some gaps due to the effects of Hurricane Ike. Water 

budgets were calculated to evaluate storage volumes, discharge, and potential “nexus” 

with receiving waters. All the monitored wetlands discharged during the study, stored 

significant amounts of the annual water budget and were affected by seasons.  
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CHAPTER ONE 
 

Introduction, Background, and Purpose 
 
 

Introduction 
 

In 2001, the Supreme Court decision in The Solid Waste Agency of Northern 

Cook County (SWANCC)  v. United States Army Corps of Engineers (USACE) brought 

into question the future management and protection of many palustrine wetlands of the 

United States.  The Court’s decision nullified the migratory bird rule, which was used to 

extend jurisdiction of the Clean Water Act (CWA) to non-riverine wetlands prior to 2001.          

The split Supreme Court Decision of Rapanos v. United States further defined the 

jurisdiction of the (CWA).  In a 3-1-3 decision, Justice Kennedy offered the narrowest 

opinion.  His decision did not question the treatment ability of wetlands and their 

potential importance to water quality of “navigable waters”, but asserted that they must 

possess a “significant nexus” to “navigable waters”.  The requisite nexus must be 

assessed in terms of a wetland’s functions such as pollutant trapping and flood control as 

they relate to the integrity of other waters. 

 Rapanos and SWANCC decisions are important to the future management of 

palustrine wetlands of the upper Texas Gulf Coast, the fastest disappearing wetland type 

in the area (Moulton et al. 1997).  Tiner (2003a) estimates that as much as 29% of the 

wetland area in the Galveston Bay watershed may be determined as ‘isolated” or not 

having any obvious connection to other surface water.  Furthermore, palustrine wetlands 

made up almost 36% of wetland permits issued in Texas between 1991 and 2003 (Brody 

et al. 2008).  Population by shoreline kilometer was projected to double in Texas between 
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1960 and 2010 to 1,216 people per km, which made the Texas Coast one of the fastest 

growing coastal regions in the country (Culliton et al. 1990).  Inevitably, the increases in 

tourism, recreation, commercial projects, and residences will accelerate wetland 

alterations and may have negative impacts on local watersheds (Brody et al. 2008).   

 Hydrology of palustrine wetlands is important in determining wetland biology, 

function, and connectivity to other surface waters.  Whether or not a wetland has a 

surface connection depends on the wetland’s water budget (Leibowitz and Nadeau  

2003); however, few data exist describing the hydrology of palustrine wetlands occurring 

on the upper Gulf Coast (Sipocz 2002).  The majority of studies concerning isolated 

wetlands in the area are GIS based (Lopez et al. 2006, Moulton et al. 1997, Tiner 2003a).  

The main objective of the present study is to describe the hydrologic processes of 

palustrine wetlands by quantifying water budgets for select palustrine wetlands at 

different locations surrounding Galveston Bay. 

 
Background 

 
 Several studies have described the hydrology of isolated wetlands in other regions 

of the country.  Most wetland researchers agree that these wetlands are not entirely 

isolated, but are best understood as occurring within an “isolation-connectivity 

continuum” (Leibowitz 2003).  Of course, no wetland could be isolated from an 

ecological standpoint, but studies have shown that these wetlands can possess hydrologic 

connections to other water bodies by groundwater flow and intermittent surface flow 

Tiner 2003b, Leibowitz and Nadeau 2003, Winter and LaBaugh 2003).  Additionally, 

variations in annual climatic patterns and timing of moisture inputs and losses greatly 

affect the hydrology of an isolated wetland, in turn, determining moisture availability.  
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Different moisture regimes can have important effects on the wetland biologic structure 

and ecological function (LaBaugh et al. 1998, Sharitz 2003, Zedler 2003). 

Possible groundwater connections are chiefly dependent on the hydraulic 

conductivity of the underlying sediments or soils (Winter and Labaugh 2003).  Prairie 

Potholes in the glaciated prairies of the United States and Canada exhibit groundwater 

discharge, recharge, and flow-through as well as flow reversals (Rosenberry and Winter 

1997, LaBaugh et al.1998).  Playas in the high plains have been considered some of the 

most isolated types of wetlands, but they serve as a major source of recharge to the 

Ogallala aquifer when the water level exceeds the level of the clay lining and infiltrates 

through the more permeable perimeter substrate (Wood and Osterkamp 1984, Haukos 

and Smith 2003).  All six wetlands included in the present study are underlain by very 

slowly permeable clay soils; therefore, interaction with groundwater is typically 

negligible for these wetlands.       

The extent and frequency of surface water connectedness is largely dependent on 

the magnitude, frequency, and timing of weather events as they relate to the antecedent 

moisture condition of the wetland and catchment area soil, as well as the water level in 

the wetland prior to an event (Leibowitz and Vining 2003, Winter and LaBaugh 2003).  

In addition to climate variability and antecedent conditions, wetlands occurring on less 

permeable soils may be more likely to accumulate water and spill over (discharge) 

depending on their storage capacity (Winter and LaBaugh 2003).  Additionally, Sipocz 

(2002) found isolated wetlands in the Galveston Bay area to be intermittently connected 

to other water bodies.  These wetlands can drain in a stair step fashion from one wetland 
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to the next, acting as the headwaters of tributaries feeding into rivers and bayous that 

discharge into the Galveston Bay estuary.   

The storage of local runoff is another important function performed by isolated 

wetlands.  Capturing runoff increases evapotranspiration and infiltration thereby 

desynchronizing inputs to streams and rivers and attenuating peak flows, which can 

reduce flooding (McAllister et al. 2000, Ward and Trimble 2003).  Moreover, coastal 

wetlands can reduce the volume and intensity of freshwater runoff into estuaries with 

ecologically sensitive salinities (Tiner 2003b). 

 
Purpose 

 
 The purpose of the present study is to gain a better understanding of hydrology of 

palustrine wetlands in the Galveston Bay watershed and their role in the hydrology of the 

region.  Our research and hydrologic monitoring attempts to answer three questions.  

[1] What magnitude of precipitation (PPT) falling within a wetland’s catchment area will 

exceed the storage capacity of these wetlands, causing them to overflow? 

[2] How often can these wetlands be expected to overflow? 

[3] How much storage do CPFWs along the upper Gulf coast provide? 
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CHAPTER TWO 
 

Regional Setting and Site Descriptions 
 
 

The present study took place on the coastal prairie of the Texas upper Gulf Coast.  

The study area was composed of 32 USGS 7.5-minute quadrangle maps and 

encompassed all the land immediately surrounding the Galveston Bay estuary system 

(Fig. 2.1). 

 
Figure 2.1 Study Area: Map shows 32 USGS Quadrangles, county boundaries, and coastline. 
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Climate 

 
Climate in the region is described as humid subtropical and is dominated by 

warm, moist tropical air masses from the Gulf of Mexico brought landward by the 

prevailing south-easterly winds.  Annual PPT in the study area is approximately 1270 

mm (50 inches), which ranges from approximately 1100 mm (44 inches) to 1370 mm (54 

inches) from southwest to northeast respectively.  PPT typically has the highest monthly 

totals from May to September and lowest totals from February to April with the rest of 

the months receiving relatively moderate PPT.  An important feature of the upper Gulf 

coastal climate is the occurrence of tropical storms and hurricanes that can drop a large 

amount of PPT in a short period of time accompanied by high winds.  Landfall of these 

storms is infrequent, but these disturbances contribute to the long-term hydrology and 

natural history of the region (Smeins et al.1991).  Temperatures range from an average 

low of 7°C (45° F) in January to an average high of 34°C (94° F) in August; the mean 

annual temperature is approximately 21°C (70° F).  Table 2.1 contains monthly and 

annual mean values for PPT and temperature at the Houston Hobby Airport. 

 
Geology and Geomorphology 

 
The study area occurs on fluviomarine Quaternary deposits gently sloping 

towards the coast, mostly deposited during the Pleistocene (more than 10,000 years ago).  

The Pleistocene age was a period of glacial and interglacial periods occurring over more 

than a million years, resulting in fluctuating sea-levels in which sediments were 

deposited.  Holocene (10,000 years to present) deposits are found closer to the coast and 

on the flood plains of the many rivers crossing the landscape (Aronow 2000).  Geologic 
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processes and hydrology associated with climate changes are complex and have resulted 

in a seemingly homogenous flat landscape, but slight differences in elevation and 

variation in substrate composition have produced a diverse setting. 

 
Table 2.1. Climate Normals: Houston Hobby Airport (based on the 30 year period 1971-2000) National 

Weather Service. 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

Mean PPT 

(mm) 108 76 81 88 130 174 111 115 143 134 115 96 1371 

Mean Temp  

(° F) 54.3 57.7 64.2 70 77 82.3 84.5 84.4 80.5 72.2 63 56.1 70.5 

Average High 

(° F) 63.3 67.1 73.6 79.4 85.9 91 93.6 93.4 89.3 82 72.5 65.4 79.7 

Average Low 

(° F) 45.2 48.2 54.8 60.6 68.1 73.5 75.3 75.3 71.6 62.3 53.4 46.7 61.3 

 

Soils in the study area are predominantly Vertisols, which are characterized by 

high clay content (up to 65%) and high shrink-swell potential.  Vertisols have low 

hydraulic conductivity and consequently are able to produce more runoff than other soils 

with less clay content.  However, the high shrink-swell potential of these soils results in 

large surficial cracks in dry periods, which can direct runoff into the soil until soils 

become moist and swell resulting in closure of cracks.  An important feature of Vertisols 

is the micro-topography of small depressions and ridges they develop known as gilgai 

(Aronow 2000).  Topographical relief between micro-highs and micro-lows is typically 

10 to 40 cm (Nordt et al. 2004).  Depressions associated with gilgai collect water from 
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immediate uplands leading to variations in soil moisture, drying and cracking (Kishné 

2009). 

Meander ridges and channel scars of ancient pathways of rivers and drainage 

tributaries are another important feature characterizing the topography of the study area.  

These sites have been reworked by wind and water resulting in shallow undrained 

depressions and distinctive soil patterns crossing the landscape.  The elevated areas 

associated with these meander ridges are typically underlain by sandier loamier substrates 

than the adjacent depressions, which are clayey relatively featureless surfaces.  Meander 

ridges and channel scar depressions occur on the landscape as isolated fragments and as 

patterns extending several kilometers.  Much of the topographical features discussed 

above have disappeared due to row-crop tillage, pasture improvement, drainage ditching, 

land-levelling and levee construction (Aronow 2000). 

 
Site Descriptions 

 
Six wetland sites were selected for hydrologic study.  Wetlands included in the 

study are all palustrine, and include ponds, emergent, scrub/shrub, and forested classes as 

mapped in the National Wetland Inventory (NWI) database. Wetlands classified as 

riverine, estuarine, marine, or lacustrine were excluded from the study.  All study sites 

occur on fluviomarine Pleistocene deposits.  Wetland study sites were located in pairs in 

order to facilitate sampling and monitoring of precipitation (PPT). The sites are located at 

Brazoria National Wildlife Refuge (BNWR), Armand Bayou Nature Center (ABNC), and 

Anahuac National Wildlife Refuge ANWR (Fig. 2.2).  Table A.1. in Appendix 1 

describes the climate at each of the three locations around Galveston Bay. 
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Figure 2.2. Galveston Bay area and study site locations (Google Earth 2008). 

 
Chicken Road and Wounded Dove 

Chicken Road (CR) (29°16’12.71”N, 95°17’16.10”W) and Wounded Dove (WD) 

(29°16’54.04”N, 95°16’42.33”W) are emergent wetlands consisting mostly as thick 

grasses, rushes, and sedges.  CR and WD wetland areas are 0.5 and 1.5 hectares 

respectively.  The two sites are located within the Brazoria NWR on the west side of 

Galveston Bay.  Historically, land in the area was used for livestock pasture; presently, 

the land is actively managed to maintain prairie habitat.  The landscape is extremely flat 

(0 – 1% slopes), gently sloping towards the Gulf of Mexico.  CR occurs within an ancient 

channel scar surrounded by upland on either side of the channel with approximately 1 m 

difference between the highest upland and the deepest part of the wetland.  During small 

and moderate PPT events, CR collects runoff from the surrounding upland.  During larger 
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events, the remnant channel fills and the immediate catchment area is overtopped, greatly 

enlarging the effective catchment area.   Once full, CR water begins to discharge through 

a culvert as it continues through the channel scar.  

WD is located approximately 1.6 km east of CR (Figure 2.3) and contains gilgai, 

which are characterized by microhighs and microlows differing by approximately 30 cm 

elevation.  WD does not have an obvious channelized outlet; when WD’s storage is 

exceeded, water may discharge in more than one location.  Therefore, a weir was not 

installed to measure outflow from WD.   

CR soil is mapped as Leton Loam by the NRCS soil survey, which consists of 

approximately 20% clay to one meter depth.  WD soil is mapped on Francitas Clay, 

consisting of approximately 45% clay.  Clay content strongly affects soil drainage, 

influencing hydrology of the wetland.  The Web Soil Survey (WSS) was used to 

determine soil types. WSS is not intended to describe soil characteristics on such a small 

scale; however, channel scars are continuous for long distances and are typically 

characterized by lower clay content than the surrounding landscape.  All other soils in the 

area are similar in clay content (40 – 45%); therefore, the important difference between 

the two study site soils, percent clay, should be adequately described by the soil survey.  

Both sites have hydrologic type D soils, which produce the most runoff of the four 

hydrologic classes.  Figure 2.4 shows WD water level monitoring equipment on 

September 22, 2008 in full state ten days after Hurricane Ike.   Figure 2.5 shows water 

level monitoring equipment located at CR.  
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Figure 2.3. Aerial view of Brazoria Study Sites (Google Earth, 2008) 
 
 

 

Figure 2.4. Wounded Dove study site water level monitoring equipment, BNWR. 
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Figure 2.5.Chicken Road study site pressure transducer/water level recorder, BNWR. 
 
 
Turtle Hawk and Kite 
 

Turtle Hawk (29°35’37.74”N, 95°04’38.35”W) (TH) and Kite  (29°35’51.20”N, 

95° 03’54.05”W) wetland study sites are located at the Armand Bayou Nature Center, 

which consists of over 1000 hectares adjacent to Armand Bayou of land surrounded by 

intense urbanization (Figure 2.6).  TH is a 4.8 ha forested wetland occurring on silty clay 

loam as mapped by WSS.  TH wetland is made up of several small depressions within the 

forest.  The deepest recorded depth before overflow was approximately 12 cm.  When the 

wetland volume is exceeded, the depressions overflow and spill out into a culvert 

draining into Armand Bayou.  Kite site is a 3.4 ha emergent scrub/shrub, and forested 

wetland mapped on Beaumont Clay, a common and extensive soil in the region.  KS has 

a maximum depth of approximately 35 cm and overflows into a shallow drainage ditch 

running parallel to Red Bluff Road.  Both sites occur on poorly drained type D soils with 

high percentages of clay content (45 – 53 %).  Figure 2.7 and 2.8 show water level 

monitoring equipment at TH and Kite respectively.  



 

13 

 
 

Figure 2.6. Aerial view of Armand Bayou Nature Center. (Google Earth, 2008) 
 
 

 

Figure 2.7. Turtle Hawk study site pressure transducer/water level recorder ABNC. 
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Figure 2.8. Kite Site pressure transducer monitoring flow through weir in the drainage ditch, ABNC. 
 
 
Sedge Wren and LeConte 

Sedge Wren (SW) (29°40’23.19”N, 94°28’10.28”W) and LeConte (LC) 

(29°40’15.39”N, 94°26’09.62”W) are located on the eastern side of Galveston Bay 

within the boundaries of ANWR.  SW is a wetland restoration site created by the USFWS 

prairie depression with an area of approximately 2.4 ha and a maximum depth of 

approximately 30 cm.  The regional landscape is dominated by similar wetlands that were 

drained for cattle grazing or leveled for rice farming.  The SW catchment area is 

delineated by Whites Ranch Road (FM 1985) to the north and a levee/service road on the 

other three sides.  SW spills out through a culvert into Onion Bayou, which is adjacent to 

the wetland on the south side.  LC is located approximately 3 km to the east of SW on 

FM 1985.  LC is a smaller wetland (1.0 ha) with a maximum depth of approximately 15 

cm; LC slopes toward a drainage ditch.  The land use of LC is cattle grazing; the wetland 
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is adjacent to an irrigation ditch to the south that is used for rice farming south of the 

ditch.  Both SW and LC occur on similar soils as mapped by WSS; SW soils are mapped 

as Leton Morey Complex, while LC occurs on Morey Silt Loam.  These soils are both 

hydrologic soil group D with 0 – 1% slopes.   Figure 2.9 shows the Anahuac study sites 

in relation to each other just south of FM 1985.  Figures 2.10 and 2.11 show hydrologic 

monitoring equipment installed at SW and LC respectively.  Table 2.2 summarizes the 

catchment and wetland areas for the six wetlands. 

  

 
 

Figure 2.9. Aerial view of ANWR wetland sites, approximately 3 km apart. (Google Earth, 2008) 
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Figure 2.10. LeConte study site at ANWR showing pressure transducer/water level recorder and weir; 
photo shows the study site with no standing water. 
 
 

 
 

Figure 2.11. Sedge Wren study site at ANWR with pressure transducer/water level recorder, tipping bucket, 
and weir in a dry wetland.  Weir v-notch outlet level is 30 cm above the pressure transducer sensor.  
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Table 2.2. Catchment and wetland areas of the six wetlands. 

Study Site Catchment Area (ha) Wetland Area (ha) 

Chicken Road *0.9 0.5 

Wounded Dove *1.3 1.5 

Turtle Hawk 1.4 4.8 

Sedge Wren 18.2 2.4 

Kite Site 115.7 3.4 

LeConte 3.1 1.0 
 *WD and CR catchment areas determined by 100 meter buffer. 
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CHAPTER THREE 
 

Methods 
 
 

Monthly water budgets were quantified for the six wetland sites.  The water 

budgets were quantified in terms of the change in storage described in Equation 1. 

      ∆S = A(PPT – PET)  + Inflow – Outflow  ± GW   Eq. 1 

where: 

A is the area of the wetland (m²) 
PPT is precipitation (m) 
PET is evapotranspiration (m) 
Inflow is runoff from the wetland catchment area into the wetland (m³) 
Outflow is water flowing out of the wetland catchment area when the storage 

capacity of the wetland has been exceeded (m³) 
GW is the possible net gain or loss in storage due to interaction with 

groundwater (m³) 
 

Wetland areas were determined according to the National Wetland Inventory 

(NWI).  Wetland catchment areas were delineated from LiDAR data, with the exception 

of CR and WD. Their location within the 100-year floodplain made delineation with 

LiDAR problematic, therefore a 100-m wide buffer area was used to estimate their 

catchment areas. Additionally, wetland volumes were estimated from LiDAR data using 

a modified sink-fill function; these volumes were based on the amount of water held 

within the wetland at the spill-point elevation.  Wetland volumes allowed for estimation 

of available storage based on the water budget calculations.  Wetland catchment areas, 

wetland areas, and wetland volumes were calculated by Nick Enwright at the University 

of North Texas.  
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PPT was measured with Onset tipping bucket rain gages with Hobo dataloggers 

downloaded monthly.  One tipping bucket was installed for each pair of study sites.  The 

tipping buckets were installed at SW, CR, and KS.  PPT data from nearby weather 

stations were used to replace missing data when gages malfunctioned.  Nearby weather 

stations were also used to estimate average monthly and annual PPT for each study area 

from the long-term record.   Table A.2 (Appendix 2) summarizes rain gages used for 

study data.    

Potential evapotranspiration (PET) was calculated using the Thornthwaite 

empirical model (Eq. 2, Ward and Trimble 2003).   

PET = N 16 [10 tc / I]a       Eq. 2 

where:  

PET is adjusted monthly potential evapotranspiration in meters 
tc  is mean monthly temperature in Celsius  
I is the heat index for the year calculated by the equation below based on the 

average temperatures for the six months before and after tc          
I = ∑ i12 = ∑ [ tc / 5]1.5   

a is a location-dependent coefficient calculated from the equation below 
 a = 6.7 x 10-7 I³ - 7.7 x 10-5 I² + 1.8 x 10-2 I + 0.49  
N is monthly factor correcting for latitude (the Thornthwaite equation alone 

calculates PET for 12 hour days)    
 

The Thornthwaite model was chosen for its ease of application with available data for the 

three site locations.  The equation calculates monthly PET using a simple model 

developed for humid grasslands based on average monthly air temperatures and 

latitudinal correction.  Thornthwaite defines PET as the water loss that will occur if there 

is no shortage of water.  Average monthly temperatures for Anahuac, Brazoria and 

Armand were obtained from NWS weather stations 410235, 413340, and 410586 

respectively (Table A.2).     
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Inflow or runoff from wetland catchment areas was calculated by the Stormwater 

Management and Design Aid (SMADA) via the NRCS curve number method (SCS 

1972).  SMADA is a stormwater modeling computer program developed at the 

University of Central Florida.  The NRCS procedure was chosen based on available data 

and calculates runoff or excess rainfall by the relationship given by Equation 3. 

Q = (P – Ia)2 / (P – Ia + S)      Eq. 3 
where: 

Q is accumulated runoff or excess rainfall. 
P is the rainfall depth in inches. 
S is a parameter given by  

S = 1000 / CN – 10       Eq. 4 
where: 

CN is the curve number. 
Ia is the initial abstraction in inches that includes surface storage and infiltration 
prior to runoff.  Ia is commonly approximated as 0.2S, thus the runoff equation 
(Eq.3) becomes 

Q = (P – 0.2S)2 / (P + 0.8S)      Eq. 5 
 

The NRCS curve number is a function of the infiltration capacity of the soil (related by 

the hydrologic soil groups A-D), land use, and the soil moisture conditions prior to the 

PPT event (antecedent moisture conditions).  Ward and Trimble (2003) describe the 

NRCS curve number procedure in more detail.       

 Infiltration was considered negligible due to the heavy clay soils underlying all 

study sites.  Water can be absorbed by wetland and catchment area soils; however, 

transmission of water long distances through soil is limited by the clay pan.  Therefore, 

the vast majority of water is assumed to be discharged via ET.  

Outflow volume was calculated using a weir constructed at the wetland spill point 

if a discrete outlet could be located.  Weirs were calibrated to a known elevation and the 

water level in the weir was monitored by a pressure transducer installed at each site.  All 

pressure transducers are installed at the deepest point in the wetland.  At WD, where no 
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discrete outlet was located, water level hydrographs created from transducer data were 

analyzed to estimate a spill point elevation.  The outlet level was determined by the rate 

of water level drop.  Wetland water levels drop at a higher rate when water is running off; 

once the water level drops below the outlet level, water level declines are primarily due to 

ET because water is trapped within the wetland depression.  Therefore the outlet water 

level was determined by the recorded level at which no drop was detected for a period of 

5 hours, which was determined to be 47 cm.  Figure 3.1 illustrates the outlet level 

determination method; as the excess water runs off, the rate of water level drop decreases, 

that is, the slope approximates zero.  In the case of WD, outflow was calculated by 

subtracting available storage from direct PPT and inflow (runoff) from the catchment 

area.  WD was treated as a straight –sided pool, i.e., every rise in water level meant an 

equal proportion of volume in the wetland.  For example, if the water level preceding an 

overflow event was 40 cm the wetland would be considered 85% full (40cm/47cm = 

0.851).  Thus, the available storage would be 15% of wetland volume or 11977 m³ (0.15 

x 80419 m³ = 11977 m³). 

The method used for determining spill-point elevation was validated at other 

wetland study sites.  Figure 3.2 shows the transducer hydrograph at KS weir.  This 

hydrograph reveals an approximate spill-point elevation of 20.5 cm.  Spill-point elevation 

was confirmed on 11/2/2009 when the water was observed flowing through the weir at 

2:30 PM.  The water level was physically measured 2 cm above the v-notch and the 

transducer reading was 22.47 cm; thus, the 20.5 cm prediction of spill-point was 

confirmed.   
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Figure 3.1.  WD hydrograph from Hurricane Ike relative to the probable outlet level (47 cm ); Inset: data 
are 30-minute water depths recorded by the pressure transducer.  There is no noticeable change in water 
level over the five hour period. 
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Figure 3.2.  KS weir hydrograph after hurricane Ike relative to outlet level of 20.5 cm. 
 
 
Precipitation Analysis 
 

The first question, which attempts to determine the magnitude of PPT needed to 

exceed the wetland storage capacity, was answered through PPT and water level 

monitoring.  CPFW depressions trap water within the wetland, acting as a closed system 
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until the storage capacity of the wetland is exceeded, causing overflow and potential 

surface connections to other surface waters.  Depth of PPT required to exceed wetland 

storage was determined by observations of the 5-day PPT events that resulted in an 

overflow (Appendix E).  Five-day PPT events were used instead of twenty-four hour 

events due to the importance of antecedent rainfall and the compounded effects of 

multiple, smaller PPT events.  Multiple PPT events occurring closely together in time 

serve to wet catchment area soils inducing more runoff from each subsequent event.    

PPT events of longer duration can have compounded effects and ultimately cause 

overflow as well. Conversely, evapotranspiration can quickly dry soils and reduce 

standing water during warmer months limiting the potential for runoff and accumulation.  

Therefore, choosing a 5-day PPT event should give a conservative but reasonable 

estimate of overflow return period. 

 
Five-Day Precipitation Event Frequency Analysis  

Since a long term record of wetland water level is not available; a frequency 

analysis of PPT was performed to estimate the return period of 5-day PPT events large 

enough to exceed wetland storage capacity in an attempt to predict the frequency at 

which these wetlands overflow.  A frequency analysis of annual maximum 5-day PPT 

events was performed; the annual maximum 5-day events from the historical record were 

fitted to the two parameter gamma distribution using Microsoft Excel.  Annual maximum 

5-day PPT events for Anahuac, Brazoria and Armand were obtained from NWS weather 

stations 410235, 413340, and 410586 respectively (Table A.2).  Data were obtained from 

the National Climatic Data Center (NCDC) for the past 28 years, 28 years, and 26 years 

for Anahuac, Brazoria, and Armand respectively.  The gamma distribution is commonly 
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used to calculate exceedence probability in hydrology for floods, droughts, and PPT  

(Yue 2001).  Exceedence probability analyses use hydrologic records to estimate how 

often events of a given magnitude will occur or be exceeded. The return period is the 

average period of time expected to elapse between occurrences of events at a certain site. 

The return period for a 100-year event is 100 years. A 100-year event has a probability of 

0.01 or 1% of being equaled or exceeded (exceedence probability) in any one year 

(probability = 1/return period = 1/100) (Ward and Trimble 2003). 

The two parameter gamma distribution is an exponential distribution with a 

minimum value of 0 and a maximum of infinity.  The gamma distribution was chosen for 

consistency with the NRCS WETS climate characterization.  There are better fits for 

extreme values in hydrology such as the Gumbel or the Generalized Extreme Value 

distributions (USGS 1998); however, the two parameter gamma distribution is less 

heavily right tailed than these distributions.  Therefore, the two parameter gamma 

distribution is a more conservative estimate of exceedence probability and thus, a more 

conservative method for predicting the return period of wetland overflow.  A more heavy 

tailed distribution is used for engineering flood control. 

 
Limitations and Uncertainty 

 
Ratio of wetland area to catchment area was considered constant when calculating 

water budgets.  However, the area of land inundated with water fluctuated with 

fluctuating water levels.  This type of error results in underestimating runoff and 

overestimating direct PPT in times when water level is low and the area of inundation is 

smaller than the wetland area.  Overall, this represents an overestimation of water 

entering the wetlands.   
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Catchment area is important to the water budgets as it determines runoff volume; 

catchment area calculations represent another possible source of error.  This is especially 

important for CR and WD where a 100 m perimeter buffer was used as the catchment 

area.  Additionally, catchment areas calculated by LiDAR could be underestimated or 

overestimated; the exceptionally flat landscape makes delineating catchment areas 

challenging.  The difference between calculated catchment areas and the true catchment 

areas could be large and thus, affect the accuracy of inflow estimations.          

Development in the study area is extensive.  Completely unimpacted wetlands in 

the region are rare due to the building of roads, levees, drainage infrastructure and other 

modifications.  The many examples of construction can alter the hydrology of the 

watershed; all but two of our study sites (WD and TH) are impacted by a nearby 

road/culvert system, however the culverts are placed at what appears to be a natural outlet 

level; therefore, they represent natural rather than artificial impoundments. 

The Thornthwaite method is a simple method and may overestimate or 

underestimate ET.  Wind, humidity, vegetation type, and canopy cover are examples of 

conditions affecting evapotranspiration that were not accounted for by the Thronthwaite 

method.      

Weir outflow rates may not be accurately calculated for all levels of flow.  Both 

the 90° v-notch weir and the rectangular weir have a minimum head of 6 cm for which 

they are intended to measure flow.  Additionally, at higher flow rates, some assumptions 

to which weirs are subject may not be met at all sites.  For example, the flat topography 

of the study area makes it difficult to attain the necessary drop required for weir 

calculations.  Weir flow was calculated for all water levels regardless of conditions.  Both 
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factors mentioned above will likely lead to overestimation of outflow volume.  Weir flow 

calculations were further complicated by periodic leaks, which results in an 

underestimation of discharge volumes.   

Outflow volumes calculated without weirs depend on the accuracy of the 

determined, precipitation volume, runoff volume, and wetland volume. Spill-point 

elevation of wetlands lacking channelized outflow was inferred from the site hydrograph.  

An error in the spill-point elevation would also lead to errors in outflow volumes.   

Error in PPT volume measurement can result from an uncertainty in spatial 

distribution of rainfall.  Tipping bucket rain gages are installed at each pair of sites; 

however, PPT volumes can vary at different locations in the combined watershed area of 

the pair of wetlands.  This error will be greater during the late spring and summer months 

when PPT events are characterized by flashy thunderstorms that can drop considerably 

different volumes of rain in two locations a mile apart from each other.  Finally, any error 

in the wetland volume determined from LiDAR data will affect the accuracy of outflow 

volume.   
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CHAPTER FOUR 
 

Results and Discussion 
 
 

Precipitation 

In the 18-month study period annual precipitation and average monthly PPT were 

drier than average with a few wetter than normal months (Figures 4.1, 4.2, and 4.3).  

Cumulative PPT measurements during the 20 month study period were 2263 mm, 1544 

mm, and 2059 mm for ABNC, BNWR, and ANWR respectively.  These totals are 131 

mm, 718 mm, and 318 mm below average for ABNC, BNWR, and ANWR respectively.  

Monthly PPT was below normal 45%, 45%, and 50% of study period months for ABNC, 

BNWR, and ANWR respectively.  Overall rainfall occurring during the study period was 

below average, however, ABNC, BNWR, and ANWR experienced above normal PPT in 

30%, 15%, and 20% of the months respectively.   

The drier than normal weather conditions observed during the study period need 

to be considered when extrapolating results to other conditions.  This is especially true 

for BNWR study sites, which experienced the driest conditions.  Of course, less rainfall 

means less water in the wetland; however, drier conditions greatly reduce runoff potential 

because of the importance of antecedent moisture condition.  Table A.3 (Appendix C) 

contains a summary of monthly PPT results for the three pairs of study sites.     
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Figure 4.1.  Study period monthly PPT with upper and lower normal range limits as calculated by the 
NRCS – ANWR.  LL and UL represent the lower and upper limits of the normal ranges of monthly PPT 
defined by the NRCS.   
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Figure 4.2.  Study period monthly PPT with upper and lower normal range limits  – BNWR.  BNWR did 
not receive PPT in May 2008. 
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Figure 4.3.  Monthly PPT at ABNC with upper and lower normal range limits. 

 
 

Evapotranspiration 
  

Potential evapotranspiration (PET) calculated by Thronthwaite accounted for an 

average of 58% of the water losses from the six wetlands.  Percent PET ranged from 18% 

at CR and LC to 94% of discharge at WD.    Percentages of PET for CR and LC were 

affected by outflow calculations exceeding PPT and inflow from runoff.  PET accounts 

for 78% of discharge from the remaining four wetlands when CR and LC are excluded 

from calculation.  Since an average of 84% of water entering the wetlands was held 

within the wetland according to outflow calculations and all this water essentially 

evapotranspired, actual ET values are likely higher than the PET predicted by the 

Thornthwaite method.  Lu et al. (2005) found the Thornthwaite method consistently 

yielded the lowest long term average annual PET when compared to six other PET 

models at 39 weather stations across the Southeastern United States.  
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Runoff 

Runoff accounted for an average of 40% of water entering the wetlands.  This 

average percentage increases to 54% when excluding CR and WD which used buffer 

strips to estimate catchment areas.  Percentages ranged from 5% at TH to 90% at KS.  

Estimations of these values are directly related to catchment area.  The low percentage at 

TH wetland is due to the small catchment area in relation to the wetland area, which is 

more than 3 times that of the catchment area.  Additionally, calculations of runoff were 

greatly influenced by antecedent moisture condition.  Table 4.1 is an example of three 

similar size storms and runoff associated with the three antecedent moisture conditions 

per NRCS methods. 

 
Table 4.1.  Runoff calculations of three similar magnitude PPT events. 

PPT 
(mm) 

Antecedent Moisture 
Condition 

Curve 
Number 

Runoff 
(mm) 

30.00 1 63 0 
26.16 2 80 2 
23.40 3 91 8 

 

Figure 4.4 illustrates the importance of antecedent PPT.  Several PPT events 

occurred, but were quickly absorbed by soil and vegetation.  However, these storms 

occurred in a short period of time and were able to saturate the soil allowing 

accumulation to occur on August 19th 2008, which ultimately exceeded the outlet level of 

the wetland (30 cm).  
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Figure 4.4. Chicken Road August 2008 water level hydrograph and PPT. 

 
 

Storage 
 

Tables 4.2 to 4.7 show seasonal water budgets for all six study sites calculated for 

the study period. Study wetlands (exclusive of LC and CR) held back an average of 84% 

of water entering the wetlands.  Percent storage ranged from 76% at TH to 93% at KS.  

Note that LC and CR were excluded because calculated outflow exceeded PPT and 

inflow, which yielded negative storage.  Discharges greater than 100% of inputs may 

partly be caused by the lack of slope at LC weir, which allowed backwater to slow down 

draining and skew weir calculations.  Outflows greater than 100% of inputs at CR are 

likely due to an underestimated catchment area delineated by a 100 meter buffer.    
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Seasonal Hydrology 

Wetland water levels were largely dependent on the balance of PPT and PET.  In 

times of high PET relative to PPT, the wetlands were not typically inundated.  The 

hydrograph for Sedge Wren in 2009 given by Figure 4.5 shows the relationship of PPT 

and PET; water did not persist in the wetland long in warmer months when PET was 

greater than PPT.  However, PPT events occurring in cooler months when (PET was 

lower tended to stay in the wetland for a longer period than in normal months.  October 

2009 was particularly wet; PPT was 249 mm, 150 mm, and 193 mm above the normal 

range for ABNC, BNWR, and ANWR respectively.  Standing water remained through 

January at all sites except for LC.  Additionally, the number of outflow days was greatest 

during fall of 2008 and fall of 2009 when there was a surplus of PPT and cool 

temperatures. Table 4.8 shows the effects of seasons with average values from all six 

wetlands. 

  
Table 4.2. Seasonal hydrology summary; average values from the six wetland study sites. 

 

Season PPT (mm) Days Inundated  Discharge (m³) Days Outflow 

Jun 08 - Aug 08 128 26 27045 12 

Sep 08 - Nov 08 115 62* 127117* 19* 

Dec 08 - Feb 09 18 40 1 2 

Mar 09 - May 09 101 47 6423 12 

Jun 09 - Aug 09 70 12 0 0 

Sep 09 - Nov 09 165 51 7426 16 

* Values for Sep 08 - Nov 08 do not include SW and LC due to Hurricane Ike equipment  

damage.  
   

 



 

 

Table 4.3.   TH seasonal water budget. 
 

Time Period 
PPT 
(mm) 

PPT 
(m³) 

Runoff 
(mm) 

Inflow 
(m³) 

PET 
(mm) 

PET 
(m³) 

Outflow 
(m³) 

∆ Storage 
(m³) 

Days Inundated 
(days) 

Percent 
Stored 

Jun 08 - Aug 08 428 20671 90 1285 549 26515 890 -5448 24 96 

Sep 08 - Nov 08 422 20381 125 1785 246 11881 8605 1680 42 61 

Dec 08 - Feb 09 68 3284 0 0 79 3815 0 -531 2 100 

Mar 09 - May 09 459 22168 134 1914 257 12412 9227 2443 24 62 

Jun09- Aug 09 265 12798 9 129 546 26392 0 -13465 0 100 

Sep 09 - Nov 09 502 24245 96 1371 240 11599 8155 5862 40 68 

Total 2144 103547 454 6484 1918 92613 26877 -9459 132 76 
 

 
Table 4.4.  KS seasonal water budget. 

 

Time Period 
PPT 
(mm) 

PPT 
(m³) 

Runoff 
(mm) 

Inflow 
(m³) 

PET 
(mm) 

PET 
(m³) 

Outflow 
(m³) 

∆ Storage 
(m³) 

Days Inundated 
(days) 

Percent 
Stored 

Jun 08 - Aug 08 428 14643 107 123809 549 18783 0 119669 0 100 

Sep 08 - Nov 08 422 14438 143 170303 246 8417 29036 147289 42 84 

Dec 08 - Feb 09 68 2327 0 0 79 2703 0 -376 2 100 

Mar 09 - May 09 459 15704 152 181079 257 8793 8767 179223 65 96 

Jun 09 - Aug 09 265 9067 14 16392 546 18696 0 6763 24 100 
Sep 09 - Nov 09 502 17175 115 137001 240 8217 12894 133065 60 92 

Total 2144 73354 531 628585 1918 65608 50697 585633 193 93 
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Table 4.5.  CR seasonal water budget. 
 

Time Period 
PPT 
(mm) 

PPT 
(m³) 

Runoff 
(mm) 

Inflow 
(m³) 

PET 
(mm) 

PET 
(m³) Outflow (m³) 

∆ Storage 
(m³) 

Days Inundated 
(days) 

Percent 
Stored 

Jun 08 - Aug 08 319 1731 46 406 561 3048 8763 -9674 13 -310 

Sep 08 - Nov 08 272 1480 80 704 262 1424 25753 -24993 90 -1079 

Dec 08 - Feb 09 21 115 0 0 86 467 2 -354 61 98 

Mar 09 - May 09 145 786 4 32 258 1402 6978 -7562 50 -753 

Jun09- Aug 09 129 700 0 0 570 3100 0 -2400 6 100 

Sep 09 - Nov 09 491 2668 57 503 281 1528 8014 -6372 58 -153 

Total 1376 7479 187 1645 2019 10970 49510 -51355 278 -443 
 
 

Table 4.6. WD seasonal water budget. 
 

Time Period 
PPT 
(mm) 

PPT 
(m³) 

Runoff 
(mm) 

Inflow 
(m³) 

PET 
(mm) 

PET 
(m³) 

Outflow 
(m³) 

∆ Storage 
(m³) 

Days Inundated 
(days) 

Percent 
Stored 

Jun 08 - Aug 08 319 4939 46 580 561 8692 15 -3188 39 100 

Sep 08 - Nov 08 272 4222 80 1005 262 4060 2068 -901 75 60 

Dec 08 - Feb 09 21 329 0 0 86 1340 0 -1011 51 100 

Mar 09 - May 09 145 2244 4 45 258 4007 0 -1718 38 100 

Jun09- Aug 09 129 1997 0 0 570 8846 0 -6849 0 100 

Sep 09 - Nov 09 491 7612 57 718 281 4361 0 3969 64 100 

Total 1376 21342 187 2348 2019 31305 2083 -9698 267 91 
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Table 4.7.  LC seasonal water budget. 
 

Time Period 
PPT 
(mm) 

PPT 
(m³) 

RO 
(mm) 

Inflow 
(m³) 

PET 
(mm) 

PET 
(m³) 

Outflow 
(m³) 

∆ Storage 
(m³) 

Hydroperiod 
(days) 

Percent 
Stored 

Jun 08 - Aug 08 393 4073 141 4407 494 5125 72020 -68665 30 -749 

Sep 08 - Nov 08* 344 3569 154 4814 232 2407 1299* 4677* 8*  

Dec 08 - Feb 09 68 707 0 0 74 768 4 -65 37 99 

Mar 09 - May 09 332 3442 84 2628 228 2366 8135 -4430 25 -34 

Jun 09 - Aug 09  221 2298 30 921 524 5440 0 -2221 13 100 

Sep 09 - Nov 09 540 5603 190 5923 244 2527 7630 1369 20 34 

Total 1898 19691 599 18694 1796 18632 89088 -69336 125 -132 
 

 
Table 4.8.   SW seasonal water budget. 

 

Time Period 
PPT 
(mm) 

PPT 
(m³) 

RO 
(mm) 

Inflow 
(m³) 

PET 
(mm) 

PET 
(m³) 

Outflow 
(m³) 

∆ Storage 
(m³) 

Hydroperiod 
(days) 

Percent 
Stored 

Jun 08 - Aug 08 422 10118 170 30875 494 11847 10941 18205 26 73 

Sep 08 - Nov 08 331 7938 154 28045 232 5564 0* 30419* 37*  

Dec 08 - Feb 09 77 1847 0 69 74 1775 0 141 84 100 

Mar 09 - May 09 276 6619 93 16975 228 5468 5433 12693 78 77 

Jun09- Aug 09 247 5914 45 8264 524 12575 0 1603 29 100 

Sep 09 - Nov 09 446 10691 95 17356 244 5840 7862 14345 61 72 
Total 1798 43127 559 101585 1796 43069 24439 77203 338 83 

* September and October outflow and hydroperiod were not able to be measured due to hurricane Ike storm surge destroying pressure transducer. 
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Figure 4.5. Sedge Wren 2009 water level hydrograph with monthly PPT and PET. 

 
 

Outflow 
 

All study sites overflowed during the study period.  Wounded Dove overflowed 

the least (twice), while discharge at LeConte, the shallowest wetland, was recorded 22 

times during the study period (Table 4.9).  Outflow events at WD were likely affected by 

the unusually small amount or PPT measured in Brazoria.  Excluding CR and LC for the 

reasons previously mentioned, measured discharge (outflow) from the remaining four 

study wetlands averaged 16% of direct PPT and inflow; therefore, the four wetlands 

included in these calculations stored an average of 84% of direct PPT and inflow.  

Measure outflow percentages ranged from 7% at KS to 24% at TH.   
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Table 4.9. Minimum, maximum, and frequency of 5-ppt events that resulted in discharge at each site. Also 
shown is the annualized discharge frequency (return time). 
 

 
Site 

Minimum 5-day 
PPT resulting in 
discharge (mm) 

Maximum 5-day 
PPT resulting in 
discharge (mm) 

Number of discharge 
events in 18-month 

study period 

Discharge 
frequency (year-1) 

CR 52 152 6 4.0 
WD 89 152 2 1.3 
SW 19 96 7 4.7 
LC 8 128 22 14.7 
KS 22 193 9 6.0 
TH 8 193 14 9.3 

   
 

Several factors influence discharge from the study wetlands.  One factor is the 

ratio of wetland area to catchment area because as the catchment area increases relative to 

wetland area, the potential for runoff entering the wetland increases which will lead to 

wetland overflow.  When the ratios of wetland area to catchment area for the six study 

sites were compared to their total discharge volumes measured during the study period, 

there was no apparent trend (R² = 0.15), and the slope of the trend line appeared to be in 

the opposite direction from the hypothesis (Figure 4.6.).  There was considerable error in 

discharge volume calculations, but outflow events were more reliably detected by water 

level monitoring.  When discharge events are plotted against wetland area / catchment 

area, the regression explained little of the variability (R² = 0.06), but the slope was in the 

direction proposed by the hypothesis (Figure 4.7).  Discharge events vs. wetland area / 

catchment area may not show a strong trend because some wetlands tend to discharge 

over long periods of time, while others discharge multiple times for shorter periods; 

therefore, days of outflow were plotted against the ratio of wetland area to catchment 

area.  However, even though this shows the best R² value (0.22), it still does not reveal a 

strong relationship (Figure 4.8).  The poor R2 values suggests errors in estimating 

wetland areas, catchment areas, or discharge measurements, although other factors not 
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accounted for such as wetland depth and slope may also contribute to the poor agreement.  

For these reasons, the 5-day PPT event analysis was chosen as an alternative approach to 

predicting overflows.   

The average outflow period for the six wetlands was 7 days, but periods of 

outflow ranged from 1 day for small outflow events to 98 days at Sedge Wren for the 

longest event.  Figure 4.9 shows the longest outflow event (98 days) recorded during the 

study period; several PPT events occurred during the discharge period, and these events 

sustained the water level above the spill-point elevation.  Table A.4 (Appendix D) 

contains summary of all discharge events.   
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Figure 4.6.  Discharge volume (m³) of all six study sites vs. wetland area / catchment area. 
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Figure 4.7.  Outflow events observed at the six study sites vs. wetland area / catchment area. 
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Figure 4.8.  Observed outflow days at the six study wetlands vs. wetland area/catchment area. 
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 Figure 4.9. SW discharge event 10/21/2009 – 1/27/2010; the longest discharge event recorded during the 
study period. 
 
 

Frequency Analysis and 5-day PPT Events 
 

Normal ranges were calculated for annual maximum 5-day PPT events.  

Exceedence probabilities used to calculate these ranges corresponded with the upper and 

lower limit exceedence probabilities used by the NRCS.  Normal ranges reveal that 5-day 

PPT events able to cause outflow are likely to occur in any given year (Table 4.11).  

Since WD overflowed only twice, the midpoint (121 mm, 4.76 in) between the two 

events that resulted in overflow was used to predict overflow.  The midpoint WD 

overflow event (121 mm of PPT) has an 81% average exceedence probability (1.2 year 

return period) among the three weather stations.   

Taken individually, average 5-day PPT events causing outflow for most of the 

study wetlands have even shorter return periods. CR, SW, LC, KS, and TH can 
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reasonably be expected to overflow nearly every year.  Table 4.2 summarizes the average 

5-day events for each wetland study site that resulted in outflow and their respective 

exceedence probabilities.  The average 5-day PPT event for TH was affected by several 

smaller storms.  The fall of 2009 was particularly wet; TH overflowed several times in 

response to smaller events because the wetland water level was already close to its spill-

point.  Excluding the six smallest storms gives an exceedence probability of 71%, which 

is likely an overly conservative calculation.  It is important to note that the observed 

discharge frequency for the 18-month period yielded a return period that was much 

higher than the predicted return period (Table 4.10); and this occurred during a period 

that included a greater number of drier than normal months than wetter than normal 

months.  Five-day PPT events resulting in overflow during the study period are 

summarized in Table A.5 (Appendix E).  

 
Table 4.10.  Average 5-day PPT event causing outflow per site with annual exceedence probabilities, and 

return periods. The return period that was observed during the 18-month study is also shown. 
 

Study  
Site 

Five-day PPT  
(mm) 

Exceedence  
Probability 

Return  
Period (yrs) 

Observed Return 
Period (yrs) 

CR 86 94% 1.06 0.25 
WD 121 78% 1.28 0.77 
SW 67 98% 1.02 0.21 
LC 42 100% 1 0.07 
KS 104 88% 1.13 0.17 
TH 88 92% 1.09 0.11 

Average 95 88% 1.15 0.25 
 
 

Table 4.11 gives exceedence probabilities of 5-day PPT events corresponding to 

exceedence probabilities used by the NRCS form normal ranges 
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Table 4.11. Study site 5-day PPT event normal exceedence ranges. 
 

              
Site Mean 70% Exceedence Prob. 30% Exceedence Prob. 

(mm) (mm) (mm) 
 

Armand  213 151 253 
 

Brazoria   170 132 196 
 

Anahuac 201 149 236 
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CHAPTER FIVE 
 

Conclusions and Recommendations 
 
 

Conclusions 
 

Water budgets are difficult to accurately quantify as potential errors occur in all 

components of a water budget.  Catchment area was possibly the largest source of error in 

the quantification of the budgets.  None of the study wetlands catchment areas were 

delineated by ground surveying.  In Chambers and Brazoria counties, LiDAR data have a 

vertical accuracy +36 cm; vertical accuracy in Harris County is + 9.25 cm (Enwright 

2010).  In the extremely flat landcape, the effects of these inaccuracies are compounded 

and can increase uncertainty of runoff calculations.  CR and WD had the greatest source 

of error in catchment area estimations because the 100 meter buffer used as a catchment 

area was arbitrary and probably underestimated catchment size.  The error involved in 

quantifying water budgets was greater for these two wetlands; however, results for the 

remaining four wetlands with delineated catchments more reliably describe the hydrology 

of these systems. 

The magnitude of precipitation required to exceed wetland storage capacity was 

determined by taking the average 5-day PPT event that resulted in overflow.  The average 

5-day event was different for each site.  The average event for all study sites was 95 mm; 

the average 5-day PPT resulting in overflow for individual sites ranged from 42 mm for 

LC to 150 mm for TH.  The observed overflow frequencies were considerably higher 

than those predicted by our 5-day PPT analyses.    
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Some components of this study had more certainty than others.  For example, 

outflow events were reliably detected by water level recorders. However, outflow 

volumes were difficult to measure.  Although outflow volumes averaged 16% of inflows, 

the results demonstrate that they overflow regularly.  Looking at the 5-day PPT events 

causing outflow and their respective exceedence probabilities, we can predict that 

overflow events of all study site wetlands will occur with reasonable frequency.  The 

minimum exceedence probability calculated by the present methods was 71% for 150 

mm 5-day PPT event falling at TH.  That is to say, 71 years out of 100 will experience a 

5-day PPT event large enough to exceed storage.  Additionally, results show that once 

these wetlands overflow, they can flow out for an extended period of time; the average 

outflow event for all six wetland study sites is 7 days with the longest event lasting 98 

days.  Furthermore, observations suggest that wetlands will overflow and flow out in 

response to much smaller storms following the initial overflow event.  Results of outflow 

events for study sites may not be indicative of all non-riverine freshwater wetlands in the 

region, but findings should be representative of results one would find at wetlands with 

similar size catchment areas, wetland depth, volume, and spill-point elevation.  And these 

data and analyses represent the most comprehensive description of CPFW hydrology in 

the region.  The frequency with which these wetlands overflow and the duration of some 

of the overflow events support the hypothesis that they are hydrologically connected to 

other wetlands and surface water bodies as Sipocz (2002) and Winter and LaBaugh 

(2003) have suggested. 

Results show that these wetlands provide considerable storage of water falling 

within their catchment area.  The majority of PPT events were completely held within the 
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wetland, and the percent storage was high relative to outflow among the three sites with 

complete data sets.  TH, SW, WD and KS store an average of 84% of PPT and runoff 

entering the wetlands.  The majority of water entering the wetlands is stored and lost 

primarily to ET.  The timing of PPT is an important factor in producing outflow from 

these wetlands due to antecedent moisture and temperature.  Several smaller events 

falling in the fall and winter of 2009 trigger an outflow event at all sites except WD due 

to the antecedent standing water in the wetlands from the especially wet October.  

Climate change predictions for the region are for increased rainfall and summer soil 

moisture, more frequent intense PPT events, and longer dry periods in between (Twilley 

et al. 2001). Therefore the importance of CPFWs in water storage and flood 

desynchronization in the region would be expected to increase. Furthermore, the 

cumulative effect of numerous CPFWs, which occupy approximately 9.5 percent of the 

landscape around Galveston Bay (Enwright, 2010) may indeed reduce flood potential.   

 
Recommendations 

 
Evidence suggests that these wetlands overflow frequently.  Knowing that these 

wetlands overflow regularly, further detailing their “nexus” with navigable waters is an 

important next step.  The present study documents observed overflow events; however, 

connections with other surface waters were not examined.        

Runoff calculations and ET estimates suggest that soil moisture may play a 

measurable role in CPFW water budgets.  Long-term soil moisture monitoring showing 

the effect of seasons and PPT events may be a valuable element of the hydrology to 

describe.   
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Groundwater interactions with the study wetlands were considered negligible; 

however, it is possible that such interactions play a larger role in wetlands with sandier 

soils.  Local soil water may flow over the underlying layers of heavy clay through the 

sandy lens.  Wetlands within channel scars may be locations of groundwater discharge.  

Conversely, in times of water deficits, these wetlands may lose a considerable volume of 

water through infiltration.  A detailed shallow groundwater study and infiltration analysis 

could help describe hydrology in the region more completely. 

Although significant storage was documented, no quantitative comparisons to 

storage (or loss due to ET) in other types of water bodies were calculated in this study.  

Comparing wetland storage and ET loss to other systems such as lakes or rivers may 

better describe the importance of non-riverine wetlands to regional hydrology.   
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APPENDIX A 
 
 Table A.1.  NRCS WETS climate descriptions.  Normal ranges derived from a 30 year record.  The upper 
and lower levels of the normal ranges represent the 70% and 30% exceedence probabilities given by the 

gamma distribution. 
 

 Harris Deer Park   Brazoria Freeport   Chambers Anahuac 

Month Avg PPT Normal Range  Avg PPT Normal Range  Avg PPT Normal Range 

 (mm) (mm)   (mm) (mm)   (mm) (mm) 

January 120.9 (66.8 , 147.3)  109.0 (60.2 , 132.8)  122.936 (77.2, 148.6) 

February 79.0 (46.7 , 96.0)  72.4 (34.3 , 88.4)  70.866 (42.9 , 85.9) 

March 85.1 (49.3 , 103.6)  72.9 (33.5 , 88.9)  84.582 (48.8 , 102.9) 

April 86.9 (39.4 , 106.1)  72.4 (31.5 , 88.1)  90.424 (39.6 , 110.2) 

May 132.8 (70.4 , 164.6)  103.6 (58.9 , 132.8)  132.334 (73.2 , 164.1) 

June 167.4 (83.1 , 204.5)  118.1 (61.2 , 144.3)  149.098 (79.8 , 182.1) 

July 117.6 (61.2 , 145.8)  125.7 (60.5 , 153.7)  116.586 (64.8 , 142.2) 

August 114.8 (79.8 , 136.7)  104.4 (67.3 , 125.7)  120.396 (67.8 , 146.6) 

September 150.1 (85.1 , 182.9)  198.1 (113.5 , 241.0)  164.338 (88.6 , 200.7) 

October 112.8 (41.4 , 137.9)  113.5 (44.5 , 137.7)  103.124 (45.0 , 125.7) 

November 119.4 (72.9 , 144.5)  112.3 (57.9 , 137.2)  108.966 (63.5 , 132.6) 

December 96.3 (61.7 , 116.1)   89.9 (55.9 , 108.7)   109.22 (70.9 , 131.6) 
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APPENDIX B 

Table A.2. Rain gage/weather station location and management summary. 

Location Study Sites Latitude/Longitude Operator 

Brazoria-NWR    
Chicken Road 

Chicken Road    
Wounded Dove 

29° 6’12.89”N 
95°17’14.79”W 

BU – CRASR 

Anahuac-NWR      
Sedge Wren 

Sedge Wren       
LeConte 

29°40’22.80”N 
94°28’13.36”W 

BU – CRASR 

Armand-NC               
Kite 

Kite                   
Turtle Hawk 

29°35’49.58”N 
95°03’56.83”W 

BU – CRASR 

Horsepen Bayou @ Bay 
Area Blvd 

Turtle Hawk            
Kite 

29°35’0.24”N      
95°06’12.75”W 

HEMS                 
Gage ID: 250 

Anahuac-NWR  
LeConte 

LeConte               
Sedge Wren 

29°66’92”N   
94°43’83”W 

FWS, NWS           
Station ID: 416099 

Freeport: approx.16 km 
W of study sites 

Chicken Road   
Wounded Dove 

28°59’ N               
95°23’ W 

NWS                  
Station ID: 413340 

Anahuac: approx. 21 
km NW of study sites 

Sedge Wren       
LeConte 

29°47’  N              
94°38’ W 

NWS                  
Station ID: 410235 

Baytown: approx. 22 
km N of study sites 

Kite                   
Turtle Hawk 

29°48’ N              
95°03’ W 

NWS                  
Station ID: 410586 

 



 

 

APPENDIX C 
 

Table A.3.  Study period monthly PPT summary and departure from NRCS normal range. 
 

  Armand Bayou NC   Brazoria NWR   Anahuac NWR 

Month  
PPT 
(mm) 

Departure from Normal 
(mm)   

PPT 
(mm) 

Departure from Normal 
(mm)   

PPT 
(mm) 

Departure from Normal 
(mm) 

May-2008 24.6 -45.8  0.0 -58.9  36.8 -36.4 
Jun-2008 57.0 -26.1  31.1 -30.1  26.9 -52.9 
Jul-2008 33.1 -28.1  95.8 NA  60.2 -4.6 

Aug-2008 337.8 +201.1  191.6 +65.9  334.8 +188.2 
Sep-2008 197.8 +14.9  152.4 NA  207.8 +7.1 
Oct-2008 81.5 NA  4.9 -39.6  45.5 NA 
Nov-2008 141.7 NA  115.0 NA  90.7 NA 
Dec-2008 40.6 -21.1  15.6 -40.3  45.5 -25.4 
Jan-2009 9.4 -57.4  2.5 -57.7  6.9 -70.3 
Feb-2009 17.5 -29.2  3.1 -31.2  20.8 -22.1 
Mar-2009 64.5 NA  40.9 NA  75.7 NA 
Apr-2009 383.0 276.9  96.8 7.9  260.6 +150.4 
May-2009 11.2 -59.2  7.0 -51.9  13.2 -60 
Jun-2009 8.1 -75  4.0 -57.2  44.2 -35.6 
Jul-2009 150.1 +4.3  84.0 NA  114.0 NA 

Aug-2009 106.9 NA  40.8 -26.5  99.6 NA 
Sep-2009 23.9 +61.2  132.5 NA  78.9 -9.7 
Oct-2009 387.0 +249.1  287.3 +149.6  318.9 +193.2 
Nov-2009 54.4 -18.5  71.1 NA  48.0 -15.5 
Dec-2009 132.70  NA   167.53  NA   129.7  NA 
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APPENDIX D 
 
Table A.4.  Outflow discharge summary.  PPT and runoff volume calculated from the PPT event triggering 

overflow and all subsequent PPT events occurring during the period of outflow. 
 

Site Begin Outflow 
Contributing PPT 

 (mm) 
PPT + Runoff  

(m³) 
Discharge 

(m³) 
Days 

 Outflow 

Chk Rd 26-Apr-08 54.0 317 112 8 
Chk Rd 19-Aug-08 78.6 706 14001 18 
Chk Rd 12-Sep-08 157.3 1340 105515 26 
Chk Rd 10-Nov-08 115.0 844 11228 22 
Chk Rd 18-Apr-09 81.0 472 6978 27 
Chk Rd 22-Oct-09 91.7 658 5439 3 
Chk Rd 26-Oct-09 40.1 398 640 1 
Chk Rd 30-Oct-09 18.0 101 140 1 
Chk Rd 20-Nov-09 69.6 452 1795 3 
Chk Rd 01-Dec-09 40.5 231 1238 4 
Chk Rd 06-Dec-09 79.3 688 3453 12 
Chk Rd 24-Dec-09 14.5 79 108 1 
Chk Rd 30-Dec-09 28.2 177 1335 3 
Chk Rd 15-Jan-10 13.7 74 1188 3 

      
Wounded 20-Aug-08 29.7 561 15 2 
Wounded 13-Sep-08 157.3 3132 2068 5 

      
Kite 05-Aug-08 19.1 653 1 1 
Kite 13-Sep-08 197.8 105476 39829 7 
Kite 14-Nov-08 71.6 57885 984 3 
Kite 17-Apr-09 179.6 97336 16008 5 
Kite 24-Apr-09 190.3 91501 24960 9 
Kite 22-Oct-09 246.0 133259 12892 12 
Kite 21-Nov-09 9.1 971 2 2 
Kite 01-Dec-09 111.4 17246 7371 26 
Kite 30-Dec-09 19.0 650 795 5 

      
Turtle H 24-Jul-08 18.0 869 22 1 
Turtle H 05-Aug-08 160.0 8320 628 2 
Turtle H 21-Aug-08 47.0 2535 262 4 
Turtle H 13-Sep-08 197.8 10654 8605 7 
Turtle H 18-Apr-09 130.6 7301 5287 1 
Turtle H 24-Apr-09 157.5 8351 5150 2 
Turtle H 27-Apr-09 32.8 1742 2470 2 
Turtle H 13-Oct-09 14.0 693 4 1 
Turtle H 22-Oct-09 246.0 13190 7951 12 
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Table A.4.  Outflow discharge summary (continued). 
 

Site Begin Outflow 
Contributing PPT  

(mm) 
PPT + Runoff  

(m³) 
Discharge 

(m³) 
Days 

Outflow 

Turtle H 20-Nov-09 37.3 1801 201 2 

Turtle H 01-Dec-09 36.3 1777 1180 5 

Turtle H 06-Dec-09 23.4 1206 2216 3 

Turtle H 12-Dec-09 7.6 367 11 1 

Turtle H 17-Dec-09 18.3 887 1173 2 

Turtle H 24-Dec-09 11.4 551 493 2 

Turtle H 30-Dec-09 19.0 918 1168 2 

      

LeConte 18-Apr-08 20.6 227 5 1 

LeConte 15-May-08 12.7 133 0 1 

LeConte 24-Jul-08 14.5 152 54 1 

LeConte 02-Aug-08 116.3 2641 2982 9 

LeConte 12-Aug-08 178.3 4802 68984 19 

LeConte 12-Nov-08 62.2 1774 1299 2 

LeConte 11-Dec-08 2.8 59 4 8 

LeConte 16-Mar-09 26.4 277 47 12 

LeConte 17-Apr-09 129.0 3316 5416 2 

LeConte 27-Apr-09 66.0 1326 2672 1 

LeConte 04-Oct-09 103.4 2567 12 1 

LeConte 09-Oct-09 128.0 4042 4296 5 

LeConte 22-Oct-09 71.1 1489 1067 2 

LeConte 30-Oct-09 60.7 1171 2255 2 

LeConte 01-Dec-09 73.4 1473 2027 9 

LeConte 17-Dec-09 10.2 106 12 1 

LeConte 23-Dec-09 33.3 398 507 2 

LeConte 30-Dec-09 15.7 163 26 1 

LeConte 16-Jan-10 14.5 150 107 1 

      

Sedge W 19-Aug-08 148.5 22335 11144 19 

Sedge W 18-Apr-09 79.0 6884 1705 4 

Sedge W 25-Apr-09 89.9 8123 1181 8 

Sedge W 13-Oct-09 52.1 5900 144 8 

Sedge W 21-Oct-09 429.6 21614 11996 98 
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APPENDIX E 

Table A.5.  Outflow events and 5-day PPT events. 

Site Date 5-day PPT (mm)  Site Date 5-day PPT (mm)   Site Date 5-day PPT (mm) 
CR 4/26/08 52  SW 8/19/08 94  K 8/6/08 160 
CR 8/19/08 89  SW 4/17/09 79  K 9/14/08 193 
CR 9/12/08 152  SW 4/24/09 30  K 11/12/08 132 
CR 4/18/09 63  SW 4/27/09 90  K 4/17/09 49 
CR 10/12/09 66  SW 10/12/09 96  K 4/24/09 157 
CR 10/21/09 92  SW 10/21/09 19  K 10/21/09 146 

    SW 10/22/09 62  K 11/21/09 39 
WD 8/19/08 89      K 12/1/09 35 
WD 9/12/08 152  LC 4/18/08 21  K 12/30/09 22 

    LC 5/5/08 24     
    LC 5/15/08 13  TH  8/6/08 160 
    LC 7/24/08 29  TH  8/21/08 145 
    LC 8/3/08 9  TH  9/14/08 193 
    LC 8/12/08 15  TH  4/18/09 180 
    LC 11/11/08 13  TH  4/24/09 157 
    LC 12/11/08 22  TH  10/13/09 69 
    LC 3/15/09 60  TH  10/22/09 146 
    LC 3/25/09 8  TH  11/20/09 30 
    LC 4/17/09 48  TH  12/1/09 35 
    LC 4/27/09 84  TH  12/6/09 36 
    LC 10/3/09 117  TH  12/12/09 8 
    LC 10/9/09 37  TH  12/17/09 32 
    LC 10/12/09 128  TH  12/24/09 19 
    LC 10/21/09 71  TH  12/30/09 22 
    LC 10/29/09 80     
    LC 12/1/09 44     
    LC 12/17/09 21     
    LC 12/23/09 37     
    LC 12/30/09 17     
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