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Abstract:

 Understanding the changes in hydrology of coastal forested wetlands induced by climate change is fundamental for developing strategies to sustain their functions and services. This study examined 60 years of climatic observations and 30 years of hydrological data, collected at the Santee Experimental Forest (SEF) in coastal South Carolina. We also applied a physically-based, distributed hydrological model (MIKE SHE) to better understand the hydrological responses to the observed climate variability. The results from both observation and simulation for the paired forested watershed systems indicated that the forest hydrology was highly susceptible to change due to climate change. The stream flow and water table depth was substantially altered with a change in precipitation. Both flow and water table level decreased with a rise in temperature. The results also showed that hurricanes substantially influenced the forest hydrological patterns for a short time period (several years) as a result of forest damage.
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1. Introduction

Hydrological response to climate change has been widely recognized [1–7]. The climate change is not only about rising surface air temperature [8], but also about altering precipitation patterns [9–11], leading to changes in hydrologic cycles at multiple scales [12,13]. Because there are substantial differences in global climate change in space, such as the differences between ocean and land, and between lower and higher latitudes [8], the change can bring different consequences to different areas. For example, global warming can bring more rain to middle and high latitude zones, but not to low latitude areas [11]. Therefore, the hydrologic response to these changes may vary from region to region [6,14–16].

The impact of global warming on wetland hydrology has been studied [17–21], especially with respect to coastal wetlands [20,22,23]. Most studies on the impact of global warming on coastal wetlands are concentrated on wetland's loss to sea level rise. However, climate change can also cause changes in the function and services of coastal wetlands through altering their hydrologic characteristics [19,24]. For example, some wetlands may not be lost to sea level rise, but their salinity is likely changed due to global sea level rise leading to a salt water intrusion [23]. Some freshwater wetlands may lose to a decrease in fresh water inputs rather than to sea level rise, especially in middle and low latitude zones due to global warming-induced hydrologic drought [11]. Consequently, the functions and services of these wetland ecosystems are inevitably affected by climate change [25–28]. Therefore, understanding the hydrologic response of coastal wetlands to global warming/climate change is needed to assess ramifications of climate change to coastal wetland ecosystems, especially to those ecosystems in middle and low latitude areas where rainfall is expected to decrease.

Many scientists believe that global warming will increase the frequency and/or intensity of tropical storms due to an increase of sea surface temperature [29–33]. Strong storms (Category 3, 4 and 5) can destroy forests impacting their hydrologic regime. The impact of hurricanes on hydrology has been widely studied [34–38]. Most of those studies on the impact of hurricane on hydrology and nutrient exports were concentrated on the direct and short-term implications caused by flooding and/or strong wind [39,40]. However, hurricanes may cause longer term changes to forest hydrology due to changes in forest composition, which can lead to a change in evapotranspiration. Therefore, long-term hydrologic and climatic observations following a hurricane impact may be very useful to understand the long-term impact of hurricanes on forest hydrology in coastal areas.

The hydrology of forested wetland watersheds on Atlantic Coastal Plain in the Carolinas, especially of the first-order watersheds, is heavily dependent on precipitation and evapotranspiration [12,26,41–43]. Those first and second, even third order watersheds can lose their flow in normal dry periods, and regain them in wet periods [13,44,45]. On the contrary, storms leading to flooding problems are not uncommon on the coastal plain [43,46–50]. The water table in those first-order forested watersheds can substantially decrease with a decrease in precipitation and an increase in temperature [41,51,52] because the annual evapotranspiration (ET) is approximate to potential ET (PET) in this area [41,53–55]. These alterations of ET due to climate change suggest that the effect will also be on the water balance and thus stream flow and water table [12,17,22,23,26,51]. The objective of this study is to (1) examine the stream flow and water table dynamics between 1950 and 2007 for a second-order coastal forested watershed on the Santee Experimental Forest using a distributed hydrological model MIKE SHE [56] calibrated and validated against long-term hydrological observations (1964–2007) and (2) assess the impacts of climate variability and Hurricane Hugo on the hydrology of the forested watersheds on the Santee Experimental Forest using long-term climatic (1946–2007) and hydrological (1964–2007) measurements and hydrological simulations (1950–2007). MIKE SHE is widely used for modeling watershed scale hydrology around the world [51,57–59], and has been tested and determined to be suitable for simulating the hydrology for a sub-watershed of the subject watershed of this study [45].



2. Materials and Methods


2.1. Study Site

The Santee Experimental Forest (SEF) is located at 33.15° N and 79.8° W, within the Francis Marion National Forest, about 55 km northwest of Charleston, in Berkeley County, South Carolina, USA (Figure 1). The SEF was established in 1937 for scientific research on forests and water in a coastal plain setting [60]. The watershed WS79 was created in 1963. The drainage area is 500 ha consisting of three first-order watersheds, WS77, WS80 and the WS79b which is the part between WS77 and WS80 (Figure 1). WS77 and WS80 serve as a paired watershed system, with WS77 as a treatment catchment, WS80 as a control and WS79b as a mixed watershed with control and treatment. WS80 has not been actively managed over five decades. This paired system is being used for studies on watershed hydrology, biogeochemistry and forest managements including prescribed fire and thinning, and effects of global/environmental changes on forest ecosystems in last three decades.

Figure 1. Santee Experimental Forest on southeast Atlantic Coastal Plain, USA.
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This site is characteristic of the subtropical region of the Atlantic Coast with long and hot summers, and short, warm and humid winters. The long-term annual average temperature (1946–2007) is 18.5 °C, and averaged annual precipitation is 1370 mm in the same period. The extremely high temperature (over 40 °C) can occur in summers, such as 40.5 °C occurred on June 26 of 1952 and July 21 of 1977, and the extremely low temperature (lower than −14 °C) occurred on January 21 of 1985 in the last 60 years.

The SEF was an agricultural wetland area (rice paddy) in history [61–63], and converted to a forestland in 19th century. The earlier trees were clearly cut in earlier 20th century [62,63], and regenerated afterwards. However, Hurricane Hugo, which was a Category 4 storm, passed through the Francis Marion National Forest area in September of 1989, over 80% of dominant trees were, broken or uprooted [40,64,65]. After the hurricane, the control watershed WS80 remained unmanaged, without biomass removal or salvage logging [45,55,66]. However, most fallen trees were removed from other watersheds, including WS77 and WS79b. The current vegetation coverage regenerated after the hurricane with mostly bottomland hardwoods in riparian zone, pine in uplands, and mixed pine-hardwoods elsewhere. The dominant trees are loblolly (Pinus taeda L.), sweetgum (Liquidambar styraciflua) and a variety of oak species (Quercus spp.) in both the uplands and bottomlands, which is typical of the Atlantic Coastal Plain [64,66]. However, the vegetation coverage in WS77 contains more pine than WS80 and WS79b. In recent years, some artificial disturbances, including prescribed fire and thinning of the forest were installed on WS77 and the treatment part of WS79b for understanding the impacts of these perturbations on the forest and water. As a result, the biomass in the treatment areas has been lowered to some extent, especially with respect to the understory layer and forest floor on the treatment plots. Details of the chronological sequence of activities on these watersheds until 2005 have been reported [60].

The soils, developed in coastal plain sediments, are hydric [67,68], and drained moderately well in the upland and poorly in the riparian zones [69]. The main soil type is loam, covering about 90% of the watershed. Clay content is ≤ 30% in topsoil (within 30 cm), 40–60% in subsoil (>30 cm) [69]. Soil reaction is acidic; pH is between 4.5 and 6.5. Details of the soil hydraulic properties of the watersheds have been reported [66,69].



2.2. Data Collections and Field Measurements

Daily precipitation and daily minimum and maximum temperature were measured manually at the weather station at the Santee Experimental Forest Headquarters (SHQ) between 1946 and 1995 and using an automatic Campbell Scientific weather station afterwards; air and soil temperature, relative humidity, wind speed, wind direction, vapor pressure, solar and net radiation were measured at 30-minute intervals beginning in 2003. Three onsite weather stations (Met 5 on WS77, Lotti adjacent to WS79b and Met25 on WS80) started to manually record daily precipitation and temperature from 1963, 1971 and 1990, respectively, to 2001, and automatically collect data at hourly intervals since 2003. Although the climate data from these stations were comparable, there were some differences in summer precipitation, especially during storms. However, some of the precipitation and temperature data were found to be missing at different stations and/or in different time periods before 2003 due to equipment failure for some time and natural disasters such as Hurricane Hugo in 1989. The missing temperature data for SHQ were at first established by using the regression equations developed from the measurements of daily maximum and minimum temperature between 1972 and 2001 at SHQ and Lotti (about 3 km away from SHQ); and then the remaining missing temperature for SHQ were established by using the regression equations developed from the measurements between 1950 and 2008 at SHQ and Charleston International Airport (CHS, about 50 km away from the SHQ), and the observations between 1996 and 2008 at the SHQ and Moncks Corner (MC, about 20 km away). The missing precipitation data were filled based on evaluation of precipitation measurements from 15 weather stations around SHQ. We assumed that there was no precipitation at SHQ if precipitation was found only at one side of SHQ, otherwise the precipitation at SHQ was the same as the precipitation at the nearest weather station or the average from the weather stations at both sides of SHQ.

The stream stage heights above V-notch weirs were recorded since 1963, 1966 and 1968, for WS77, WS79 and WS80, respectively. The flow rate was calculated in cubic meters per second (cms) using standard rating curve methods developed for these weirs, and then integrated into daily, monthly and annual values after normalizing from cms to millimeters per day by dividing the watershed area to be comparable to daily precipitation. However, the flow data were missing for several periods due to equipment failures, and remained missing, including in calculation of daily, monthly and annual values.

Runoff coefficients (ROC) for monthly and annual periods were calculated by dividing the stream flow by precipitation. Precipitation was used for WS77 from the on-site gauge Met 5, but the precipitation data used for WS80 before 1990 was from SHQ.

Distributed water table depth on WS77 was observed biweekly by using twenty four manual wells installed across the watershed for the time period from 1964 to 1971 and measured weekly by using forty two manual wells from 1992 to 1994, respectively. Thirty three manual wells were installed across WS80 to weekly measure the water table depth between 1992 and 1994. Two automatic recording wells were separately installed on WS77 and WS80 to measure water table depth at 4-hour intervals after 2002. The water table depth was integrated into monthly and annual values. Some details with respect to the instrument and measurement installations were reported by Amatya and Trettin [60].



2.3. MIKE SHE Model Setup and Parameterization

MIKE SHE [56,70,71] is a distributed hydrological modeling system well designed and validated for the applications in low-relief terrains. The model and its algorithms have been described in many publications [56-58,70,71]. In this study, MIKE SHE was coupled with the flow routing model MIKE 11 [56,58], a one-dimensional river/channel water movement model, to simulate the full hydrological cycle of the watershed, including evapotranspiration, infiltration, unsaturated flow, saturated flow, overland flow and stream flow. The main inputs for the model include spatial data on topography, soils, vegetation, and drainage network; and temporal data on daily precipitation and potential evapotranspiration (PET).

Daily PET was estimated using standard Penman-Monteith (P-M) equation for a grass reference for the time period from 2003–2008 [72,73] and Hargreaves equation for the entire period from 1950–2008 [74] because the observations for relative humidity, wind speed, vapor pressure, solar and net radiation were not available for the period from 1950–2002. The daily PET from Hargreaves equation, which may somewhat overestimate PET, was verified and calibrated to an equivalent P-M value using the regression model developed from the daily PET estimated by P-M and Hargreaves for the period from 2003–2008 as suggested by Amatya et al. [75]. The Hargreaves PET (PETh) for the period from 1950 to 2008 was estimated using following equations [76,77]:
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(1)




where Tmean, Tmax and Tmin are daily average, daily maximum and daily minimum temperature (°C), respectively; and Ra is extraterrestrial radiation for daily period estimated as [78]:


Ra=24(60)/π×Gsc×dr×[ωs×sin(φ)×sin(δ)+cos(φ)×cos(δ)×sin(ωs)]



(2)




where Gsc is solar constant, dr is inverse relative distance Earth-Sun, ωs is sunset hour angle, φ is the latitude of the study site and δ solar decimation.
The leaf area index (LAI) is an input variable for modeling actual evapotranspiration. It was calculated based on leaf biomass measurements using semi-direct method for two years in this study area [79,80]. In addition, LAI was also periodically measured through two years using a LiCOR-2000 plant canopy analyzer. The most LAI for the last 60 years was estimated using the relationship between LAI and biomass/species simulated by Forest-DNDC that was calibrated and validated using biomass observations [81]. The physical soil properties were obtained from soil survey [69]. The key parameters were presented in Table 1.

Table 1. Important parameters for simulating stream flow and water table using MIKE SHE.


	Parameter
	Value





	Plant rooting depth [mm]
	300–700



	Leaf area index (LAI) [m2/m2]
	0.2–6.6 (2.8 on average)



	Potential evapotranspiration (PET) [mm/d]
	0.0–7.5



	Surface detention storage [mm]
	10–240



	Manning M (ground surface/stream bed) [m1/3/s] †
	30/60



	Initial water depth [m]
	0



	Soil water content at saturated conditions [m3/m3]
	0.4–0.496



	Soil water content at field capacity [m3/m3]
	0.3–0.458



	Soil water content at wilting point [m3/m3]
	0.2–0.38



	Infiltration [10−6 m/s]
	1–800



	ET surface depth [m]
	0.2



	Horizontal hydraulic conductivity [10−6 m/s]
	10–100



	Vertical hydraulic conductivity [10−6 m/s]
	1–80



	Drainage depth [m]
	0.05–1.20



	Drainage time constant [/s]
	1 × 10−7



	Coefficient of canopy interception [mm]
	0.22





*Daily PET is based on Penman-Monteith (P-M) [73].†Manning M = (Manning's n)−1; M = 30 is used for ground surface, M = 60 for stream bed




The study catchment (Figure 1) was divided into 2300 (50 m by 50 m) cells. The parameters of vegetation and physical soil properties were spatially distributed based on the spatial and temporal distributions and characteristics of soils and vegetation types within the site. These parameters include horizontal and vertical hydraulic conductivities, specific yield, infiltration capacity, and the soil moisture contents including wilting point, field capacity and saturation. Most of these parameters have been calibrated and validated using 5-year (2003–2007) of stream flow and water table observations from a sub-watershed (WS80) in this paired watershed system for simulating the hydrology using MIKE SHE [45]. However, vegetation parameters, leaf area index (LAI) and plant rooting depth (PRD), for the duration from 1950 to 2002 in this study were different from the previous study, and also different from WS77 and the treatment part of WS79b to WS80 due to differences in vegetation type and artificial perturbations. The tree age on WS79 in 1950 was approximately the same as the current forest that was regenerated after the hurricane, without any specific forest management practices such as fertilization, burning and thinning. Therefore, the assumption was that the vegetation parameters on WS79 in 1950 were the same as those on WS80 in 2007. However, vegetation coverage reduced substantially in September of 1989 because Hurricane Hugo destroyed over 80% of pre-hurricane dominant canopy [64]. These vegetation parameters reestablished as the vegetation regenerated after the hurricane with some differences in dominant canopy among the sub-catchments.



2.4. Model Performance Testing

Our previous study calibrated and validated the MIKE SHE model using 5-year (2003–2007) observations of stream flow and water table from a sub-watershed (WS80) of this study watershed [45]. The model performance was evaluated using stream flow and water table observed in different time periods and different sub-watersheds for this study. In order to have the model yield the same prediction capability on all sub-watersheds in this paired system, the stream flow and water table from both the sub-catchments of control and treatment were used for the model validation. However, the validation using continuous daily observations of flow and water table in the same period for all sub-catchments was limited due to missing data in stream flow and water table. Therefore, two periods were used for testing the model performance in simulating daily stream flow. The first period, from March of 1969 to the end of 1971 (34 months), was before the Hurricane Hugo (September of 1989) and the second period, from 2005–2007 (36 months), was after the hurricane. The climatic conditions in these two periods covered dry, wet and normal hydrological years with annual precipitation ranging from 1041 mm in 2007 to 1694 mm in 1971. The average annual precipitation in these two validation periods was 1396 mm, 26 mm higher than the long-term mean of 1370 mm (1946–2007), with 1515 mm of average annual precipitation in the first validation period (1969–1971) and 1284 mm in the second period (2005–2007), respectively.

The model was also evaluated using daily water table observations from spatially distributed manual wells between 1992 and 1994 and two automatic wells between 2005–2007 on WS77 and WS80. However, the model was only validated using both daily water table and daily stream flow observations on WS77 and WS80 for second validation period (2005–2007) due to data missing.

The model performance was evaluated employing widely used quantitative method, coefficient of determination (R2) and model efficiency (E) [82]. The percent bias (PBIAS) between simulated and observed values and RMSE-observations standard deviation ratio (RSR) which is the ratio of the root mean squared error (RMSE) to SD (standard deviation) was also used to evaluate the model performance [83]. The percent bias is calculated as
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(3)




where Oi and Pi are the observed and simulated values, respectively. The ratio of the root mean squared error (RMSE) to SD (standard deviation) is computed as
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(4)




where the RMSE is calculated as SQRT[Σ(Oi − Pi)2/n].
The model evaluated with the above approaches was then used to simulate stream flow and water table dynamics with 58-year (1950–2007) of climate observations. The simulated daily results were integrated into monthly and yearly values to compare to the observations and assess the long-term impact of climate variability on stream flow and water table dynamics in this area.




3. Results and Discussion


3.1. Model Performance

The results of model testing using daily stream flow data are presented in Figure 2a,b and Table 2. Although these figures showed that MIKE SHE captured the stream flow dynamics under different precipitation conditions, there were some substantial under-predictions and small over-predictions. The model under predicted the flow for WS77 and slightly over predicted for WS80 and WS79 on August 11 of 1969. The under-prediction for WS77 was most likely due to the spatial difference in precipitation [84] because the precipitation for this month was missing at the onsite weather station for WS77 and the replaced precipitation was obtained from an adjacent onsite station, about 1.5 km away. However, the mean measured stream flow (45.3 mm) from the two sub-catchments (WS77 and WS80) of WS79 for August 11 of 1969 was very close to the simulated value (44.6 mm) for WS79.

Figure 2. (a) Observed (WS77-O, WS79-O and WS80-O) and simulated (WS77-P, WS79-P and WS80-P) stream flow between 1969 and 1971 (34 months); (b) Observed and simulated stream flow between 2005 and 2007 (36 months); and (c) Predicted (Flow-P) and observed (Flow-O) monthly stream flows on WS79 and its sub-watershed WS77 and WS80.
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Table 2. Observed and simulated stream flow and model efficiency in the validation periods (1969-1971 and 2005-2007)*.



	
watershed

	
1969-1971

	
2005-2007




	






	
O

	
P

	
R2

	
E

	
RSR

	
PB

	
O

	
P

	
R2

	
E

	
RSR

	
PB






	
WS77

	
daily

	
1.35

	
1.35

	
0.82

	
0.80

	
0.44

	
0.69

	
0.51

	
0.52

	
0.61

	
0.52

	
0.63

	
−1.0




	
monthly

	
41.2

	
41.0

	
0.94

	
0.94

	
0.20

	
0.69

	
15.4

	
15.6

	
0.91

	
0.91

	
0.31

	
−1.0




	
WS80

	
daily

	
1.26

	
1.34

	
0.69

	
0.66

	
0.58

	
−6.5

	
0.46

	
0.52

	
0.75

	
0.75

	
0.50

	
−12




	
monthly

	
38.4

	
40.9

	
0.93

	
0.92

	
0.30

	
−6.5

	
14.0

	
15.7

	
0.96

	
0.94

	
0.24

	
−12




	
WS79

	
daily

	
1.18

	
1.37

	
0.78

	
0.77

	
0.48

	
−16

	
0.53

	
0.63

	
0.68

	
0.64

	
0.44

	
−14




	
monthly

	
36.0

	
41.8

	
0.90

	
0.88

	
0.37

	
−16

	
16.2

	
19.1

	
0.96

	
0.95

	
0.35

	
−14






*O is mean observation; P is mean prediction; R2 is coefficient of determination; E is model efficiency; RSR is the ratio of Root mean squared error (RMSE) to standard deviation (SD); PB is percent bias between observation and simulation (PBIAS).




The model slightly over-predicted the stream flow on July 14 and August 24 of 2005 for all sub-catchments; reversely, the model substantially under predicted the flow for all sub-watersheds on August 26 of 1971. These over and under predictions are mostly resulted from employing replaced precipitation for summer storm events because all the onsite precipitation measurements were missing and replaced precipitation was obtained from SHQ for this simulation. The observed stream flow from the three gauging stations for August 26, 1971 varied substantially, indicting differences in spatial distribution of precipitation not only between SHQ and the study site (about 3 km away), but also among the sub-watersheds of WS79, during this summer storm event (Figure 2a). These results suggest that there is a large uncertainty to simulate the stream flow in summers for these first-order watersheds using a precipitation data from other sites.

The E was 0.52–0.75 for daily flow and 0.81–0.95 for monthly flow in the two time periods (1969–1971 and 2005–2007). The R2 was 0.61–0.75 for daily flow and 0.84–0.96 for monthly flow, respectively, on WS77, WS80 and WS79 in the same periods (Table 2); and the R2 and E were 0.78 and 0.77, respectively, for monthly flow between 1965 and 2007. These qualitative (Figure 2a–c) and quantitative (E and R2) results showed that the simulation was in agreement with the measurements. Moriasi et al. [83] suggested that the RSR and PBIAS should also be used to judge model performance. From this simulation, RSR was 0.44–0.66 for daily flow and 0.05–0.35 for monthly flow, respectively; and PBIAS was between −15 and 3.6% for daily and monthly flow. Based on the suggestions of Moriasi et al. [83] that E > 0.75 for monthly flow represents a “very good” model performance and the values of RSR (≤0.7) and PBIAS (±25%) should be within the ranges of the reasonable model performance ratings, MIKE SHE was applicable for predicting stream flow on WS79.

The observed and simulated daily average water table depth for WS77 and WS80 between 1992 and 1994 (Figure 3a) showed that MIKE SHE was able to capture the water table dynamics in this study site. However, it slightly under predicted the water table depth for WS80 in 1992 and the spring of 1993, and over predicted for both WS77 and WS80 during the period from the fall of 1993 to spring of 1994. The over-prediction of water table depth for both the sub-catchments seems to be a systematic error. However, the simulated stream flow for WS77 between 1993 and 1994 was in good agreement with the observation, with R2 of 0.83, E of 0.81 and the regression slope of 1.05 between simulation and observation. Because of the lack of the observed stream flow data and other hydrological components for WS79 and WS80, it is very difficult to estimate the source of the systematic error. Similarly, we couldn't evaluate whether the under-prediction of water table for WS80 was related to over-prediction of other hydrological components. The water table depth observed and simulated for two automatic wells on WS77 and WS80 was presented in Figure 3b. The plot showed that the simulated water table for both wells was in good agreement with the observations.

Figure 3. (a) Observed (WS77-O and WS80-O) and simulated (WS77-P and WS80-P) water table depth for WS77 and WS80 between 1992 and 1994; and (b) Observed and simulated water table recorded by automatic wells on WS77 and WS80 (The wells on WS77 and WS80 were about 80 and 94 cm deep; when the water table depth was lower than the sensors, it should be incorrect or not be read.)
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The E was 0.85 and 0.80 for daily water table depth on WS77 and WS80, respectively, during the period from 1992 to 1994, and 0.53 and 0.79 for the period from 2005 to 2007; the R2 was 0.87 and 0.81, and 0.69 and 0.82; the RSR was 0.42 and 0.62; the PBIAS was 3.9 and −0.08 for the same periods; and the difference in mean water table depth between the observation and simulation for the two validation periods was less than 10 cm (between −8.6 and 1.6 cm for WS77 and −3.5 and 3.9 cm for WS80). These qualitative (Figure 3a,b) and quantitative assessments show that MIKE SHE is applicable to model water table dynamics for this study site.



3.2. Climate Variability


3.2.1. Temperature

The anomaly of annual mean temperature for the 63-year period from 1946 to 2008 (Figure 4a) showed that the air temperature on SEF significantly (P < 0.01) increased at an average rate of 0.19 °C per decade. We divided the temperature variability into three sub-periods, 1946–1968, 1969–1980 and 1981–2008, based on the 5-year running averages. The warmest year in the 23-year period (1946–1968) was 1964 with a mean daily temperature (MDT) of 18.9 °C, and the coolest year was 1958 with MDT being 17 °C. The mean annual temperature was 18.0 °C in the 23-year period. Although there was a substantial temperature fluctuation in this period, the temperature did not increase but slightly decreased. However, temperature has substantially increased since 1969 in this area. The warmest year was 1975 in the second period (1969–1980), with MDT being 19.5 °C, about 0.6 °C higher than the MDT of the warmest year in the first period (1946–1968). The lowest MDT was recorded in 1979 (17.8 °C) in the second period, but it was about 0.8 °C higher than the MDT of the coolest year in the first period. The mean annual temperature in this 12-year period from 1969 to 1980 was 18.6 °C, about 0.6 C higher than first period. It was shown that temperature increased at a very high average rate in the 12-year period due to consecutive six warm years occurred from 1970 to 1975.

Figure 4. (a) Changes in temperature on Santee Experimental Forest in the 63-year period from 1946–2008; and (b) Changes in annual averages of daily maximum and minimum temperatures, and yearly maximum and minimum temperature. (ΔT(46–08) is the change in temperature from 1946–2008; ΔT(76-08) is the change in temperature from 1976–2008; x is the number of years starting from 1946 and 1976, respectively; the thin line is the five-year running average). (mean-maxT and mean-minT are the annual averages of daily maximum temperature and daily minimum temperature, respectively; Yr-maxT and Yr-minT are the highest and lowest temperatures in a year).
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The year 1998 was considered to be the first warmest year experienced by human being in the period of instrumental measurements from the late 1800s to the end of last century because of the strongest El Niño in the last century, but 1990 was the first warmest year on SEF in the period from 1946–2008. The MDT in both 1990 and 1998 was 20 °C, about 1.2 and 0.5 °C higher than the MDT of the warmest years in the first and second periods, and 2 and 1.4 °C higher than the mean annual temperature in these two periods, respectively. The coolest year in the third period (1981–2008) was 1988 with MDT of 17.5 °C, 0.5 °C higher than the MDT of coolest year in the first period, but 0.3 °C lower than that in the second period. The average annual temperature in this period was 18.9 °C, about 0.9 and 0.3 °C higher than that in first and second periods, respectively. It was shown that, although two extremely high temperature years (1990 and 1998) occurred in this period, the magnitude of increase of the mean annual temperature in the 28-year period (1981–2008) was lower than that in the second period (12-year, 1969–1980), which was likely impacted by multi-decade climate fluctuation. However, the mean temperature was still increasing.

There was a significant linear increase in the annual mean daily minimum temperature at a rate of 0.26 °C per decade (P < 0.01) on SEF since 1946 (Figure 4b). This rate was higher than the rising rate of annual average of mean daily temperature (0.19 °C per decade) in the same period. Although the increase in the mean daily maximum temperature was significant (P < 0.01) in the same period, the increase magnitude (about 0.13 °C per decade) was less than the increase in mean daily minimum temperature. These results suggest that the local warming mostly influenced daily minimum temperature larger than the daily maximums. There was an upward trend in yearly minimum temperature (i.e., the lowest temperature recorded in a year) and downward trend in yearly maximum (the highest temperature observed in a year) since 1946 (P ≤ 0.05) (Figure 4b), and the fluctuation in yearly minimum temperature was large. The changes in yearly minimum and maximum indicate that the warming adds less extra degrees to extremely high and low temperature on SEF in the 63-year period.

The temperature on SEF significantly increased linearly in summers (June–August) (P < 0.01), falls (September–November) (P < 0.01) and springs (March–May) (P < 0.05), at a rate of about 0.18, 0.24 and 0.14 °C per decade, respectively. Linear temperature increase in winters (December–February) was not significant (0.1 > P > 0.05) due to large fluctuations of the yearly minimum temperature, especially due to the two consecutive warm winters in 1948 and 1949, about 2.8 °C higher than the 63-year average, and two consecutive cold winters in 1976 and 1977, about 3.0 °C lower than the long-term average. However, the average winter temperature (10.4 °C) in the period from 1970–2008 was 0.8 °C higher than the average (9.6 °C) in the period from 1946–1969, increased at a rate of about 0.2 °C per decade in the 39-year period. These results show that the warming yields not only hot summers for us, but also warmer other seasons. Although there was not a significant linear upward trend (p < 0.1) in the number of days with high temperature (>37 °C) in a year, the annual average of 2.1 days with higher than 37 °C temperature in the period from 1970–2008 were over twice as many as the average (0.83 days) in the period from 1946–1969. This result shows that the warming yields more hot days in which the mean daily air temperature is higher than human body temperature in this coastal area.



3.2.2. Precipitation

The year-to-year variability of precipitation on SEF was large in the last 63 years. It ranged from 835 mm in 1954 to 2026 mm in 1994. The average annual precipitation in the 63-year period was 1370 mm. There were three very dry years, 1951, 1954 and 1956, with the annual precipitation of about 66, 61, and 68% of the average annual value, respectively, in the 63-year period, and all three years recorded rainfall below 1000 mm. The extremely wet year was 1994 with 2026 mm precipitation, which was about 656 mm (48%) higher than the long-term average. The variations in annual precipitation exhibited an upward trend since 1946 (Figure 5a). However, the increase was insignificant (P > 0.1). This upward trend probably resulted from a lower precipitation period with three consecutively dry years in the 1950's, or from multi-decade precipitation fluctuation. The insignificant relationship between the temperature rise (Figure 4a) and annual precipitation increase (Figure 5a) (P ≫ 0.1) shows that local warming does not bring more rain, similar to the finding that global warming does not bring more rain to subtropical areas as reported by Zhang et al. [11].

Figure 5. (a) Change in annual precipitation on Santee Experimental Forest in the last 63 years; and (b) Increase in potential storm events in the six decades. (x is the number of years starting from 1946, dash line is 5-year running average).
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The monthly mean precipitation was 114 mm in the last six decades. The maximum monthly precipitation was 437 mm in July of 1964, and the minimum was 0 mm in October of 2000. Precipitation in summers (June–August) was much higher than other seasons, yielding about 39% of annual precipitation in the last 63 years, but there were no substantial differences among the other seasons (20–21%). This is consistent with a recent study by Amatya and Skaggs [54] for a coastal forest site in North Carolina who found the 21-year mean summer rainfall as 37% of the mean annual total. The changes in seasonal precipitation were extremely small in the last six decades with only a slight upward trend in falls and winters, but there was a downward trend in springs and summers. Therefore, the warming is likely to potentially bring more spring and summer droughts to this area, which are detrimental to forests [85], especially for those summer droughts due to high evapotranspiration demands in summers.

Although there was not a significant upward trend in potential storm events (>25 mm and >50 mm precipitation events) in the last 63 years (P > 0.05) (Figure 5b), the annual average events with >25 mm precipitation and with >50 mm between 1970 and 2008 were about 13 and 21% higher than those in the period from 1946–1969, respectively. The annual average large storm events (>50 mm) were 4.4 times per year in the period from 1946–1981 and 5.7 times per year from 1982–2008, respectively. This demonstrates that climate change can bring more large size storm events to this area, besides higher temperature.




3.3. Climate Variability Impact on Stream Flow and Water Table


3.3.1. Impact on Stream Flow

In order to determine whether the Hurricane Hugo influences the runoff coefficient (ROC) (percentage of stream flow to precipitation in a unit time), and whether some differences in tree species can significantly alter the ROC, the observed ROC on WS77 before and after the hurricane was compared to the ROC in the same periods on WS80, respectively. The observed average monthly stream flow to monthly precipitation (MROC, %) on WS77 and WS80 was about 19.3% (201 months) and 19.6% (146 months), respectively, before the hurricane (1964–1981), and 21.6% (156 months) and 20.6% (92 months) after the hurricane (1990–2007). It seems that there are slight differences in the MROC between the two sub-watersheds after the hurricane, and there may be a small difference between pre-hurricane and post-hurricane for both sub-watersheds. However, the difference in the MROC between the two sub-watersheds might have also resulted from a bias in flow data availability in the observation periods as flow monitoring on WS80 did not start until late 1968. Compared to the observations from the same periods (146 months between 1968 and 1981 for pre-hurricane, and 92 months between 1990 and 2007 for post-hurricane) for both sub-watersheds, the MROC was 19.7 and 19.6% on WS77 and WS80, for pre-hurricane, and 19.5 and 20.6% for post-hurricane, respectively. The results from the same observation periods showed that there was not a substantial difference in the MROC between WS77 and WS80 before the hurricane, but there was a small difference after the hurricane, or the MROC on WS77 was smaller than WS80. This is in agreement with the smaller rate of stream flow on WS77 compared to WS80 after the hurricane than the rate before the hurricane as reported by Amatya et al. [49]. This result indicated that the difference in the MROC between these two sub-watersheds after the hurricane might be potentially resulted from the differences in vegetation, more pine trees on WS77 than WS80, with different water use efficiency [54]. These authors outlined methods to test possible hypotheses including the effect of post-hurricane recovery on vegetation and ET for the reversal observed in flows between these two subwatersheds before the hurricane (1968–81) and ten years after the hurricane (1993–2003).

However, the difference in the MROC between the pre- and post-hurricane on WS80 (19.6 vs. 20.6) might reflect the impact of Hurricane Hugo on stream flow on WS79 (see more discussion on the impact of the hurricane below). This result is similar to those, with the ratio of annual ROC between 1990 and 1993 (after the hurricane) being higher than the ROC between 1977 and 1981 (before the hurricane) on WS80, as reported by Wilson et al. [40].

Both the observed and simulated results showed a significantly non-linear (quadratic polynomial) relationship between the monthly flow and monthly precipitation (p ≪ 0.01; Figure 6a). The average annual stream flow was 22.8% of the mean annual precipitation from observation in the period from 1965–2007 and 23.4% from the simulation in the same period; the observed annual stream flow proportionally varied at a rate of 2.5% with one percentage of precipitation change (Figure 6b), approximate to the simulated value (2.4%) using eight climate change scenarios [52]. This value indicates that precipitation obviously influences the stream flow on this second-order watershed, and it is comparable to the stream flow response to changes in precipitation in the Trend River basin in North Carolina where a 23% increase in stream flow corresponded to a 10% increase in precipitation [86]. These results are, however, very different from the small drained forest land in eastern NC where the 10% increase in annual rainfall increased the stream flow by as much as 78%, on average [54].

Figure 6. (a) Observed (O-flow, yo) and simulated (P-flow, yp) effect of monthly precipitation on monthly stream flow between 1965 and 2007; (b) Impact of precipitation on stream flow on WS77 and WS80 (The blank diamonds represent the relationship between precipitation and stream flow between 1990 and 2003, after Hurricane Hugo in 1989); and (c) Impacts of temperature and precipitation on water table depth on WS79.
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Figure 6b exhibited the impact of Hurricane Hugo, categorized as IV storm, on the stream flow of WS77 and WS80 on the SEF. The blank and black diamonds in the figure represent the overall observed relationship between annual stream flow and precipitation during the period from 1965–2007, but the blank ones represent the relationship for only the 14 years (1990–2003) after the hurricane in 1989 (only 10 observations available due to missing data), showing that the observed annual stream flow in the period from 1990–2003 is above the mean trend line. However, the average annual precipitation in those years was about 43 mm lower than the average in the observation period (1965–2007), and 70 mm lower than the long-term average (1370 mm). For example, precipitation was 1095 mm in 1990, 275 mm less than the long-term average, but the observed and simulated annual stream flow was 33.7 and 33.3% of annual precipitation, respectively, for this year, about 10 percentages higher than the average from 1965–2007 (22.8% from observation and 23.7% from simulation for same time periods). Although both observation and simulation showed the impact of the hurricane on the stream runoff coefficients (ROC), the simulated impact period was slightly shorter than the observed; the observed impact on stream flow could be between 1990 and 2003 (with data missing between 1999–2002), but the simulated impact was in the period from 1990–2001. However, this impact period was longer than the duration (1990–1993) reported by Amatya et al. [49], and Wilson et al. [40]. The high ROCs observed in those years after the hurricane was attributed to the hurricane damage of over 80% of the forest canopies at this site [64], resulting in a decrease in evapotranspiration (ET). However, the flow recovered as the vegetation regenerated (about 10 years) after the hurricane [54]. Some of our results here are also consistent with a study conducted by Shelby et al. [39] for effects of extreme weather conditions on stream flow in North Carolina watersheds.

The simulated stream flow dynamics in last 58 years (1950–2007) showed that the stream flow of WS79 followed the precipitation pattern in this site with an R2 of 0.86 (p < 0.01, n = 58), thus, high annual precipitation yields large yearly flow on the watershed, which is in agreement with the observation in this catchment. This pattern is similar to the results from forested watersheds in Florida and North Carolina as reported by Lu et al. [51] and Amatya et al. [54]. The simulated average annual stream flow (1950–2007) on WS77 (319 mm/yr) is overall approximate to the flow on WS80 (320 mm/yr). However, the average annual stream flow on WS79 (361 mm/yr) is higher than those on its two sub-watersheds, WS77 and WS80. This can be attributed mostly to the difference in base flows due to a higher base flow from the second-order watershed than its sub-watersheds [13] and some possibly to the increased open areas like service roads in the larger watershed. Similar to observations, the simulated results showed that the annual ROC on WS77 for the period from 1965–1989 (before the hurricane) was overall approximate to WS80 based on the regression model between the simulated results for WS77 and WS80 with a slope of 1.000, intercept of zero and R2 of 0.95 (n = 25), but the ROC on WS77 after the hurricane (1990–2007) was slightly smaller than WS80 with a slope of 0.98 and R2 of 0.99 (n = 18), which reflects the model captured the impact of the differences in vegetation on hydrology on these two sub-watersheds after the hurricane.

The observed monthly runoff coefficient in the period from 1965–2007 showed a downward trend with an increase in temperature that occurred in March, May–September, November and December, but not in January, February, April and October. However, both the observation and simulation results did not find a significant correlation between the changes in temperature and stream flow on this watershed in the period from 1965–2007 although the stream flow can reduce at a rate of about 5% with an increase in temperature of 1 °C [52,86]. This might be due to the fact that the temperature rise is small (about 0.19 °C per decade) and the precipitation change is large (from 800–2000 mm) in this area. The seasonal results showed an insignificant downward trend in stream flow with an increase in temperature in springs and falls (P ≥ 0.05) that was larger than in summers (P > 0.2), and an insignificant upward trend (P ≫ 0.1) was observed in winters in this area. However, the simulated downward trend of the MROC in summers changed slightly after 1969 (P altered from >0.2 to ≥ 0.05), which was likely due to an insignificant temperature rise before 1969 and a substantial increase in temperature since 1970. These results indicate that temperature change can influence the stream flow in this second watershed, but its impact on stream flow is smaller than that of the precipitation due to highly variable precipitation in this area.



3.3.2. Impact on Water Table

The results from the observations and simulations showed that precipitation influenced the water table depth (WT) at this site (Figure 3a,b). The simulated annual mean WT was a function of logarithmic yearly precipitation (i.e., [WT, cm] = a × ln[precipitation, mm] + b, where a and b are coefficients) (P < 0.02), the higher the annual precipitation, the higher the mean WT this watershed has. Water table level is, therefore, near the surface during wet periods (Figure 3a,b), over 2.0 m below the surface during dry periods. These results are similar to those obtained by Amatya et al. [44] for the adjacent Turkey Creek watershed as well as for the drained pine forest in eastern NC Amatya et al. [54] where the authors found a linear relationship with their 17-year (1988–2004) data. Harder et al. [66] found a significant relationship between WT and stream flow on WS80 (P < 0.02). Their result implied that the WT on this watershed was substantially affected by precipitation due to a strong significant relationship between precipitation and stream flow on the same watershed (P ≪ 0.01). Amatya et al. [54] also reported a significant linear relationship between the annual stream flow and logarithmic of water table depth.

The temporal fluctuation of water table level was large on the first-order watersheds on SEF (Figure 3a,b, Figure 6c). The water table level was high in most of winter-spring (December–April) periods. However, precipitation in winters and springs (about 20% of annual precipitation on average) is lower than that in summers (≈39%). The high water table level in winters and/or springs mainly resulted from a low demand in evapotranspiration (ET). High water table level in other seasons is related to high precipitation. The WT in dry periods, especially in dry summers, was over 2 m below the ground surface on these first-order watersheds, and the difference in WT between upland and riparian zone in dry periods was over 1 m. Nevertheless, a large area of the watershed WS79 is saturated during rain and wet periods [52]. Although average precipitation in summers was about 1.8 times as much as that in springs and winters, the average water table in summers was generally lower than springs and winters, showing that ET is one of the key factors influencing the water table on these first and second order watersheds.

Figure 6c shows that the temporal changes in WT on WS79 were complex due to the synergy of temperature, for that matter PET, and precipitation. For example, the highest WT level occurred in 1998, but this year was one of the warmest years (20 °C of mean daily temperature) since 1946. However, high WT in 1998 was most likely related to an abnormal annual precipitation pattern because over 78% of annual precipitation occurred in the winter (December, January and February) and the spring (March–May) when the ET demand was low. This result shows that the WT on WS79 can be substantially influenced by the changes in seasonal precipitation.

The water table level in 1958 with 1460 mm precipitation was the second highest in the 58-year (1950–2007) period, but the water level in 1959 with 1780 mm precipitation was about 29 cm lower than that in 1958. This is a perfect example of a completely reversed pattern of the expected normal relationship between WT and precipitation in this area, i.e., the water table level rises with an increase in precipitation. This phenomenon likely resulted from two factors, seasonal storms and temperature. 1958 was the coolest year in the 58-year period from 1946–2008 (Figure 4a), with only 17 °C as average daily temperature. The average daily temperature in 1959 was 1.5 °C higher than 1958, most likely resulting in a higher evapotranspiration demand with a subsequent lowering of water table than in 1958. The other potential factor might be the magnitude of storms in the summers because there were no differences in precipitation in the winter, spring and fall between these two years. There were six storm events with over 70 mm precipitation and two events with over 100 mm in 1959; but there were only two storm events with over 55 mm precipitation in 1958. Higher precipitation in 1959 mainly contributed by the larger summer storms than in 1958 might not have resulted in a substantial higher water table for these headwater areas in that year. It was concluded, therefore, that storms with high precipitation in the summer contribute to only a small rise in the water table on these first-order watersheds although the water table generally rises with an increase in precipitation in this area.

The comparison of the WT in 1988 and 1990 indicates that temperature substantially influences the WT dynamics on these first-order watersheds. The WT in 1988 was substantially higher than that in 1990. However, there was neither substantial difference in annual and seasonal precipitation between these two years, nor was there a difference in magnitude of storms. The main difference between these two years was temperature and biomass, with temperature in 1988 being 2.5 °C lower than 1990 and biomass in 1990 being lower than in 1988, due to the destruction of the forest canopy by Hurricane Hugo in 1989 [64]. Generally, the water table and the annual ROC in 1990 should be higher than those in 1988 due to low demand in transpiration if precipitation condition was similar between these two years, but the result was reversed for water table, and in agreement for the stream flow. This result showed that the WT on SEF was influenced by the synergy of temperature and the vegetation biomass impacted by the hurricane. Similarly, the difference in WT between 1969 and 1970 also indicated the impact of temperature on WT. There were not substantial differences in biomass and precipitation between the two years. However, temperature in 1969 was 1 °C lower than 1970. The WT from observation and simulation in 1969 was substantially (over 20 cm) higher than that in 1970. These results indicate that temperature, for that matter ET, is one of important factors which influence the WT on these first-order watersheds, and that local warming without bringing more rain can reduce the water table level on this study catchment.





4. Conclusions

The observations and simulations show that there may be substantial hydrologic alterations induced by climate change in forested watersheds on the lower coastal plain. The long-term climate observations indicate that there hasn't been a substantial increase in annual precipitation in this area, but that air temperature has increased. Due to the large variability in precipitation, we could not detect change in stream flow over the period. The coastal plain watersheds are subject to tropical storms that can alter the hydrology by affecting forest composition and structure.

Continued increase in regional temperature will likely cause a decrease in stream flow and water table level on these first- and second-order watersheds, because an increase in temperature can lead to an increase in evapotranspiration. Based on the projections of the hydrologic changes of this forested watershed, using the synthesis of the observations and simulations, the extent of areas with wetland hydrology, dependent on shallow water table in this study catchment, will either shrink or disappear in the future; this is because the climate change may substantially raise the air temperature but may not bring an adequate precipitation increase to this watershed containing both wetlands and uplands to compensate for the increase in ET demands caused by temperature increase. The results from both the observation and simulation for the impacts of Hurricane Hugo in 1989 indicate that the forest hydrology of this catchment is obviously impacted by the change in vegetation coverage.
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