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Abstract. The surface renewal (SR) method was used to de-l Introduction

termine the long-term (12 months) total evaporation (ET)

from the Mfabeni Mire with calibration using eddy covari- The Maputaland coastal plain (MCP) is an ecologically im-
ance during two window periods of approximately one weekportant area on the east coast of South Africa prone to pro-
each. The SR method was found to be inexpensive, reliabléonged droughts and floods (Mucina and Rutherford, 2006;

and with low power requirements for unattended operation_ Taylor etal., 2006b) Itis essential in such areas to accurately
Despite maximum ET rates of up to 6.0mmday determine the water balance for the effective management of

the average summer (October to March) ET was |0werthe water resource. The MCP has extensive wetland areas,
(3.2mm dayl) due to early morning cloud cover that per- from which total evaporation (ET) is likely to be the domi-
sisted until nearly midday at times. This reduced the dailynant loss from the system (Drexler et al., 2004). Where ET
available energy, and the ET was lower than expected de€stimates have been required for studies in the past, the best
spite the available water and high average wind speeds. Iiffformation has been obtained from the Water Resources of
winter (May to September), there was less cloud cover butSouth Africa 1990 study by Midgley et al. (1994) and the
the average ET was 0n|y 1.8mm d‘é-ydue to p|ant senes- pUblIShEd maps of the region by Schulze et al. (1997) How-
cence. In general ET was suppressed by the inflow of hu€Vver, this information was based on regional estimates of PoO-
mid air (low vapour pressure deficit) and the comparativelytential evaporation and is inadequate for detailed, long-term
low leaf area index of the wetland vegetation. The accumu-studies addressing water-balance, land management, envi-
lated ET over 12 months was 900 mm. Daily ET estimatesfonmental reserve and climate change studies.
were compared to the Priestley-Taylor model results and a Internationally, Souch et al. (1996) concluded that our
calibratione = 1.0 (R2 = 0.96) was obtained for the site. A understanding of ET and the related physical processes is
monthly crop factor K¢) was determined for the standard- not well characterized for many wetland types. Drexler et
ised FAO-56 Penman-Monteith. Howeveéf; was variable al. (2004) state that, deSpite the numerous methods available
in some months and should be used with caution for dailyto quantify wetland ET, it remains insufficiently character-
ET modelling. ized due to the diversity and complexity of wetland types
These results represent not only some of the first long-2nd no single model or measurement technique can be uni-
term measurements of ET from a wetland in southern Africa,versally applied. Goulden et al. (2007) note the high varia-
but also one of the few studies of actual ET in a Subtropi_tion in ET between wetlands and that different measurement
cal peatland in the Southern Hemisphere. The study providetechniques are likely to produce widely divergent measures
wetland ecologists and hydrologists with guidelines for theOf ET. This leaves wetland ecologists and hydrologists with
use of two internationally applied models for the estimation SOme uncertainty regarding the most appropriate methods for
of wetland ET within a coastal, subtropical environment andmeasuring and modelling wetland ET.
shows that wetlands are not necessarily high water users.
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Despite the lack of a definitive conclusion above, the eddy There was therefore a need to apply the most appropri-
covariance technique has probably been recognised as ttate and up-to-date methods to determine the long-term ET
most accepted method for measuring wetland ET (Souch efor key strategic wetlands and to use these results to verify
al., 1996; Acreman et al., 2003; Goulden et al., 2007). Recengxisting meteorologically based models. This will not only
advances have further improved the reliability of eddy co-reduce uncertainty, but will also provide some guidance in
variance systems, yet there are still restrictions to their longterms of wetland ET rates and, thus, lead to a better under-
term deployment. The MCP study site, for example, is re-standing of the processes that define the partitioning of the
mote, surrounded by African wildlife, and with a high risk surface energy balance in wetlands. In this study SR was
of theft from surrounding rural communities. An expensive therefore applied over a period of one year (September 2009—
eddy covariance system, requiring frequent maintenance duAugust 2010) to determine the ET from the Mfabeni Mire
to high power requirements, is therefore not practical in thein the iSimangaliso Wetland Park. These results were com-
long term. Damage by wildlife or runaway fires and theft of pared to ET estimates from two well-known meteorological
batteries (or solar panels) have financial implications but arenodels, namely, the Priestley-Taylor and FAO-56 Penman-
particularly costly in terms of lost data, preventing an assessMonteith models to provide wetland ecologists and hydrolo-
ment of inter-seasonal variability. To obtain long-term esti- gists with an indication of their suitability to ET estimation
mates of ET in South Africa, the curremiodus operandias  in subtropical coastal wetlands of the MCP. This work repre-
adopted short-term (one week) deployment of eddy covari-sents one of the few ET studies in a subtropical peatland of
ance, in two or three different seasons over a year, to gaithe Southern Hemisphere. It therefore provides critical new
representative measurements of a site such as in Everson iisights into the process of ET, which may differ from the
al. (2009) and Jarmain et al. (2009). The difficulty becomescommonly studied Northern Hemisphere boreal and Arctic
infilling these window periods, and the question of how rep- tundra peatlands.
resentative a window period is of a season’s ET. Drexler et
al. (2004) however, found the more recently developed sur-
face renewal (SR) to hold promise as a suitable technique fop ~ Study sites
the measurement of wetland ET. In addition, the SR tech-
nigue is much cheaper than an eddy covariance system, hahe study area is located in the Eastern Shores section of
a low power requirement, is easily maintained and can typ-the iSimangaliso Wetland Park, which was declared South
ically include multiple measurements from one system if Africa’s first UNESCO World Heritage Site in 1999. The
there is a likelihood of damage (Mengistu and Savage, 2010)study area lies adjacent to Lake St. Lucia and within the
It therefore holds potential at sites such as the MCP, for long-St. Lucia Ramsar Site designated in 1986. The iSimangal-
term deployment to complement the short-term, window pe-iso Wetland Park is a premier tourist destination contributing
riod measurements, using eddy covariance. to the economy of the surrounding communities and the town

Meteorological models that calculate estimates of ET suchof St. Lucia (Fig. 1).
as the Penman-Monteith model have gained popularity due The health and future conservation of Lake St. Lucia are
to their relatively low data requirements and have beenstrongly dependent on the water level and salinity of the wa-
incorporated into numerous hydrological and crop-growthter within the lake, which is controlled in part by freshwater
models such as CANEGRO (Inman-Bamber, 1991), ACRUinflows (Whitfield and Taylor, 2009). The groundwater con-
(Schulze, 1995), SWB (Annandale et al., 2003) and SAP-tribution to the water balance of Lake St. Lucia is negligible
WAT (van Heerden et al., 2009) amongst others. These forexcept in extreme prolonged drought periods when the main
mulations are most suitable for uniform agricultural crops rivers to the west (Mkuze, Mzinene, Hluhluwe and Nyalazi)
and have not been tested for many natural vegetation typesan cease to flow and groundwater and direct rainfall are the
and in particular wetlands with heterogeneous vegetationpnly source of freshwater for the lake (Taylor et al., 2006a).
including sedges and reeds often growing in saturated oFreshwater seepage from the groundwater mound of the Em-
flooded conditions. For instance, the way some ET modeldomveni ridge in the Eastern Shores area into the Nkazana
have been applied (e.g. Penman-Monteith) has resulted iand Tewate Rivers and other seepage zones along the shore-
some doubt in the use of published vegetation-specific patine therefore becomes the most important contribution to
rameters such as the crop factor (Drexler et al., 2004). Muchhe lake (Bjgrkenes et al., 2006; Rawlin and Kelbe, 1991).
of this doubt has been removed since the standardization ofhis groundwater seepage from the Eastern Shores area has
the Penman-Monteith formulation by the Food and Agricul- significant ecological importance as it provides refuge sites
ture Organization (Allen et al., 1998). Despite the value inwhere localised freshwater inflows enable many species to
meteorological models in estimating ET, it has long been acsurvive during periods of high salinity, reducing the risk of
cepted that they require vegetation- or location-specific pa-extinction and loss of biodiversity (Vrdoljak and Hart, 2007).
rameters that change seasonally (Monteith, 1981; Ingram, The Eastern Shores is bordered by the Indian Ocean to the
1983; Mao et al., 2002). east and Lake St. Lucia to the west (Fig. 1). High coastal

dunes form a barrier to the east, and to the west the slightly
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climatic conditions but represented a significantly different
landscape position. The dunes have an elevation of approxi-
mately 30 m above mean sea level. The grass roots were con-
fined to the upper 1 m of the sandy soil profile and were not
in contact with the water table. During the summer grow-
ing season, the grassland vegetation was therefore dependent
on soil water stores and rainfall. The vegetation was mixed
but the dominant plants were the grassexhypogon spica-
tus, Imperata cylindrica the herbHelichrysum kraussijithe
sedgeCyperus obtusifloryghe succulen€rassula albaand
the shrubParinari capensis The average vegetation height
A was typically 0.4 m and the LAI between 0.85 in winter
- and~ 1.2 in summer.
I D) gressiond The iSimangaliso Wetland Park is situated in the Indian
- Ocean coastal belt biome (Mucina and Rutherford, 2006).
It has a subtropical climate and lies in a summer rainfall

Fig. 1. The location of the Mfabeni Mire and Embomveni Dune ar€a. There is a steep rainfall gradient from east to west,

sites on the Maputaland coastal plain. The Mfabeni Mire is repre-and, at the coastline, the mean annual precipitation exceeds

sented by the sedge reed fen vegetation unit. 1200 mmyr? but only 900 mmyr?! at Fanies Island, just
10km to the west. Taylor et al. (2006b) indicated that the
temporal variability of the rainfall gives rise to severe wet

lower, undulating Embomveni Dunes flank Lake St. Lucia. and dry periods in Maputaland, and during this study there

Between these dunes lies an interdunal drainage line thawas a well-reported drought in the region.

forms the Mfabeni Mire. The Mire is drained by the Nkazana

Stream, which feeds Lake St. Lucia and is a critical freshwa- .

ter source during severe drought periods (Vrdoljak and Hart3 Materials and methods

2007). Peat has accumulated in the Mfabeni Mire over the_l_

past 45000yr, forming one of the largest peatlands in Soutr{ion studies to describe energy partitioning at the Earth’s sur-

Africa and one of the oldest active peatlands in the world B S .
. S . face (Eqg. 1). The “shortened” version ignores the energy as-
(Grundling et al., 1998). The Mire is 8km long in a north- . . : o
L2 o ) sociated with photosynthesis, respiration and energy stored
south direction and 3 km at its widest point. It has an overall; . . .
- in plant canopies, which are small when compared with the
extent of 1047 ha providing more than adequate fetch for the . :
. ; . other terms (Thom, 1975). The net irradiané® ) equates
micrometeorological techniques used.

. . . . o the sum of the sensible heat flu ), the ground heat flux
Detailed vegetation studies were completed in and arouncﬁc) and the latent energy flux (LE):
the Mfabeni Mire by Lubke et al. (1992), Sokolic (2006) '
and Vaeret and Sokolic (2008). The dominant species ing — | E+ g 4+ G, (1)
the immediate vicinity of the Mfabeni Mire study site
(28°9.007 S, 3231.492E) were the sedgeRhynchospora where all components except LE are measured, and the en-
holoschoenoideand Fimbristylis bivalvis and the grasses ergy balance equation may be used to determine LE as the
Panicum glandulopaniculatuandischaemum fasciculatum residual term in Eq. (1), which is then converted into ET
The vegetation in the vicinity of the site had an average(Savage et al., 2004).
height of 0.8 m. The canopy cover was full, homogenous and Net irradiance and ground heat flux were measured at both
with no areas of fully exposed peat or water. The leaf areahe Mfabeni Mire and Embomveni Dune sites from Octo-
index (LAI) was between- 1.7 in winter and~ 2.8 in sum-  ber 2009 to September 2010. A net radiometer (NRLite, Kipp
mer. The plant roots had permanent access to the water tabbnd Zonen, Delft, The Netherlands) was used to meaRgire
at this site. at 2.0 m above the canopy aidtl was measured using two
The Mfabeni Mire is a subtropical freshwater fen sur- soil heat flux plates (HFT-3, REBS, Seattle, WA, USA). The
rounded by Maputaland coastal belt vegetation, which is gplates were placed at a depth of 80 mm below the soil sur-
mixed, seasonal grassland community (Mucina and Rutherface. A system of parallel thermocouples at depths of 20 and
ford, 2006). Therefore, for purposes of comparison, ET was60 mm was used for measuring the soil heat stored above
also measured over a terrestrial grassland on the western Enthe soil heat flux plates, and volumetric soil water content
bomveni Dunes (28.1.549 S, 3228.807E), over the same (CS615, Campbell Scientific Inc., Logan, Utah, USA) was
period as the Mfabeni Mire, using the same techniques. Theneasured in the upper 60 mm. At the Mfabeni Mire, the
Embomveni Dune site was 6 km from the measurement stagroundwater level at its highest was 0.1 m below the sur-
tion in the Mfabeni Mire and therefore experienced similar face and, therefore, the totél was determined using the

o Mfabeni Mire site
a Embomveni Grassland site

N

+

INDIAN
OCEAN

mmmmmmmm

he shortened energy balance equation is used in evapora-
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methodology described by Tanner (1960) at both sites. The
measurements were sampled every 10 s with a CR1000 dat-
alogger (Campbell Scientific Inc., Logan, Utah, USA) and p = 105?%(r) — ==
30-min averages were computed. §2(r)
Over the corresponding time periall,was calculated us- gn(d
ing the SR technique at both the Mfabeni Mire and Em-
bomveni Dunes. Air temperature was measured using tway = 1— S3(r). (6)
unshielded, type-E (chromel/constantan) fine-wire thermo- . i ,
couples (76 um diameter) placed at heights of 1.00m anc]rhe ramp period is then finally calculated using
1.40 m above the ground surface. Data were recorded witha 3,
datalogger (CR3000, Campbell Scientific Inc., Logan, Utah,t = S3_(r)
USA) powered by two 100 Ah batteries and two 20 W solar
panels. Data were recorded onto a 2 GB compact flash car@the 2 min H was calculated using QuickBASIC 4.0 soft-
with the capacity to store up to six weeks of high-frequencyware, under MS-DOS and the data then averaged to 30 min.
(10Hz) data. The SR technique is based on the principle thaThe weighting factot is required to determine the final
an air parcel near the surface is renewed by an air parcel frorasing the surface renewal technique (Eqg. 2). It depends on
above (Paw U et al., 1995). This process involves ramp-likethe measurement height, canopy architecture (due to changes
structures (rapid increase and decrease of a scalar, such as airheat exchange between the plant canopy and air parcels)
temperature in this study), which are the result of turbulentand thermocouple size (due to changes in sensor response
coherent structures that are known to exhibit ejections andime). Once determined by calibration, it is fairly stable and
sweeps under shear conditions (Gao et al., 1989; Raupach dbes not change regardless of weather conditions unless the
al., 1996; Paw U et al., 1992). The theory of heat exchangesurface roughness changes (Snyder et al., 1996; Spano et
between a surface and the atmosphere using the SR methad., 2000; Paw U et al., 2005). An extended Campbell Sci-
is described in detail by Paw U et al. (1995, 2005), Snyder etentific Open Path Eddy Covariance system (Campbell Sci-
al. (1996) and Mengistu and Savage (2010). The exchange a#ntific Inc., Logan, Utah, USA) was therefore deployed at
sensible heat energy between a surface and the atmospheretlie Mfabeni Mire to determine the weighting facterdur-

5
S>(r) )

@)

expressed as ing two window periods of measurement in November 2009
a and March 2010. An “Sx” style Applied Technologies, Inc.
H= Otpacpz;, 2) sonic anemometer (Longmont, Colorado, USA) was used at

the Embomveni Dune site during the same window periods.
wherea is a weighting factorp, the density of airc, the  The sensors were mounted on 3m lattice towers at a height
specific heat capacity of ait,the measurement heightthe  of 2.5 to 3.0 m above the ground level or 2.0 to 2.5 m above
amplitude of the air temperature ramps antthe total ramp-  the vegetation cover. They were orientated in the direction
ing period. of the prevailing wind to minimize flow distortion effects. At
The amplitude and the ramping period were deduced Ushoth sites, water vapour corrections, as proposed by Webb
ing analytical solutions of Van Atta (1977) for air temper- et al. (1980), and coordinate rotation, following Kaimal and
ature structure functionS( ()). This is calculated for each  Finnigan (1994) and Tanner and Thurtell (1969), were per-
averaging period (2min) from high-frequency (10Hz) air- formed using EdiRe software (R. Clement, University of Ed-

temperature measurements using inburgh, UK) to determine the eddy covariance-derivéd
1 m The weighting factor (Eq. 1) was finally obtained from the
S'(ry= —— Z (Ti — Tl._j)”, (3) slope of the least-squares regression (forced through the ori-
m=17J;Z55; gin) of the eddy covariancH versus the uncalibrated surface

, , renewalH (Paw u et al., 1995). At the Mfabeni Mire and
wheren is the power of the functiony the number of data Embomveni Dunes, aa of 0.8 and 1.0 respectively were

points in the time interval measured at frequerfciHz), j  yetermined (at a measurement height of 1.0 m above ground
the sample lag between data points corresponding to a t'mgurface)

lagr = j/f, andT; is thei—_th temperatgre s_,ample. The Vgn Finally, LE was determined every 30 min as a residual in
Atta_(19?7) method then involves es.tlmatlng, for each t|meEq_ (1). The product of LE and specific heat capacity of water
lag, in this case 0.4 and _0'83 (Mgnglstu {_;md Savage, 201Ok8avage etal., 2004) provided the final estimate of total evap-
the mean value fqr amphtudedurlng the time mteryal, by oration whereH was derived by surface renewal (§3.
solving the following equation for the second-, third- and ping stable nighttime conditions, the analysis failed to re-
fith-order roots: solve the ramp characteristic and whitg <0, ETsg was

B+ patqg=0 4) reduced to zero (Monteith, 1957; Baldocchi, 1994). Daily
ETsr was then used to verify the Priestley-Taylor and FAO-
where 56 Penman-Monteith models described in the results section,
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and simple linear regression was used to assess whether EIR-month measurement period was 650 mm (Fig. 2). This
could be accurately predicted from these models. Polynowas significantly below the annual average (1200 mm) but
mial regression gquantiles (95th quantile) were fitted in Gen-in agreement with the well-reported drought in the region.
Stat (VSN International, 2011) to determine the general seaThe groundwater level at the beginning (October 2009) of
sonal course of the modelled results in the Mfabeni Mire andthe study period at Mfabeni was 0.1 m below the surface and
Embomveni Dunes. Regression quantiles are useful for deby the end of August 2010 was 0.3 m below the surface, con-
scribing the upper “edge” of a cloud of heterogeneous data tdirming the prevailing drought conditions. In normal rainfall
identify the pattern of constraint imposed by the independentears, Mfabeni Mire is often flooded in summer with water
on the dependent variable (Cade et al., 1999). Net irradiancdepths of~ 0.3 m.
was used in the derivation of measured and modelled results, Daily solar radiant density fluctuated seasonally, peak-
and therefore auto self-correlation was minimized by usinging at 12MJnTt? in winter and 27 MJm? in summer
independently collocated measurements. (Fig. 2), but was more variable in summer due to cloud cover,
An automatic weather station providing supporting cli- which was particularly prevalent during the mornings until
matic data in the Mfabeni Mire measured rainfall, air tem- 11:00 a.m. LT. Maximum temperatures in the Mfabeni Mire
perature and relative humidity, solar irradiance, wind speedvere frequently above 3@ in summer and generally below
and direction. Solar irradiance was measured using an LI30°C in winter. The average daily minimum temperature was
200X pyranometer (LI-COR, Lincoln, Nebraska, USA). 20°C in summer and rarely below°® in winter, although,
Wind speed and direction were measured using a wind senen 17 June 2010, the temperature dropped-102°C. The
try (Model 03002, R. M. Young, Traverse city, Michigan, humid coastal conditions are best described by the average
USA). The rain gauge (TE525, Texas Electronics Inc., Dal-daytime ®, > 0) VPD of 0.79 kPa indicating a low atmo-
las, Texas, USA) was mounted at 1.2 m and the remainingpheric evaporative demand generally. The monthly average
sensors 2 m above the ground. Vapour pressure deficit (VPDJlaytime VPD was between 0.56 kPa and 0.96 kPa (Fig. 3)
was calculated from the air temperature and relative humidwith October experiencing the lowest and February the high-
ity sensor (HMP45C, Vaisala Inc., Helsinki, Finland) accord- est VPD. The average daytim&{> 0) wind speed was
ing to Savage et al. (1997). The climatic data were averaged ms! (Fig. 3). The highest monthly average was measured
over 30-min intervals from observations made every 10 s andn October (5.4 ms!) and the lowest in May (3.2 nT$).
stored on a datalogger (CR3000, Campbell Scientific Inc., Fires are a common occurrence in South African wetlands
Logan, Utah, USA). (Kotze and Breen, 2000). A runaway fire burned through
To understand potential constraints to ET, volumetric soilthe Mfabeni Mire just before measurements commenced in
water content was determined using CS615 time domain reSeptember 2009. It spread from dry peat that smoldered for
flectometers (Campbell Scientific Inc., Logan, Utah, USA) weeks in the northeast corner of the Mfabeni Mire and was
at the Mfabeni Mire (0.100m, 0.200m, 0.400m) and atrekindled by a change in wind direction. Despite high wind
the Embomveni Dunes (0.025m, 0.075m, 0.125m, 0.250 mspeeds during the fire, the burn was patchy due to low fuel
0.500 m, 1.000 m). At the dune site, soil water potential wasload densities, and some of the actively growing vegetation
measured using Watermark 200 sensors (Irrometer Companguch as the reeds and sedges were undamaged. The burn
Riverside, California, USA) at the same depths. Soil wa-however, provided an opportunity to investigate the ET di-
ter data were measured hourly and stored on a dataloggeectly after a fire, followed by natural spring re-growth.
(CR10X, Campbell Scientific Inc., Logan, Utah, USA). Albedo (ratio of reflected irradiance from the surface to in-
LAl is the surface area on one side of the leaf materialcident irradiance upon it) increased after the fire in Septem-
(m?) per unit area of ground (f1. It is a biophysical property  ber 2009 from 0.10 to 0.22 in April 2010 due to vegetative
closely linked to plant ET (Allen et al., 1998). The average re-growth (Fig. 4) and then gradually decreased again to ap-
LAI of the vegetation at the Mfabeni Mire and Embomveni proximately 0.17 due to plant senescence and winter condi-
Dunes was measured at monthly intervals across each sitons.
using an LAI-2000 (LI-COR Inc., Lincoln, Nebraska, USA).

4.2 Measured energy balance and total evaporation

4 Results
Net irradiance at the Mfabeni Mire in summer (up to

4.1 Weather conditions during the study period 800 W nT?) was variable due to intermittent cloud cover
(Fig. 5a). Cloudy mornings, with some clearing between
Over the study period, most of the rainfall occurred dur- 10:00 and 11:00 were common. During winter, there was no-
ing the summer months from October through to March, al-ticeably less variation iR, due to the dominance of clear
though there was some rainfall experienced in winter (Mayskies (Fig. 5b). For example, in August 2010, four of the days
to August) associated with frontal conditions (Fig. 2). At the (18, 21, 22 and 23) showed complete cloudless conditions,
research site in the Mfabeni Mire, the precipitation over thewhich were never observed during the summer period.

www.hydrol-earth-syst-sci.net/16/3233/2012/ Hydrol. Earth Syst. Sci., 16, 32347, 2012
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Fig. 2. Climatic conditions at the Mfabeni Mire including maximum Fig. 3. Monthly average wind speed and VPD (with standard devia-

and minimum air temperatur€ ), rainfall (mm) and daily solar  tjon error bars) at the Mfabeni Mire from October 2009 to Septem-
radiant density (MJ m?) from October 2009 to September 2010.  per 2010.

At the Embomveni Dunes, the peak daly, in summer  change in the energy partitioning between seasons. This in-
(Fig. 5¢) was~ 100 W nT 2 lower than at the Mfabeni Mire  dicated that the limiting factors controlling the partitioning
but in winter they were similar. This is a function of the of the energy balance remained consistent between seasons.
albedo and indicated that there was more irradiance reflecte@ihe exception was after rainfall at the Embomveni Dunes
from the Dunes than the Mire in summer. Where exposedwhere a change in water availability altered the partitioning
the dark surface of the peat at the Mfabeni Mire was in con-of the energy balance as discussed above. At both sites there
trast to the off-white sand of the Embomveni Dunes. How- was little change in the ratiG : R, between seasons as the
ever, plant senescence in winter reduced the difference imeduced LAl in winter (described above) was likely offset by
the reflected irradiance between the sites. This is shown by lower sun angle.
the slope of the linear regression Bf at the Mfabeni Mire The ETsr at the Mfabeni Mire varied seasonally (Fig. 7).
and on ther,, at the Embomveni Dunes of 0.84 in summer Intermittent cloud cover during the summer period (Octo-
(Fig. 6a), whereas in winter the slope was 0.97 (Fig. 6b).ber to March) resulted in large daily fluctuations in dgT
In addition, the lower co-efficient of determination during This was also evident in the high variability 8f, in summer
summer R? = 0.90) over winter 2 = 0.99) supports the in comparison to the winter period, which the meteorolog-
cloudiness noted in the paper, which, despite the close proxical data (Fig. 2) showed to be characteristic of the coastal
imity of the sites (6 km), introduced differences in half hourly weather patterns for the area. In the Mfabeni Mire, the aver-
solar radiation results between the sites (Fig. 6aand b).  age summer Edg was 3.2mmday! (¢ = L.4mmday?).

There was a marked dominanceffover LE at the Em-  The fitted 95% regression quantile & 0.001) indicated
bomveni Dunes £ > 1) in summer and winter (Table 1; potential maximum daily rates in summer to be approxi-
Fig. 5¢c and d). The exception was when rainfall increasedmately 6.0 mmday*. During the winter months (April to
the soil water content. For example, 12 mm of rain on 19 andSeptember), the average daily ggwas 1.8 mmday’ (o =
20 August 2010 increased the near-surface volumetric soiD.8 mmday 1) with an estimated potential maximum around
water content from 6.2 % to 8.7 %. On the 21 and 22 August,the winter solstice of 1.3 mm day. The accumulated ER
the LE was similar to theé{ but, by 23 August, ET had de- over 12 months was 900 mm (Table 2), of which 64 % oc-
pleted the soil water to 7.0 % anfd dominated the energy curred in the summer months (October to March).
balance again. This showed the dependence of the grasslandAt the Embomveni Dune site (Fig. 7), as with the Mfabeni
ETsr on soil water and identified it as a limiting factor for Mire, there were many cloudy days in summer. The aver-
growth. age summer E3dr (October to March) was 1.7 mm da¥y

There was a shift in the distribution of the energy balance(c = 0.8 mmday ) with the maximum rate estimated by
at the Mfabeni Mire between summer and winter (Table 1).the 95 % regression quantile of approximately 3.0 mntday
At the Mfabeni Mire, in summer, the ratio LR, (0.61) was  The average daily EJr during the winter months (April to
almost twiceH : R, (0.31), whileG : R, made up the re-  August) was 1.0 mmday (¢ = 0.8 mm day 1) with an esti-
mainder (0.08). The pattern shifted in winter to an equal splitmated maximum around the winter solstice of 1.2 mntday
between LE R, and H : R, (0.46), whileG : R, was again  The accumulated ESk over 12 months was 478 mm (Ta-
0.08. The reduced dominance of LE; was likely due to  ble 2), of which approximately 63 % occurred in the summer
plant senescence in winter and was typical of a surface withmonths (October to March).
full canopy cover. At the Embomveni Dunes, there was little
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Fig. 4. The change in albedo of the Mfabeni Mire following the

recovery of vegetation after a fire in September 2009. ™o e e e
— adilance < Latent ener; ux
‘g
2
Z
= 2
Despite the close proximity of the two sites (6 km),drT E

at the Mfabeni Mire (900 mm) was almost double thesgT

at the Embomveni Dune site (478 mm). This difference was
due to the freely available water at the Mfabeni Mire and the
different vegetation types found between the sites. The dom-
inant limitations to transpiration and surface evaporation at
the Mfabeni Mire were likely to have been available energy,
low atmospheric demand (noted above) and some stomatal
control (mainly of the grasses) due to plant senescence in
winter. The ETR at the Embomveni Dunes was limited by
soil water content and the low water-use requirements of the=jg 5 pjurnal energy fluxes at Mfabeni Mire @) 17 to 23 Au-
dune vegetation, an adaptation to survive prolonged dry congust 2009 angb) 7 to 13 January 2010 and on corresponding days
ditions. Even for brief periods after rainfall when soil wa- at the Embomveni Dunes {ig) August 2009 andd) January 2010.

ter was not limiting, the daily EJr was still lower than the

Mfabeni Mire. However, soil water availability was generally  Eag.56 Penman-Monteiththe original Penman model
low with volumetric water content of 6% and frequently  penman, 1948) is frequently cited and was a significant con-
below —800kPa at a depth of 0.075m (measured continU-yjption to evaporation modelling. It was improved by Mon-
ously but not shown). _ teith (1965) by incorporating surface and aerodynamic re-
~ The SR method was found to be reliable, easy to operatgjsiance functions and was widely used in this form as the
in the field and suitable for long-term, unattended use ovelpanman-Monteith equation. It is still commonly applied but
wetlands with calibration using eddy covariance. However,q highly data intensive (Mao et al., 2002; Drexler et al.,

the fine-wire thermocouples are fragile and easily broken by>0g4). The equation was later standardised by the Food and
animals, hail or contact with fast growing vegetation, and atAgricuIture Organisation (Allen et al., 1998) into a form

Energy flux (Wm?)
-

least one backup thermocouple was used. known as the FAO-56 Penman-Monteith model. The stan-
_ _ dardisation includes the definition of a reference crop as “a
4.3 Modelling of total evaporation hypothetical crop with an assumed height of 0.12 m having a

surface resistance of 70 msand an albedo of 0.23, closely
Evaporation measurement is complex and in most studies ofesembling the evaporation of an extensive surface of green
wetland hydrology is modelled using weather data collectedgrass of uniform height, actively growing and adequately wa-
from a nearby automatic weather station. Two methods usetered” (Allen et al., 1998).
widely for wetland applications are the FAO-56 Penman- The FAO-56 Penman-Monteith model provides an esti-
Monteith method (Allen et al., 1998) and the Priestley-Taylor mate of ET from a hypothetical grass reference surface)(ET
method (Priestley and Taylor, 1972). These models are relalt can be universally applied as it provides a standard to
tively simple and suitable for use by hydrologists or wetland which ET, at different times of the year or in other regions,
ecologists to determine wetland ET. They are also well suiteccan be compared and to which the ET from other crops can
to wetland applications as water availability does not limit be related. Itis used internationally to estimate crop ET using
transpiration. the crop factor K¢) approach in the form:
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Table 1. Distribution of the average daily energy balance as fractiongpfas well as the Bowen ratid{, at the Mfabeni Mire and

Embomveni Dune sites.

Summer Winter
Site
LE: Rn H : Rp G :Rp B LE: Rn H : Rp G : Rp B
Mfabeni Mire 0.61 0.31 0.08 0.51 0.46 0.46 0.08 1.00
Embomveni Dunes 0.36 0.55 0.09 1.53 0.37 0.53 0.10 1.43
“— 1000 1~ e 600 7
E £ 500
= w0y © - 3 ® e
2 . o 400 A 2%
5 600 - - S ;
5 5 300 :
2 400 - 2 <
§ y = 0.84x § 200 4 . y=097x
2_ < 2_
£ 200 4 3 . . R'=090 £ 100 R R*=0.99
Ra) ‘. . < QL
g . g a
[Sau T T T 1 m r . —— T T T T T 1
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Mfabeni Mire R, (W m?) Mfabeni Mire R, (W m’z)

Fig. 6. The difference in summdr) and winter(b) net radiationR, (half hourly) between the Mfabeni Mire and Embomveni Dune sites

shown by the slope of the least squares linear regression.

Table 2. Summary of seasonal and annual total evaporation derived
using a surface renewal system to calculate the sensible heat flux. _
6

» Embomveni Dunes ETgg

+ Mfabeni Mire ETgg

Site Summer (mm)
5756 =1.4)
30%(=0.8)

Winter (mm)

325 ¢ = 0.8)
175 ¢ = 0.4)

Total (mm)

900 ¢ = 1.4)
478 ¢ =0.7)

Mfabeni Mire
Embomveni Dunes

ETgsg (mm)

_ET
TET,

where the crop is not water-stressed. In Allen et al. (1998),
numerous values d ;. have been compiled for different veg-

etation types and the different stages in crop development. Fig. 7. Daily total evaporation at the Mfabeni Mire (upper line)
The ET; was calculated hourly and summed each day. Theang Embomveni Dunes (lower line) from October 2009 to Septem-

daily results of ET (Fig. 8) reflected a similar seasonal trend per 2010 using the surface renewal technique. Solid lines represent

to that shown by the Egr (Fig. 7) at the Mfabeni Mire. The fitted 95 % regression quantiles and dashed lines their 95 % confi-

standard deviatioros() in summer was higher (1.3 mm) than dence intervals.

in winter (0.7 mm). MonthlyK . averages (Fig. 9) reflect the

need to accommodate seasonal changéd&:iat times. The

monthly 95 % confidence intervals indicate a higher variabil-average 20 % less than ETThis K. result was low for a

ity of daily K; from June to January compared to Febru- wetland, particularly considering the freely available water

ary through to May. From October to January, there wasin the Mfabeni Mire. Although the linear regression ofdgT

no significant difference between mean montkly, and a  on ET, was significant £1 355 = 1640, p < 0.001) and ac-

single mean over this period would be suitable. However,counted for 82 % of the variation in Eg, residual varia-

from February to September, all but two of the montklys tion about the regression was not constant (heteroscedastic),

are significantly different and a monthk, should be used even under various data transformations. This suggests that

over these months. Over the 12 months of measurementhe crop factor approach was not suited to estimating ET for

the averagek. was 0.80 indicating that the sk was on  the Mfabeni Mire.

Kc (8)

Oct-09 Dec-09 Feb-10 Apr-10 Jun-10 Oct-10

Date

Aug-10
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Fig. 8. The short grass reference evaporation {Effom Octo-

ber 2009 to September 2010 in the Mfabeni Mire. Fig. 9. Mean monthly crop factorKc) for the Mfabeni Mire from

October 2009 to September 2010 with 95 % confidence intervals.

Priestley-Taylorthe Priestley-Taylor model (Priestley and 45r0ximately normally distributed residual. However, the
Taylor, 1972) is a simplified version of the more theoreti- ~qnfidence with which Edq can be used to estimate &7
cal Penman model. The aerodynamic terms of the Penmag,as |ower ®2 = 0.71) than at the Mfabeni Mire R? =
model are replaced by an empirical and constaktiown as . 96). In summer for example, the 95% regression quan-
the advective term. It is reasoned that, as an air mass movege of ETsg was only 3.0mmday!, whereas Efo was
over an expansive, short, well-watered canopy, ET woulds mm gay 2. This indicated that a severe constraint was
eventually reach a rate of equilibrium when the air is Satu'imposed by low soil water availability (measured but not
rated and the actual rate of ET would be equal to the Pe”:c,hown). For example, on the days of 21 and 22 August (fol-
man rate of potential evapotranspiration. This is referred tolowing 12 mm of rain on 19 and 20 August), the near-surface
as equilibrium evaporation (E). Under these conditions, = y,glymetric water content increased from 6.2 % to 8.7 % and
the aerodynamic term of the Penman equation approach&ge priestley-Taylor was 0.8 and 0.81 respectively. How-
zero and irradiance dominates. The Priestley-Taylor model iy ey by the 23 August, the surface soil water was depleted to

therefore commonly used to estimate evaporation from wet- o4 and the Priestley-Taylerwas restricted to 0.52 by the
lands (Price, 1992; Souch et al., 1996; Mao et al., 2002) and,y;| water limitation.

was applied in this study in the form described by Savage et
al. (1997).

At the Mfabeni Mire, EEqg (¢ =1, Fig. 10) re-
flected the seasonality observed indrT(Fig. 7). The fit- 5 Discussion
ted 95% regression quantilep & 0.001) indicates max-
imum rates on clear days. In summer the maximumThe SR method, used to estimaiein this study, was found
rates were higher (6.0 mmda¥) but more variable f = to be reliable for long-term, unattended use over the Mfabeni
1.5mmday?l) and, in winter, lower (1.7 mmday) and Mire with periodic calibration using eddy covariance. Once
less variable (0.8 mmday). A linear regression of Egr determined, a re-calibration is only required if there are sig-
on ETgq (F1,355 = 7553, p < 0.001) over the 12 months of nificant changes in the vegetation canopy (Snyder et al.,
measurement indicated that ET can be accurately predicteti996; Spano et al., 2000; Paw U et al., 2005). Further ad-
(R? = 0.96) by the Priestley-Taylor equilibrium model at the vantages found to be significant in this study included the
Mfabeni Mire. The Priestley-Taylax is represented by the relatively low cost of the system, the low power consump-
slope of the linear regression in Fig. 11 and is equal to 1 (in-tion and the simple and basic maintenance requirements in
tercept of—0.3). comparison to alternative methods available for estimating

The dry conditions of the Embomveni Dune site vio- H. This was particularly important as it reduced the cost and
late the “well-watered” assumptions of the Priestley-Taylor time resources required for field visits, as the site was re-
model; however, it was used at this site for comparison withmote and the study was long-term. In addition, Drexler et
the Mfabeni Mire. As with the Mfabeni Mire, the Ef at al. (2004) comment that the SR method is less dependent
the Embomveni Dune site reflected the seasonality gffET on fetch than other methods (eddy covariance). Therefore,
with summertime highs of 5mmday (o = 0.8 mmday!) in wetlands with complex surfaces with areas of open wa-
and wintertime lows of 1.8 mmday (¢ = 0.4 mmday?). ter, soil and vegetation, the number of measurements can be
An acceptable linear regression of &glon ETeg was found  replicated at a low cost by including additional fine-wire ther-
with square-root transformed data to ensure a constant anchocouples offering a better spatial representation of ET.
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Fig. 10. The equilibrium evaporation (Egg) from October 2009to  Fig. 11. The advective termo() at the Mfabeni Mire determined as
September 2010 at the Mfabeni Mire (upper line) and Embomvenithe slope of the least squares linear regression gfd=s. ETsr
Dunes (lower line). Solid lines represent fitted 95% regressionfrom October 2009 to September 2010.

quantiles and dashed lines their 95 % confidence intervals.

technique and eddy covariance were used intermittently

The site-specific calibration required by the SR method isover a Phragmites communidominated marsh over
however a disadvantage as an independent measutfei®f one year. The ET in summer in the marsh peaked at
required over a suitable calibration period. In addition, the6.0mmday?! (Mfabeni=6.0mmday?) and averaged
SR method was introduced by Paw U and Brunet (1991) andipproximately 3mmdayt (Mfabeni=3.2 mmday?).
is still relatively new in terms of measurement systems. AsAround the winter solstice, peak rates of 1.6 mmday
a result there are no complete SR systems available com@Mfabeni= 1.3 mmday') were measured. Dye et al. (2008)
mercially as there are with other methods (eddy covariance)also noted the summertime variation in daily ET rates
This introduces a significant barrier for wetland hydrologists depended on cloud and humidity. These results from Orkney
or ecologists as expertise in logger programming, data proecompared favourably with the results from Mfabeni and
cessing and an understanding of micrometeorological meaindicated that, despite the geographically distinct location
surement are required. The fine-wire thermocouples (76 unand altitude, the ET estimates were similar.
diameter), although not prohibitively expensive, are fragile Also inland but further to the north, ET was measured in
and breakage can result in data loss if backup thermocouples riparian area of the Sabie River in the Kruger National
are not installed. Park, South Africa (Everson et al., 2001). The Bowen ra-

Despite improvements to measurement techniques and thtio technique was applied over Rhragmites mauritianus
dominant role of ET in wetland water balances, there aredominated marsh in a riparian wetland. Maximum ET rates
few studies in southern Africa with actual measurementswere 9 mmday® in summer and 4mmday in winter.
of ET from wetlands. Wetland ET has been estimated inThese rates are higher than at the Mfabeni Mire due to the
the Ntabamhlope research catchment in the foothills of thehigher available energy, but most significantly the daily av-
Drakensberg using diurnal fluctuations in the water tableerage VPDs were higher (mostly between 1 and 3kPa) and
levels (Smithers et al., 1995) with significant residuals andtherefore the sites are not comparable.
deficiencies identified in the technique. Also at Ntabamh- The ETgg results from the Embomveni Dunes (terrestrial
lope, an evaporimeter was used together with the Pengrassland) serve as an interesting contrast to the Mfabeni
man (1948) method and the complementary relationship conMire ETsg. The 12-month-accumulated Egat the Mfabeni
cept of Bouchet (1963), but problems with instrumenta- Mire was 900 mm in contrast to 478 mm at the Embomveni
tion drift compromised the results (Chapman, 1990). TheDune site. The soil water content at the grassland wastow (
Nylsvlei floodplain is a seasonal wetland of the semi-arid 6 % volumetric and frequently below800 kPa at a depth of
Limpopo Province in the north of South Africa. Total evapo- 0.075 m) during the measurement period due to the prevail-
ration was estimated in the Nylsvlei wetland using a combi-ing drought conditions. The Ek at the Embomveni Dunes
nation of meteorological models, pan evaporation and a fewwas therefore limited by soil water availability rather than
days of energy balance measurements (ignoring sensible heahergy. A similar result was observed by Jacobs et al. (2002)
flux) to derive monthly means of ET (Birkhead et al., 2007). in a wet prairie under drought conditions in Central Florida,

A more comprehensive wetland ET study in South USA. They found that the fraction of available energy used in
Africa was performed by Dye et al. (2008) near Orkney the evaporation and transpiration of water depended on soil
(27.02S, 26.68E) in the dry Highveld grassland watercontentand thata two-stage modelwith areduction co-
bioregion of central South Africa. The Bowen ratio efficientunder dry conditions was appropriate. The soil water
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content in the Mfabeni Mire was by comparison much higherand a net irradiance, which was suppressed at the Mfabeni
(> 85 %), and the Edr was energy limited. Mire due to prevailing cloudy conditions especially during
In South Africa, two comparative long-term studies the summer (Figs. 5b and 6a).
of ET over grasslands have been performed. Everson et The Priestley-Taylor model was originally derived for use
al. (1998) estimated ET oveThemeda triandragrass- over extensive, saturated surfaces. Whes 1, the equa-
lands of the Drakensberg escarpment near Cathedral Pedion represents the equilibrium model, which occurs when
(28.95 S, 29.20E). Cathedral Peak lies approximately the gradient of VPD approaches zero and=gEquals po-
250km inland of the coast with altitudes of 2000m tential evaporation. During unstable daytime conditions, this
and falls within the grassland biome. They found maxi- is mostly not the case. Priestley and Taylor (1972) found an
mum daily ET to be as high as 7mmddyin summer averager over oceans and saturated land of 1.26. This im-
(Embomveni= 3.0mmday?!) and < 1 mmday?! in winter plies that additional energy increases the ET by a factor of
(Embomveni< 1.2mmday1). The high summer rates of 1.26 over EEo. This has been explained by some as a result
the Drakensberg are likely to contrast with the Embomveniof entrainment of warm, dry air, down through the convective
Dunes for a number of reasons. The high summer rainboundary layer (Lhomme, 1997). Numerous studies have de-
fall (long-term average- 1299 mm) of the Drakensberg area termined other values far (Monteith, 1981; Paw and Gao,
(compared to 650 mm measured in the Mfabeni Mire) sus-1988; Clulow et al., 2012). Ingram (1983) found the value of
tained an adequate soil water content (general§8% and  « to be dependent on vegetation cover and that, for treeless
< 80kPa) in comparison to the rapidly draining drier soils of bogs,« lies between 1 and 1.1 and for fens approximately
the Embomveni Dune site (generally7 % and> 200kPa), 1.4.Mao etal. (2002) derived values tom a subtropical re-
which limited ET. In addition, the summer VPD of the Drak- gion of Florida (USA) over sawgrass and cattail communities
ensberg (Everson et al., 2012) is higher (mostly between 1.5nterspersed with open water areas of between 1.12 and 0.90.
and 2.5 kPa) than at the Embomveni Dunes (mostly betweeiMost available literature regarding suitabdevalues is, how-
0.5to 1.5kPa). The lower atmospheric demand together withever, derived from studies in subarctic regions (Eaton et al.,
the lower soil water content explains the lower summertime2001), arid areas (Bidlake, 2000), over lakes (Rosenberry et
ET rates of the Embomveni Dunes and brings into questioral., 2007) or boreal aspen forest (Krishnan et al., 2006). The
a guantitative comparison between these sites. The secorfriestley-Taylorx is site-specific and these estimates from
study was performed by Savage et al. (2004) in the KwaZulu-the Mfabeni Mire for southern African vegetation and cli-
Natal Midlands near Pietermaritzburg (2423 30.43 E), matic conditions are valuable.
approximately 100km from the coast in a mixed grass- Thea estimate of 1.0 (with an offset 6£0.3 mm) calcu-
land community during a dry period. They reported averagelated for the Mfabeni Mire is low in comparison with results
daily summer ET rates to be approximately 3mmdagnd  from much of the international literature. However, it agrees
daily winter ET 1 mmday?. These results are closer to the well with those of Mao et al. (2002), German et al. (2000)
ETsr in the Embomveni Dune site possibly due to the sim- and Abtew (1996) derived from the Florida (USA) Everglade
ilar drought conditions and a water-limiting environment re- wetlands, and very well with the estimate of 1.035 of Souch
ported during their study. et al. (1996) during the warm summer climate of the Indi-
Internationally, there are no comparable ET studies inana Dunes National Lakeshore Great Marsh. In this study, it
the Southern Hemisphere to those at the Mfabeni Mire.was also noted that a flow of humid air off the nearby Lake
In Australia, the subtropical wetland studies focus on wa-Michigan suppressed evaporation from the marsh. Equilib-
ter treatment wetlands where the “clothes line effect” rium evaporation clearly describes the evaporation rate in the
is noted (Headley et al., 2012) and in South Amer- Mfabeni Mire and other wetlands of subtropical climates sur-
ica the focus is forest wetlands (Fujieda et al., 1997).rounded by open water or other wetland types.
In the Northern Hemisphere however, the Florida (USA) The standardized FAO-56 Penman-Monteith model, to-
Everglades wetland region has been studied intensivelyether with aK;, was developed to be applied internation-
and the results at Mfabeni Mire can be compared withally allowing comparison between different sites in different
studies by Mao et al. (2002) and Abtew (1996) who locations (Allen et al., 1998, 2006). It has, in some respects,
found ET rates slightly higher than those measured atecome the industry standard in terms of ET estimation from
the Mfabeni Mire over cattail and saw-grass vegetation.different land-uses and is incorporated into numerous hydro-
Abtew (1996) found annual average rates of ET over mixedogical models (ACRU, SWAT, SWAP) and would be a pop-
marsh of 3.5mmday* (Mfabeni=2.5mmday?). Mao et  ular solution for a wetland ecologist or hydrologist seeking
al. (2002) measured growing season rates for cattail and sawe characterize the ET from a wetland using meteorologi-
grass of 4.1 and 5.9 mmday (Mfabeni=3.2 mmday?’) cal inputs. The report by Allen et al. (1998) is comprehen-
and non-growing season rates of 2.2 and 2.0mm#ay sive and provides solutions for different time steps and levels
(Mfabeni= 1.8 mmday—1). The Mfabeni Mire ET is gen-  of data, increasing the accessibility of the method. The rela-
erally lower than at these other comparable wetland sitestively poor relationship between E& and ET, (R? = 0.82),
This is likely due to the low leaf area, vapour pressure deficitfor the Mfabeni Mire, showed that, despite attempts to create
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a universal solution, it should be used with caution when ap-balance, namely rainfall and total evaporation (ET). Attempts
plied to natural vegetation. An alternative to tkig method  to quantify the water balance have been limited through un-
is to estimate the ET using the Penman-Monteith method, butertainties in quantifying ET from the Mfabeni Mire. There
Drexel et al. (2004) found the lack of information on aerody- are few measurements of ET from comparable wetlands in
namic and surface resistances limiting. South Africa, and, despite advances in evaporation measure-
The Priestley-Taylor model is a simplification of the FAO- ment and modelling from wetlands, there still exists some
56 Penman-Monteith model in which the mass transfer termdoubt as to which methods are best suited to characterise
is reasoned to be close to zero over a wet expansive surfacgetland ET, with most authors suggesting a combination of
and is ignored. The residual variation around the regressiomethods.
between EEr on ET; (R? = 0.82) was higher than between ~ The SR method was successfully used to estiniatnd
ETsrand ETeq (R2 = 0.94). This difference must therefore was found to be suitable for long-term, unattended use over
be introduced from within the mass transfer term of the FAO-a subtropical wetland with periodic calibration using eddy
56 Penman-Monteith model, which is a function of wind covariance. It therefore has the potential to become more ac-
speed and VPD (or air temperature and relative humidity).cessible to wetland researchers, but the method is still rela-
This relationship between Ek and ET; is described by tively new and complete SR systems are not commercially
(Eq. 4), which was most variable in October when the high-available. Due to system complexity, it currently remains the
est daily average wind speeds and lowest daily average VPDdomain of micrometeorologists.
were measured (Fig. 3). In contrast, the daily variability of Despite plentiful water and a subtropical environment,
K¢ was lowest in February, which corresponded to the monthwetlands are not necessarily the high water users they are
with the lowest wind speed and highest VPD. The high windfrequently perceived to be (Bullock and Acreman, 2003).
speeds, possibly combined with low VPDs, reduced the conEven high wind speeds characteristic of the site did not raise
fidence with which the FAO-56 Penman-Monteith model canthe ET due to the low evaporative demand (or VPD) of
be used to predict Egk at the Mfabeni Mire. the air. Despite maximum ET rates of up to 6.0 mmdlay
Leaf area index and albedo are important descriptors of dhe average summer (October to March)sgTwas lower
site in terms of ET. The albedo data are useful for future solar3.2 mmday?) due to intermittent cloud cover, which re-
irradiance modelling studies and for remote sensing energyluced the available energy. In winter (May to September),
balance models such as the Surface Energy Balance Algahere was less cloud cover but the averagegwas only
rithm for Land (SEBAL) model, which has been used suc-1.8mmday?! due to plant senescence, and the accumu-
cessfully in wetland areas (Bastiaanssen et al., 1998; Motated ETsg over 12 months was 900 mm. The results com-
hamed et al., 2006). Asner et al. (2003), in their global syn-pared well with studies in similar subtropical wetlands of the
thesis of LAl observations, concluded that the leaf area in-Northern Hemisphere, although they are slightly lower due
dex of the wetland biome is not well represented interna-to lower leaf areas.
tionally but that it is a key descriptor of vegetation. They = The Embomveni Dune (terrestrial grassland) measure-
document the results from six wetland studies resulting inments of EEr provided a useful contrast to the Mfabeni
a mean wetland LAl of 6.3 with a minimum of 2.5 and a Mire (fen). The EEr was seasonal at both sites yet only
maximum of 8.4. In comparison, the LAl of the Mfabeni 478 mm over 12 months. Even for brief periods after rain-
Mire was lower, between- 1.7 in winter and~ 2.8 in sum-  fall when the soil water was not limited, the EJ was
mer due to the narrow leaves of the vegetation. This resultower at the Embomveni Dune site. The vegetation has there-
is of importance where site-specific parameters (such as thore adapted to dry conditions and has a low water-use re-
Priestley-Taylow factor) are transferred to similar or nearby quirement even with higher soil water availability. How-
wetlands. Knowles (1996), for example, applied a correctionever, for the majority of the measurement period, the&T
to K¢ based on an LAl that is lower than full canopy cover. was limited by soil water availability. The drought condi-
The LAl is therefore an important determinant ofggfand  tions (650 mm of rainfall versus a mean annual precipita-
the relatively low EERin contrast to the ETof the Mfabeni  tion of 1200 mmyr?) therefore contributed to the low sum-
Mire could therefore partly be explained by the low LAI of mer ETsg at the Embomveni Dunes, which is expected to be
the Mfabeni Mire. higher in a normal to high rainfall year.
A comparison of EEr with ET, suggests that the crop
factor approach was not suited to estimatingsgTor the
6 Conclusions Mfabeni Mire. The Priestley-Taylor model, however, closely
reflected the daily changes in EF at the Mfabeni Mire,
The contribution of freshwater supply from the Mfabeni Mire anda = 1 (intercept of—0.3) can be used with confidence
to Lake St. Lucia during dry periods is important to the sur- to estimate daily ET k2 = 0.96) throughout the year. This
vival of certain plant and animal species in the iSimangal-relationship between Esk and ETeg showed that ET from
iso Wetland Park. This freshwater supply is mainly depen-the Mfabeni Mire was largely dependent on energy and was
dent on the variability of the major components of the waterat the equilibrium (or potential) rate. Including the mass
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transfer term, as is the case in the FAO-56 Penman-Monteithllen, R. G., Pruitt, W. O., Wright, J. L., Howell, T. A., Ventura,
model, was of no benefit due to the complexity of the high F., Snyder, R., ltenfisu, D., Steduto, P., Berengena, J., Yrisarry, J.
wind speed and low VPD at the site. B., Smith, M., Pereira, L. S., Raes, D., Perrier, A., Alves, I., Wal-

The significant advantage of the Priestley-Taylor method ter,.l., and Elliot, R.: A recommendation on standardized surface
for use by wetland hydrologists and ecologists is the low data f€sistance for hourly calculation of reference,Ebly the FAO56
requirement. IR, andG are measured or estimated (Drexler - &nman-Monteith method, Agr. Water Manage., 81, 1-22, 2006.

|., 2004) from a nearby weather station, then Ghiy Annandale, J. G., Jovenowc, N.' Z., Qampbell, G. S., du Sautoy,
etal, . . ! . X N., and Benade, N.: A two-dimensional water balance model
and,rmi” are reg”"ed to estimate the Wetlanq daily ET' In for micro-irrigated hedgerow tree crops, Irrigation Sci., 22, 157—
addition, the Priestley-Taylor model has been internationally 170 2003.
accepted and teSted Since 1972, although the extent to WhiC,]ﬂsnerl G. P., Scur|ock’ J. M. O., and Hicke’ J. A.: Global synthe_
it can be applied beyond the Mfabeni Mire to other South sis of leaf area index observations: implications for ecological
African wetlands under equilibrium conditions requires fur-  and remote sensing studies, Global Ecol. Biogeogr., 12, 191-205,
ther investigation. 2003.

The ET measurements and modelling guidelines for theBaldocchi, D.: A comparative study of mass and energy exchange
Mfabeni Mire and Embomveni Dunes will assist in deter- rates over a closed C3 (wheat) and an open C4 (corn) crop: Il.
mining a more accurate water balance, which was previously C©O2 exchange and water use efficiency, Agr. Forest Meteorol.,
impossible without reliable estimates of ET. This will not 67, 291-321, 1994. _
ly reduce uncertainty in water-balance studies and envi?asnaanssen'w' G. M".Menem" M., Feddes, R. A., and H.O|t3|ang’
only y i . o A. A.: A remote sensing surface energy balance algorithm for
ronmental flow determinations but provide better insightinto |, 4 (SEBAL): 1. Formulation, J. Hydrol., 212, 198-212, 1998.

the resilience of the system to droughts and the pressures @figake, w. R.: Evapotranspiration from a bulrush-dominated wet-

climate change. land in the Klamath Basin, Oregon, J. Am. Water Resour. As.,
36, 1309-1320, 2000.
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