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 ABSTRACT

 LI, L.; HORN, D.P., and BAIRD, A.J., 2006. Tide-induced variations in surface temperature and water-table depth in
 the intertidal zone of a sandy beach. Journal of Coastal Research, 22(6), 1370-1381. West Palm Beach (Florida), ISSN
 0749-0208.

 A field experiment was conducted to investigate the fluctuations of the beach water table and surface temperature
 in the intertidal zone of a sandy beach. Both the temperature and beach water-table height were found to be influenced
 largely by the tide and beach morphology. A two-dimensional groundwater flow model was developed to examine the
 relationship between temperature, water-table height (depth), and tide and beach morphology. As the tide fell, the
 beach face drainage was controlled by the local beach slopes and the spatial patterns of the water-table behavior
 corresponded to the features of the beach profile. The results showed links between the beach water-table depth and
 surface temperature during the falling tide period, indicating the role of solar radiation in heating the exposed beach
 surface. These results may have important implications for studies on beach ecosystems, e.g., the interstitial fauna.

 ADDITIONAL INDEX WORDS: Infrared imagining, beach surface temperature, beach ecology, beach hydrology, beach
 processes modeling.

 INTRODUCTION

 The intertidal zone of sand beaches is an important habitat
 for interstitial fauna, particularly the meiofauna (MCINTYRE,
 1969). The meiofauna are animals ranging in size from ap-
 proximately 0.1 to 1 mm (the size class of transition from
 micro- to macrofauna) that live within the sediments. Unlike

 the macrofauna, the meiofauna maintain constant contact
 with the sand particle surface and are totally dependent on
 the conditions within the beach, such as the moisture content
 and temperature (POLLOCK and HUMMON, 1971; CAMPBELL
 and BATE, 1998).
 An essential feature of the intertidal zone is the periodi-

 cally alternating submergence and exposure of the beach sur-
 face, which affects the conditions of the beach environment,
 e.g., the water-table depth, moisture content, and tempera-
 ture. In coarse sand beaches, the pore spaces in the sand are
 filled and drained as the tide rises and falls, leading to the
 water-table fluctuations and changes of the moisture content
 in the partially saturated zone (POLLOCK and HUMMON,
 1971). In fine sand beaches, the moisture content is much less
 responsive to the tides because of the presence of truncated
 capillary fringes, despite the water-table fluctuations (ATH-
 ERTON, BAIRD, and WIGGS, 2001). Thus the degree of the
 tidal influence on the intertidal-zone conditions and the in-

 terstitial fauna of sandy beaches depends on the sediment
 sizes.

 DOI:10.2112/04-0202.1 received 18 April 2005; accepted in revision
 25 August 2005.

 Tide-induced water-table oscillations have been the subject
 of many recent studies (e.g., NIELSEN, 1990; TURNER, 1993;
 BAIRD and HORN, 1996; BAIRD, MASON, and HORN, 1998;
 RAUBENHEIMER, GUZA, and ELGAR, 1999; LI et al., 2000).
 Much previous work has investigated the water-table behav-
 ior landward of the high tide mark. Few studies have looked
 exclusively at water tables in the intertidal zone. Exceptions
 include ATHERTON, BAIRD, and WIGGS (2001) who measured
 both the water table and moisture content in the intertidal

 zone of a mesotidal beach. CARTWRIGHT NIELSEN, and LI
 (2004) conducted a series of laboratory experiments to study
 the characteristics of tidal water-table fluctuations in the in-

 tertidal zone, particularly the generation of the subharmon-
 ics.

 In contrast to the numerous studies on beach groundwater
 dynamics, the temperature of the intertidal zone has been
 investigated less extensively. POLLOCK and HUMMON (1971)
 reported detailed measurements of the temperature changes
 in a sandy beach subject to tidal oscillations. Large changes
 in temperature were observed over the tidal cycle in the late
 spring. Such changes mainly occurred in the uppermost 10
 cm of the beach, with the maximum taking place at the sand
 surface. POLLOCK and HUMMON (1971) attributed these tem-
 perature changes to the exposure of the beach surface to the
 atmosphere during the low tide. However, the link between
 the exposure and the temperature change is not clear. Ques-
 tions remain as to what parameters control the temperature
 changes and what role the tides play in the process of heat
 transfer within the intertidal zone.
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 Figure 1. (a) Experiment area and setup. Vertical lines indicate the locations of the control points. (b) Infrared image.

 The main purpose of this study was to investigate the
 mechanism and dynamics of beach surface heating due to ex-
 posure to solar radiation (sunlight) under the influence of
 tides. The surface temperature of a sand beach was moni-
 tored using a high performance infrared camera during a fall-
 ing tide period. The data provided not only the temporal dy-

 namics but also the spatial variations of the beach surface
 temperature. This allows examination of the relationship
 among the environmental parameters and conditions of the
 intertidal zone over a relatively large area. Clearly, the heat
 transfer process associated with the temperature changes is
 complex in a dynamic beach environment. Our modeling
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 1372 Li, Horn, and Baird

 work has not attempted to simulate this process directly but
 rather has focused on the relationships among beach mor-
 phology, beach water-table fluctuations, and changes in
 beach temperature based on simple models. A secondary aim
 of this research was to investigate the potential of using in-
 frared imaging techniques for monitoring beach surface con-
 ditions (e.g., seepage face) based on temperature contrasts.
 Such techniques could be particularly useful at night when
 conventional methods (e.g., visible-spectrum video) are not
 applicable or easily implemented.

 FIELD EXPERIMENT AND RESULTS

 The field experiment was conducted at Tentsmuir Beach in

 Scotland, a macrotidal, medium sand beach (dso = 0.3 mm).
 The study area is as shown in Figure la. High-resolution sur-
 vey of the beach surface temperature was conducted using a
 high performance infrared camera (AGEMA Infrared System
 AB). The camera was installed at a height of 9 m from ground
 level in the foreshore area, giving an effective surveying zone
 as shown by the color image of the temperature in Figure la.
 The temperature color image is superimposed on the beach
 surface in the exposed area and on the sea surface in the
 submerged area. The color bar indicates the surface temper-
 ature measured in degrees Kelvin (K). Seven control points
 were placed on the beach with the locations surveyed (verti-
 cal poles in Figure la). These control points were also cap-
 tured by the infrared image as shown in Figure lb. Mapping
 of the control points on the physical and image planes, based

 on the photometrical principle (STIMSON, 1974), gives the
 rule for determining the physical coordinates of the images,
 i.e., converting Figure lb to Figure la.

 The experiment was conducted on July 31, 2001, during a
 larger field investigation lasting from July 15, 2001, to Au-
 gust 4, 2001. Over the entire period, the tides were measured
 using a seabed-mounted pressure transducer (Figure 2a).
 Five boreholes were installed along a cross-shore transect in
 the center of the area (Figure 2b). The water level fluctua-
 tions in these boreholes were monitored. The beach profiles
 over an area of 500 m (cross-shore distance) by 80 m (along
 distance) were surveyed on a daily basis. All these data were
 used to run and verify the model, which was developed to
 examine the fluctuations of the beach water table and surface

 temperature.
 The raw tidal data, displayed by the dots in Figure 2a,

 show large variations of tidal ranges over the spring-neap
 cycle. The water-table data also revealed very strong spring-
 neap oscillations in all boreholes. In contrast, the semidiurnal
 and diurnal signals were much attenuated, except for bore-
 hole 1 (the most seaward one). Note that the water-table fluc-
 tuations shown in the figure have been scaled up by a factor
 of 10 (Figure 2c). The original water-table data are displayed
 in Figure 5. The plotted beach profile, along the center tran-
 sect of the surveyed area, was measured on July 31 (Figure
 2c). Apart from the cross-shore bars, the beach morphology
 is characterized by considerable along-shore variability (Fig-
 ure la). The profiles changed during the entire field investi-
 gation period; in particular, differences between the profiles
 at the spring and neap tides were evident. However, such

 beach profile changes were not large enough to cause signif-
 icant changes in the inland groundwater response to tides
 (LI, BAIRD, and HORN, unpublished data). For the purpose of
 simplicity and also because we focus on the beach behavior
 on July 31, we use the beach profile measured on that day in
 the simulation of tidal water-table fluctuations, ignoring the
 profile changes. Note that the elevations of the sea surface,
 beach surface, and groundwater table are all referenced to
 the ground level at borehole 1 where the origin of the coor-
 dinates is located.

 The infrared camera was calibrated with a constant emis-

 sivity based on measured temperature data using a standard
 thermometer. The camera was connected to a personal com-
 puter (PC), which recorded the image every 15 minutes in a
 digital form (i.e., a temperature matrix). The loggers of all the
 pressure transducers were synchronized with the PC.

 DATA ANALYSIS, MODELING, AND DISCUSSION

 Mapping of the Infrared Images

 The raw image as shown in Figure lb is mapped onto the
 physical plane based on the triangulation principle. For the
 purpose of simplicity, a two-dimensional transformation was
 adopted, i.e., (x, y) = F(x, y,), where x and y are the physical,
 horizontal coordinates (along- and cross-shore distances), and

 xi and y, are the image coordinates (row and column numbers
 in the temperature matrix). The transformation was based
 on four of the seven control points (CP): CPs 1, 4, 5, and 6;
 both their physical and image coordinates were used. The
 derived transformation was then verified using the informa-
 tion from CPs 2, 3, and 7. The transformation was used to
 determine the physical coordinates of each CP from its loca-
 tion on the image. The results shown in Figure 3 demonstrat-
 ed that the mapped physical coordinates are very close to the
 surveyed coordinates, with errors of less than 2 m in distance.

 Tidal Oscillations

 For the tidal data, a harmonic analysis was conducted to
 recover the missing data at low tides when the sea level re-
 treated seaward of the tidal transducer, using the following
 function:

 htide = ho + C asin(oit + 6,). (1)
 i=1

 The five tidal constituents included in the analysis are: S2
 (w1=0.5236 rad h-l), M2 (02 = 0.5059 rad h-1), N2
 (w =0.4964 rad h-l), K, (0w4=0.2625 rad h-l), and O0
 (w)5 = 0.2434 rad h-l). A good fit of the data to the function
 was obtained with a high regression coefficient value, 0.95.
 The results show that the semidiurnal lunar tide (M2) was
 the dominant signal (Table 1). These results were used to
 recover the missing tidal data that were required for the mod-
 eling (Figure 2).

 Water-Table Fluctuations

 The measured water-table fluctuations were analyzed to
 determine (1) the attenuation rates for particular frequen-
 cies, which give estimates of the transmissivity of the aquifer

 Journal of Coastal Research, Vol. 22, No. 6, 2006
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 Figure 2. (a) Tidal signals, (b) beach profile along the central transect, and (c) observed water-table fluctuations in boreholes. The water-table fluctuations
 shown in the figure have been scaled up by a factor of 10.

 and (2) the mean elevation of the water table. For these pur-
 poses, we fitted the water-table data for each borehole to a
 function similar to Equation (1) but with only two dominant

 spring-neap frequencies (wo1-w2 and w2-w3). As mentioned
 previously, the diurnal and semidiurnal signals are attenu-
 ated much more rapidly. A good fit between the data and the

 function was obtained for all boreholes (with r2 - 0.92). The fitted amplitude values are plotted in Figure 4. The exponen-
 tial attenuation of the signals is evident and the damping
 rates were calculated: K = 0.0147 m-1 for w1-w2 and 0.0127
 m-1 for )2--w3.

 Simple analytical solutions based on the linearized Bous-
 sinesq equation predict the following relationship between
 the damping rate and aquifer properties (hydraulic diffusiv-
 ity, D) as well as the tidal frequency (w) (e.g., FERRIS, 1951):

 K = , (2)

 where D = T/S (T and S are the transmissivity and specific
 yield of the aquifer, respectively; T = KH, where K is the
 depth-averaged hydraulic conductivity and H the averaged

 Journal of Coastal Research, Vol. 22, No. 6, 2006
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 Figure 3. Mapping of the control points on the infrared image and the physical plane. Circles at CPs 2, 3, and 7 in (b) are determined by the derived
 transformation rule based on CPs 1, 4, 5, and 6. Note that the locations of these circles are close to those of the stars from surveying.

 thickness of the aquifer). Based on the above estimates of K
 and Equation (2), D was calculated in the range between
 0.024 and 0.034 m2/s. The aquifer thickness H was deter-
 mined from the borehole information to be around 23 m. Thus

 the value of K/S was estimated to be approximately
 1.25 x 10-3 m/s. Three different values of K/S were used in
 the model simulations discussed below: 0.0006, 0.0011, and
 0.0017 m/s. We estimated S around 0.2 based on the mea-

 sured drainable porosity of the beach sands, giving an esti-
 mated value of K around 2.5 x 10-4 mn/s. Slug tests were also
 conducted during the field experiment to measure the hy-
 draulic conductivity. The K values determined from these
 tests ranged from 0.6 x 10-4 to 1.2 x 10-4 m/s. The slug test
 values are likely to be underestimates. The boreholes were
 not densely perforated. As a result, flow to the wells during
 the slug tests was likely retarded, giving too low a value of
 K when the Bouwer and Rice equation was used (BOUWER
 and RICE, 1976). Nevertheless, the estimates of K values
 based on the two different methods are reasonably close, giv-
 ing confidence in the quality of data.

 Table 1. Results from the harmonic analysis of the tidal data.*

 a 61 a2 62 a 3 a4 64 a5 6~5 ho r2
 0.49 2.47 1.62 5.82 0.40 1.94 0.18 5.64 0.15 4.04 -3.44 0.95

 * a in meters and S in radians.

 The fitting of the water-table data to the function also gives
 the mean elevation of the water table at the boreholes' loca-

 tions. Assuming a steady-state mean flow (averaged over the
 spring-neap cycle), the mean water table elsewhere can also
 be determined, especially at the landward boundary simulat-
 ed in the model (x = 500 m).

 Beach Groundwater Model-Governing Equation,
 Boundary Conditions, and Initial Conditions

 The model is based on the two dimensional Boussinesq
 equation,

 ah K a( ah\ at ah\
 -=-IIS h I + --h i, (3) at 51ax\ ax/ ay \ay/

 where h is the height of the water table (i.e., the water-table
 elevation with respect to the base of the aquifer, estimated
 to be located at z = -25 m at the field site), h is also a mea-
 sure of the local hydraulic head in the aquifer. Equation (3)
 does not include the capillary effect, which has been previ-
 ously thought to have little influence on the water-table fluc-
 tuation at the tidal (low) frequency (LI et al., 1997). Recent
 studies demonstrated that as a result of hysteretic water re-
 tention, capillarity affects the water-table dynamics over a
 much wider range of frequencies, including the tidal frequen-
 cy (NIELSEN and PERROCHET, 2000; WERNER and LOCKING-
 TON, 2003). In the intertidal zone, the water table with trun-

 Journal of Coastal Research, Vol. 22, No. 6, 2006
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 Figure 4. Amplitude damping of spring-neap oscillations in the bore-
 holes (+ for ow,-o2, o for w2-o3 and lines for fitted results). The solid lines
 are fitted curves of exponential decay to the data of w1-w2 and w2-w3,
 respectively.

 cated capillary fringes can also be affected largely by capil-
 larity (ATHERTON, BAIRD, and WIGGS, 2001). In both cases,
 the capillary effects lead to a significant reduction of the aqui-
 fer's specific yield. Physically, these effects result in much
 reduced fluctuations of the total moisture content in the

 beach sands in response to oscillations such as tides, while
 the beach water table may still experience large (> 10 cm)
 fluctuations. In the simulations presented here, we use the
 values of K/S estimated from the measured damping of tidal
 water-table fluctuations.

 The simulation domain is as shown in Figure 2b (central,
 cross-shore section). The inland boundary is located at
 x = 500 m, where a zero gradient of h is specified. Other in-
 land boundary conditions such as specified heads can also be
 applied. However, the water-table fluctuations in the near-
 shore area are likely to be insensitive to such boundary con-
 dition changes. The seaward boundary conditions are deter-
 mined by the tides and the beach face elevations:

 h(x, y, t) = Z(t) for Z(t) > b(x, y), (4a)

 h(x, y, t + At) = b(x, y) ifh(x,y,t + At)>b(x,y)

 and b(x, y) > Z(t), (4b)

 where Z(t) is the tidal elevation (with respect to the base of
 the aquifer) and b(x, y) is the elevation of the beach face from
 the beach survey carried out on July 31 (with respect to the
 base of the aquifer). Equation (4a) describes a tidal condition
 for the submerged beach area and (4b) expresses the condi-
 tion of the seepage face where drainage takes place. These
 boundary conditions are essentially the same as those used
 in the GRIST model (BAIRD, MASON, and HORN, 1998). No
 special treatment is needed for the exit points of the water
 table at the beach face. Clearly, the grid points where the
 condition of Equation (4b) needs to be applied represent the

 seepage face and the exit point can be defined as the most
 landward or seaward node of these grid points. Note that
 because of the complex beach morphology (nonplanar beach
 profile), multiple, disconnected seepage faces were formed at
 the field site (LI, BAIRD, and HORN, 2002). The initial ele-
 vation of the water table seaward of borehole 5 was deter-

 mined by interpolation between the measured, initial water-
 table elevations in boreholes 1 to 5. Landward of borehole 5,
 the water table was set at the mean elevation calculated as

 described above. A standard, explicit finite difference scheme
 was used to solve the governing equation. A small time step
 (At = 0.5 minutes) and grid size (Ax = 2 m and Ay = 2 m)
 were used in the simulations discussed below to ensure the

 numerical stability and accuracy of the results. The simula-
 tions started from day 1, July 15, and ran for the entire field
 trip period (i.e., until August 4).

 Simulated Tidal Water-Table Fluctuations in the
 Boreholes

 Simulations were conducted with three different values of

 K/S. These values were selected based on the estimates from

 the above amplitude damping analysis. The results allow us
 to assess the sensitivity of the predicted water-table behavior
 to the hydraulic properties of the aquifer. The predictions
 from the second simulation (with K/S = 0.0011 m/s) agree
 reasonably well with the data (Figure 5a). In particular, both
 short period (semidiurnal and diurnal) and long period
 (spring-neap) water-table fluctuations that occurred in bore-
 holes 1 and 2 were reproduced in the simulations. Although
 the semidiurnal signals were overpredicted, the essential fea-
 tures of these oscillations-the asymmetry between the rising
 and falling water tables, and the occurrence and phase of
 each semidiurnal water-table peak in response to semidiur-
 nal high tides-were captured by the model simulations. The
 magnitude and phase of the spring and neap water-table fluc-
 tuations were also predicted. The main deficiency is the un-
 derprediction of the mean water-table elevations in all the
 boreholes. The cause of this may partly be the applied initial
 conditions of the water tables, especially for areas outside the
 measurement zone. Because of the lack of data, the mean
 water-table elevations calculated from the data-fitting func-
 tion were used as the initial water-table elevations for these

 areas. Prior to the field deployment, there were several rain-
 fall events, which could have led to a recharge of the aquifer
 and an increase in water-table levels. This recharge was not
 considered in the model simulations.

 The first and third simulations gave less satisfactory re-
 sults (Figures 5b and c). The sensitive response of the model
 predictions to the change of the K/S values reflects the de-
 pendence of the water-table behavior on the aquifer's hy-
 draulic properties.

 The reasonable agreement between the predicted and ob-
 served borehole water-table fluctuations provides confidence
 in the model. In the following section, we use the model to
 investigate the change of the water-table depth in the inter-
 tidal zone. The analysis, focusing on the falling tide period
 on July 31, examines the possible relationship between the
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 Figure 5. Comparison between measured and simulated water-table
 fluctuations in boreholes: (a) K/S = 0.0011 m/s; (b) K/S = 0.0006 m/s; and
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 Figure 5. Continued.

 water-table depth and surface temperature in the intertidal
 zone.

 Dynamics of the Intertidal Zone-Depth of the Water
 Table and Beach Surface Temperature

 Previous studies have shown that the beach surface tem-

 perature varied by several degrees when it was exposed dur-
 ing the falling tide. Our infrared data also indicated consid-
 erable increase in surface temperature as the tide receded.
 The temperature changes were, however, nonuniform. In Fig-
 ures 6b and 7b, we plot the spatial temperature variations
 (temperature color image superimposed on the beach surface)
 at two different times: when the tide started to recede and

 when it almost reached low tide. The temperature variations
 seem to be related to the beach morphology. The locations of
 high and low temperatures appear to correspond to relatively
 high and low bed elevations in the beach profile. In particu-
 lar, the temperature tended to be relatively high at the top
 of the berms and bars. While the heat source was the solar

 radiation, the bed elevation differences were not large enough
 to directly cause the temperature variations. On the other
 hand, the beach morphology affects the drainage character-
 istics of the beach face and hence the beach water-table

 depth. Based on the simulated beach water-table elevations,
 the water-table depths were calculated by subtracting the
 simulated water-table elevation from the bed elevation. The

 Journal of Coastal Research, Vol. 22, No. 6, 2006
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 Figure 6. Comparison between the spatial variations of beach surface temperature and water-table depth at t = 183 min. The straight lines indicate the
 tidal sea levels. The color bars indicate the (a) water table depth in meters and (b) surface temperature in degrees Kelvin.

 spatial variations of the water-table depths exhibited similar
 patterns to those of the temperatures (Figures 6a and 7a). To
 explain such similarity, we hypothesize a heating mechanism
 based on the depth of the simulated water table in the inter-
 tidal zone. The assumption is that the temperature is con-
 trolled by the local heat capacity of the exposed sand surface,
 which decreases with the water-table depth. Furthermore,
 the thermal conductivity will decrease as the beach dries, re-

 sulting in a reduction of the heat flux (heat loss) into the
 sand. Therefore, a large water-table depth is expected to lead
 to a high temperature of the beach surface exposed to solar
 radiation (heat source).

 To examine further the relationship between the water-ta-
 ble depth and surface temperature, we compared the tem-
 poral variations of these two parameters along the central
 transect on the falling tide (Figure 8). With respect to the

 Journal of Coastal Research, Vol. 22, No. 6, 2006
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 Figure 7. Comparison between the spatial variations of beach surface temperature and water-table depth at t = 383 min. The straight lines indicate the
 tidal sea levels. The color bars indicate the (a) water table depth in meters and (b) surface temperature in degrees Kelvin.

 first parameter, five bands of deep and shallow water-table
 areas are evident (lower panel). The formation of these bands
 was obviously due to the local beach morphology that affected
 the water drainage from the beach as the tide receded. The
 temperature changes are characterized by an overall increase
 as the tide receded. The increase in temperature reached con-
 stant levels rather quickly. The second feature of the tem-
 perature profile is the band structure of alternating high and

 low temperatures. Near the landward berm area (around
 y = -100 m), the two temperature bands (I, high and II, low)
 correspond with the two water-table bands (I, deep and II,
 shallow). Such correspondence is however not evident in the
 two seaward bar areas (y -200 and -300 m). While the
 water-table bands are still distinct in these two areas, the
 temperature profile exhibits no such feature, suggesting that
 the heat transfer process is much more complicated than de-
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 Figure 8. Temperature changes (upper panel) and water-table depth variations (lower panel) along the central transect.

 scribed by the simple mechanism investigated here. Relative-
 ly short exposure time for the seaward bar area compared
 with that for the landward berm area might have limited the
 heating of the former area. The exposure-time effects were,
 however, complicated as shown in the behavior of the surface
 temperature on the landward berm, which did not increase
 monotonically with the exposure time. Other factors such as
 winds and changes of sunlight intensity due to clouds also
 influenced the surface temperature, possibly smearing the
 differences between the bands. Moreover, the heat capacity
 of beach sands depends on the local water content rather
 than being simply related to the water-table depth. ATHER-
 TON, BAIRD, and WIGGS (2001) showed that the local water
 content, unlike the water table, is much less responsive to
 tidal oscillations. To account fully for these factors and pro-
 cesses, we would require a more comprehensive model that
 incorporated heat exchange between the sand surface and the
 ambient air, and the heat loss to the beach groundwater in-
 cluding water in the unsaturated zone (e.g., HYDROTHERM;
 HAYBA and INGEBRITSEN, 1994). Notwithstanding these
 complexities, the results suggest that the beach water-table

 depth and surface temperature are interrelated parameters,
 both affected by the tides.

 In the previous section, we have examined only the varia-
 tions of beach conditions induced by semidiurnal (half-day
 period) tides. In reality, oscillations occur over a much wider
 range of frequencies; for example, seasons and the spring-
 neap cycle (of 14.78 days). At the field site, the observations
 showed significant water-table responses to the spring-neap
 fluctuations of the tidal range in all the boreholes. The nu-
 merical simulations revealed considerable differences be-

 tween the averaged water-table depths during spring and
 neap tides (Figure 9). The beach water table is deeper during
 the neap tide than during the spring tide. This suggests that
 the beach surface may tend to be warmer during the neap
 tide than during the spring tide given similar conditions of
 surface heating (weather conditions).

 The spring-neap variations of the water-table depth in the
 intertidal zone are further evident in Figure 10, where the
 comparison between two morphologically different locations
 is made. The two locations are both on the central transect,
 one at a ridge and the other at a runnel (shown on the top
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 Figure 9. Averaged water-table depth during (a) spring and (b) neap tides.

 panel of the figure). Again the water-table depth was calcu-
 lated by subtracting the simulated local water-table elevation
 from the bed elevation. When the beach was submerged, the
 water-table depth became undefined. Each segment of the
 discontinuous curves of the water-table depth represented
 the drainage phase of the exposed beach as the tide receded.
 The water-table depth increased until the rising tide reached
 the locations. The beach was submerged between two adja-
 cent segments. At both locations, the water-table depth was

 larger during the neap tides than that on the spring tides.
 However, the water table was nearer the beach surface at the
 runnel than at the ridge, implying that the beach could be
 drier at the latter location. Moreover, the water table fell
 faster at the ridge as the tide receded (i.e., the water-table
 depth increased more rapidly). These results demonstrate the
 effects of local beach morphology on the beach conditions in
 the intertidal zone, especially the water-table depth and the
 associated moisture content and temperature.
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 CONCLUDING REMARKS

 Water-table depth and temperature are important param-
 eters of the beach condition for interstitial fauna. In the in-

 tertidal zone, both parameters are largely influenced by the
 tide. The experimental study presented here shows that:

 * The behaviors of the beach water-table depth and temper-
 ature during the falling tide are considerably affected by
 the beach morphology. Beach berms and bars are relatively
 dry and can become warmer than the adjacent low area.

 * The beach water-table depth and temperature are inter-
 related parameters; in particular, the former modifies the
 response of the latter to the solar radiation (as the heating
 source).

 * The beach environment is much more complex than de-
 scribed in the groundwater flow and surface heating mod-
 els presented. The water-table depth is not always a good
 indicator or measure of the beach water content. To sim-

 ulate the water content changes, we need to consider the
 capillary effects. For the temperature variations, a full
 heat transfer model considering the heat exchange be-
 tween the beach and the ambient air would be required.
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