
1594

 

Journal of Coastal Research, Special Issue 64, 2011 

Journal of Coastal Research SI 64 pg - pg ICS2011 (Proceedings) Poland ISSN 0749-0208 

Physical forcing of the water temperature variability along the 
Espinheiro Channel (Ria de Aveiro, Portugal) 

M. C. Sousa†, N. Vaz† and J. M. Dias† 
† CESAM 
Departamento de Física 
Universidade de Aveiro 
3810-193 Aveiro, Portugal 
mcsousa@ua.pt 
nuno.vaz@ua.pt 
joao.dias@ua.pt 

 

 
 

ABSTRACT   

 

Sousa, M. C., Vaz, N. and Dias, J. M, 2011. Physical forcing of the water temperature variability along the 
Espinheiro Channel (Ria de Aveiro, Portugal). Journal of Coastal Research, SI 64 (Proceedings of the 11th 
International Coastal Symposium), 1594 – 1598. Szczecin, Poland , ISSN 0749-0208  

Water temperature data resulting from 1-year monitoring along 10 km of an estuarine tidal channel located inside 
Ria de Aveiro lagoon (NW coast of Portugal) were analyzed to investigate its spatial and temporal variability, as 
well as its response to the effects of two major forcing: tides and meteorological conditions. Water temperature is 
being monitored since 2004, using a new technology composed by an optical sensing cable fixed along the 
channel bed. It extends from the lagoon inlet to the river mouth, integrating fiber Bragg grating sensors to 
measure the water temperature each 500 m. The data under analysis consist in 18 annual time-series measured in 
2004-05 by each sensor. Mathematical techniques as spectral analysis and Empirical Orthogonal Functions 
(EOFs) were used in order to establish the semidiurnal and seasonal variation of the water temperature inside the 
channel. The results showed that the water temperature variability is induced by the major forcing factors (tide 
and meteorological conditions), clearly indicating that the high-frequency oscillations of the water temperature 
are strongly related to the solar heating daily variation and to the semidiurnal and diurnal tidal effect. On the 
other hand, the low-frequency oscillations are modulated by the weather and/or long-term meteorological events.  
EOFs analysis indicated that the variability in the water temperature time series can be accounted by the first 
component, which is closely related to the inter-annual variation of the air temperature. Besides the day/night 
and tidal variations, the water temperature variability is also determined by the seasonal changes on the 
meteorological conditions, especially due to the shallow channel’s depth.  
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INTRODUCTION 
Water temperature is a key environmental variable which 

influences several water properties and biogeochemical processes. 
For example, as water temperature increases, the capacity of the 
water to hold dissolved oxygen becomes lower. Water temperature 
also influences the rate of plant photosynthesis (Wang et al., 
2007), the metabolic rates of aquatic organisms (Atkinson et al., 
1987), and the sensitivity of organisms to toxic wastes, parasites, 
and diseases. 

In order to characterize the water temperature variability in 
marine systems some studies have been performed worldwide: 
Paraso and Valle-Levinson (1996) studied the horizontal water 
temperature gradient in the lower Chesapeake Bay in order to 
observe the meteorological influences in the water temperature 
data; Uncles and Stephens (2001) have studied the annual cycle of 
temperature and associated heat fluxes in the Tamar Estuary, and 
more recently, Harcourt-Baldwin and Diedericks (2006) 
performed numerical modeling studies in Tomales Bay 
(California) investigating the temperature effect in the formation 
of density currents. In Portugal, some studies have also been 
performed: Newton and Mudge (2003) studied the temperature 
and salinity regimes in a shallow, mesotidal lagoon, the Ria 
Formosa. They demonstrated that the inner lagoon waters have 

different temperature characteristics compared to the inflowing 
coastal water, both in winter and summer. Dias et al. (1999) 
studied the water temperature distribution along the four main 
branches of the Ria de Aveiro revealing the establishment of 
longitudinal gradients. Close to the mouth, the Ria de Aveiro 
presents typical ocean water temperature values, which warms up 
upstream into the head of the channels. Vaz and Dias (2008) 
studied more specifically one branch of the Ria de Aveiro 
(Espinheiro Channel) and concluded that near the surface the 
water temperature is influenced by the daily heating/cooling cycle 
and at mid-water and near the bed the water temperature responds 
to tidal pulses. 

In this work the water temperature variability along the 
Espinheiro Channel (Figure 1) is studied. The Espinheiro Channel 
is one of the four main branches of Ria de Aveiro, a mesotidal and 
shallow coastal lagoon located in the northwest coast of Portugal. 
This channel connects the major source of freshwater of the 
lagoon, the Vouga River, to the Atlantic Ocean. The study area 
extends from the lagoon mouth up to the channel’s head, close to 
the mouth of the Vouga River. The study area is approximately 10 
km long, has an average width of 200 m and a mean depth, along 
its longitudinal axis, of about 10 m. The tides, which are 
semidiurnal, constitute the main forcing of Ria de Aveiro 
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dynamics, being M2 and S2 the most important constituents (they 
represent more than 90% of the tidal energy) (Dias et al., 1999). 
The strongest currents are observed at the inlet channel, reaching 
values higher than 2 ms-1 (Vaz et al., 2009). The salinity along 
this channel ranges from fluvial (about 0 psu) at the channels head 
to oceanic typical values (about 35 psu) at the lagoon mouth, 
depending on the freshwater inputs (Vaz and Dias, 2008). 

The characteristics of Ria de Aveiro, as well as of other 
estuarine systems, make permanent monitoring particularly 
important for its management. In order to monitor the water 
temperature along the Espinheiro channel a novel technology was 
used, consisting of an optical-fibre longitudinal cable 10 km long 
with 18 fibre Bragg sensors of water temperature separated by 500 
m, installed from the mouth of the lagoon to the mouth of the 
Vouga River along the channel’s bed. In addition to the water 
temperature data, meteorological data and the sea surface 
elevation measured in a tidal gauge located near the mouth of the 
lagoon are also used in order to fully characterize the study area 
during the period under analysis. These last data are exploited in 
order to study the tidal advection influence in the water 
temperature observed along the channel. 

The objectives of this work are to study the spatial and temporal 
water temperature variability along the Espinheiro channel and to 
evaluate the importance of the main forcing mechanisms (tides 
and meteorological conditions) on the dynamics of water 
temperature. 

DATA AND METHODS 

Data 
The water temperature measured in 18 sensors distributed along 

the Espinheiro channel, the meteorological data collected at the 
University of Aveiro station and the sea surface elevation (SSE) 
measured in a tidal gauge located near the mouth of the lagoon are 
investigated in this study. 

The water temperature was obtained using a new technology 
(Pereira et al., 2005; Frazão et al., 2010), consisting on an optical-
fibre longitudinal cable 10 km long with 18 temperature Bragg 
sensors sensitive to water temperature through changes in the 
refractive index of water, separated by 500 m, from the mouth of 
the lagoon to the mouth of Vouga River (Figure 1). This cable is 
fixed along the channel bed by several solid concrete supports, 
conceived to uplift the cable in the sensors area in order to avoid 
sediment deposition. This data allows the long term and real time 
monitoring of the Espinheiro channel with an excellent spatial 
resolution. The measurements were performed sequentially from 

sensor 1 to 18, with a temporal resolution of ~18 minutes. Results 
of 1-year measurements of water temperature data (from 
September 2004 to October 2005, when Portugal was under a 
severe drought) are explored in this study. Therefore, the data 
consists of 18 time-series of water temperature with 402 days 
length from sampling locations 500 m distant. The original data 
was hourly interpolated in order to obtain simultaneously results 
for all sensors. 

It must be noted that in Figure 1, 19 sensors are represented, but 
sensor 16 is inactive. Sensor 1 is located near the mouth of the 
lagoon and the last one (sensor 19) is located near the channel’s 
head, close to the mouth of the Vouga River. The water 
temperature measured using these sensors is used as reference to 
the Atlantic Ocean and to the freshwater temperature, respectively. 

Hourly meteorological data was collected at the University of 
Aveiro station (40º38’N, 8º39’W) and SSE data was continuously 
measured at a tidal gauge located near the mouth of the lagoon. 
These data are concurrent with the water temperature 
measurements. 

Methodology 
Data were analyzed in order to study the longitudinal and 

temporal water temperature variability in the Espinheiro Channel 
and its relation with the forcing mechanisms. 

In order to separate the high frequency signal (tidal oscillations) 
and the low frequency signal (subtidal oscillations), the time series 
were high/low-pass filtered, considering a cut-off frequency of 30 
h. The influence of the meteorological forcing in the time-series is 
recognizable through the application of a low-pass filter (subtidal 
frequencies), while the high-pass filter shows evidence of tidal 
forcing (tidal frequencies). 

Spectral analysis was used to clearly identify the frequency of 
the processes controlling the dynamics of the Espinheiro Channel. 
These results help to understand the impact of atmospheric 
perturbations and of the tidal propagation over the water 
temperature inside the channel. The study of the energy spectrum 
provides an alternative way of estimating the attenuation of the 
tidal and subtidal signals in different frequencies while 
progressing landwards. Spectral density plots were constructed 
using the spectrum function of MATLAB. 

Empirical Orthogonal Function (EOF) analysis (Emery and 
Thompson, 1997) provides a convenient method for studying the 
spatial and temporal variability of long time-series of water 
temperature data over large areas. EOF analysis divides the 
temporal variance of the data into orthogonal spatial patterns 
called empirical eigenvectors and establishes spatial patterns of 
variability. In other words, EOF analysis is used to decompose a 

 
Figure 1. The Espinheiro Channel of Ria de Aveiro and the location of the optical cable. 
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time-series into its orthogonal component modes, the first few of 
which can be used to describe the dominant patterns of variance in 
the time-series. Finally, correlations between the water 
temperature measured in the sensors and the forcing variables 
were calculated. 

RESULTS AND DISCUSSION 

Water temperature longitudinal variability 
Figure 2 shows the water temperature distribution along the 

Espinheiro Channel for winter and summer. Since sensor 16 was 
deactivated, its data was obtained from interpolation of the data 
from sensors 15 and 17. 

In winter the water temperature is higher at the mouth (sensor 1) 
than near the channel’s head (sensor 19), as observed in previous 
works (Vaz and Dias, 2008). In the summer the water temperature 
at the channel’s head is lower than at the mouth, presenting an 
opposite gradient to that found by Dias et al. (1999) during this 
season. This may be explained by the very low freshwater 
(warmer during summer) inflow during the period under analysis. 
In fact, the existence of a small dam near the mouth of the Vouga 
River during the summer could be responsible to this unusual 
feature. That is, the freshwater inflow is lower than typical values 
(Génio et al., 2008), which means that only cold marine water 
reaches the upstream region of the Espinheiro Channel. The 
difference between the inlet water temperature and the 
temperature at the far end of the channel can reach 2 ºC (in 
summer season). These longitudinal differences may be 
considered important in the net export of heat from the lagoon to 
the shelf. 

In the winter, the water temperature is nearly constant along the 
channel. The observations show slightly higher temperatures near 
the mouth (sensor 1) and lower temperatures at the upstream area 
of the channel (sensor 19). The water temperature in the inner part 
of the channel decreases almost 5 ºC, from values between 16 and 
18 ºC to values between 11 and 13 ºC. This effect can be due, not 
only to the temperature of the ocean and river waters, but specially 

to the decrease of the air temperature in these areas, due to 
sensible heat flux loss from the lagoon water to the atmosphere. A 
similar result was found by Uncles and Stephens (2001) in the 
Tamar estuary. 

During the summer the maximum water temperature (about 20 
ºC) was found for sensors 12 and 14. This may be explained by 
the channel’s shallowness at this area, and by the key role of the 
meteorological variables like air temperature and solar radiation in 
the water heating/cooling cycle. It may be observed that the water 
temperature annual variability at the lagoon’s mouth is larger than 
at the channel’s head (about 2ºC). This is an expected result since 
the river inflow was almost inexistent during the study period. The 
water temperature between the locations of sensors 6 and 8 
presents always the lowest values. This area is located at the São 
Jacinto and Espinheiro channels convergence (Figure 1) and here 
are found the more intense tidal currents (Dias, 2001). 
Furthermore, this region has several branches of the Ria de 
Aveiro. That is, on ebb water from the S. Jacinto Channel comes 
to this region in a different tidal stage than that from the upper 
reaches of the Espinheiro Channel. Since the S. Jacinto Channel is 
deeper, the water leaving this channel may be colder than the 
water coming from the upper reaches of the Espinheiro Channel.  

Water temperature temporal variability 
The influence of the meteorological forcing in the time-series is 

recognizable through the application of a low (high)-pass filter 
(subtidal (tidal) frequencies). 

In general, water temperature variations were found similar for 
all the sensors throughout the year, showing day/night 
heating/cooling and tidal periodicities (not shown). There is an 
evidence of seasonal variation, as the water temperature is lower 
in winter and higher in summer, which is observed for all sensors. 
This seasonal variation is mainly observed at the low frequencies, 
and dictates the behavior of the water temperature in respect to the 
long term general variability. The high frequencies represent the 
tidal variations and do not contribute to the long term pattern of 
variation.  

Spectral Analysis 
Spectral density plots were used to compute the water 

temperature power spectrum and to investigate the periodic 
phenomena. Previous to the spectral analysis, the time-series trend 
and mean were removed. Energy spectral density plots of the 
water temperature measured in sensors 1, 14 and 18 are depicted 
in Figure 3 as example of the results obtained. 

The most energetic peaks are found at the diurnal and 
semidiurnal frequencies, but contributions at tridiurnal and 
quarterdiurnal tidal frequencies were also found, especially for 
sensor 18 (Figure 3). The energy spectrum also presents energetic 
subtidal oscillations. Results also indicate that subtidal processes 
are usually less energetic than the diurnal oscillations, except in 
situations of extreme events, when the subtidal frequencies are 
amplified along the channel. Subtidal processes are more energetic 
than semidiurnal and quarterdiurnal oscillations and have 
frequencies varying from 3 to 23 days.  

The diurnal peak is the most energetic in all sensors, revealing 
the importance of the heat fluxes between the lagoon water and 
the atmosphere in the water temperature modulation. 

Tidal influence in the water temperature 
variability along the channel 

In order to study the tidal advection influence in the water 
temperature observed along the channel, the water level measured 

 

 
Figure 2. Seasonal representation of the water temperature 
variability: a) winter; b) summer.  
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at the lagoon’s mouth and the water temperature recorded using 
sensors 1, 3 and 7 are plotted in Figure 4 during both spring and 
neap tide for winter and summer, respectively. Data from these 
sensors were chosen because sensor 1 is located near the mouth, 
therefore strongly influenced by the heat fluxes from the ocean 
boundary induced by tidal advection. Sensor 3 is located 1 km 
upstream, and so it would be important to verify how much of the 
tidal signature has changed upstream of the mouth. Sensor 7 is the 
last sensor that has been observed to experience relevant tidal 
influence.  

From this figure it is verified that the water temperature 
recorded by sensor 1 and 3 presents similar patterns and values, 
varying with the tide (due to the proximity of the mouth and to the 
strong tidal currents that occur in this region) (Vaz et al., 2009), 
both in winter (lower temperatures) and summer (higher 
temperatures). The daily variation in water temperature is also 
related to the tidal amplitude (the low tide produces an increase in 
water temperature), as observed by Newton and Mudge (2003) in 
the Ria Formosa (Portugal). The water temperature increases 
during the ebb tide and decreases during the flood. However, in 
sensor 7 the tidal effect begins to attenuate, since it is located 3 km 
away from the mouth. 

The water temperature increases about 3 ºC when the tidal range 
decreases from spring to neap tide. This may be explained by the 
small tidal excursion of the adjacent cold oceanic water, to the 
small velocities and low tidal prism in neap tide, which cause a 
minor lagoon water renewal. In spring tide conditions, the 
maximum tidal range of 3 m causes a small decrease 

(approximately 1.5 and 2.5 ºC) in water temperature at sensors 1 
and 3, respectively. During this period, the tidal excursion extends 
further upstream. In neap tide conditions, the results show that the 
water temperature is less dependent on the heat fluxes through the 
ocean boundary, and more dependent on the local effects of the 
solar heating due to the heat fluxes between the lagoon water and 
the atmosphere. In spring tide conditions, the external cold 
oceanic water penetrates further upstream, attenuating the local 
effects of the solar heating. 

In the Espinheiro Channel it may be stated that the tidal range is 
an important factor determining the differences in the water 
temperature along the channel. This is in accordance with the 
results obtained for Tomales Bay (Harcourt-Baldwin and 
Diedericks, 2006), where the tidal range influenced the 
development of a density intrusion. 

Empirical Orthogonal Functions Analysis 
The decomposition of the water temperature time series using 

EOFs provides another method of analyzing the longitudinal and 
temporal components of its variability.  

The highest coherent component, the first EOF, (Figure 5a) 
explains 85% of the total variance of the water temperature inside 
the channel. The spatial amplitude for this mode is always 
negative, showing a non-homogeneous behavior along the 
channel. Sensors 6 and 8 show the lowest variation (with low 
amplitudes), since they present low values independently of the 
month, and sensors 12 and 13 show the highest variation (with 
high amplitudes). This may be a consequence of the variations of 

 
Figure 3. Energy spectrum of the time-series of water temperature measured in sensors 1, 14 and 18. The vertical bar indicates a 95% 
confidence level. 

 
Figure 4. Water level (panel 1) and water temperature (panel 2) at sensors 1, 3 and 7 for December 2004 (a) and July 2005 (b).  
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the latent and sensible heat fluxes between the lagoon water and 
the atmosphere throughout the year. The eigenvector of this mode 
(Figure 5b) is positive and negative. The negative and positive 
spatial amplitudes represent cooler and warmer waters, 
respectively, relative to the spatial mean along the Espinheiro 
Channel.  

Strong correlations were found between the temporal variation 
of the first EOF (PC1) and the water temperature data measured 
for most of the sensors. Moreover, strong correlations were also 
found between water and air temperature. The PC1 is strongly 
correlated to the seawater temperature (0.9498 - sensor 1) and to 
the freshwater temperature (0.9560 - sensor 19), and is moderately 
correlated to the air temperature (0.6790). 

The calculated correlations between air temperature and the 
water temperature time-series are higher than 0.80 in sensors 11, 
12 and 13; this may be a consequence of the shallowness of the 
region were sensors are located, turning higher the influence from 
the atmosphere.  

The water temperature distribution as found weakly dependent 
on the river discharge, which may be due to the lower values of 
the river inflow during the study period comparatively to the 
typical ones referred by Génio et al. (2008) for Ria de Aveiro. The 
water temperature distribution was found closely related to the 
seawater temperature, tide and air temperature pattern. 

CONCLUSIONS 
The results showed the importance of the major forcing factors 

(tide and meteorological conditions) on determining the water 
temperature patterns and variability along the Espinheiro Channel. 

The spectral analysis revealed high energetic peaks both in 
semidiurnal and diurnal frequencies. These frequencies are 
induced by the tidal advection and by the daily patterns of the 
solar radiation, which contributes to determine the air temperature 
and the heat fluxes between the lagoon and the atmosphere.  

In spring tide conditions, the tidal excursion extends along the 
entire channel during the flood tide, causing a decrease of the 
water temperature, and showing the importance of the tidal 
advection. However, 3 km upstream, both the tidal excursion and 
the temperature gradients begin to attenuate, continuing to 
decrease towards the channel’s head. In neap tide conditions, the 
water temperature increases about 3 ºC, as consequence of the 
shorter tidal excursion inside the channel. 

EOF analysis indicates that the variability in the water 
temperature time-series can be accounted for by the first 
component, which is closely related to the annual variation of the 
air temperature. 

In conclusion, besides the water temperature dependence on 
forcing characteristics at the channel’s boundaries (ocean and 
river), when the incoming freshwater is low (as in the study 
period), the water temperature distribution is closely related to the 

meteorological conditions, namely air temperature and incoming 
solar radiation, especially because of the shallowness of the 
Espinheiro Channel. 
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Figure 5. Spatial (a) and temporal (b) distribution of the water 
temperature first EOF. 




