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ABSTRACT 

 

Large, shallow lakes are common in the extensive floodplains throughout the 

tropics and its importance for climate regulation has already been proven. To 

determine controls on their mixing dynamics in order to help define proper 

simplifications to insert this type of lakes in land surface models, five stations 

were instrumented with meteorological and temperature sensors and placed in 

two shallow connected tropical lakes on the lower Amazon floodplain. A tight 

relation between changes in thermal structure and LMO/h (the ratio of the Monin-

Obukhov length scale – LMO – to the depth of the actively mixing layer – h) 

indicates the sensitivity of thermal structure to wind speed relative to heating 

and cooling.  Four regimes led to variations in mixing: (i) high solar radiation 

with light winds in the mid-morning to early afternoon resulted in shallow 

stratification, 0 < LMO/h <1; (ii) afternoons with higher winds caused the diurnal 

thermocline to downwell and heat to mix to deeper layers, LMO/h >1; (iii) by late 

afternoon, buoyancy flux became negative and LMO/h < -1 and with Wu  and w  

both > 0.06 m.s-1, mixing from wind and cooling co-occurred; and (iv) 

convection dominated mixing on nights with light winds, -1 < LMO/h < 0. Pattern 

(ii) occurred mid-day if winds were higher. When winds were intermittent and 

regime (i) predominated mid-day, changes in heat content were primarily 

determined by one-dimensional processes of heating and cooling. When 

easterly winds were sustained and regime (ii) occurred mid-day, heat was 

transported west in the day, and colder water upwelled to the west or was 

advected to the west and north at night. Subtle differences in wind speed 
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determined the extent to which advection moderated the thermal structure. 

Wind and solar radiation were found to be the most important parameters 

influencing the water column thermal structure of the lakes under study. Given 

the regimes identified by the in situ measurements and the increasingly 

applicability of orbital remote sensing to the study of the temperature patterns 

on inland aquatic systems, a model was developed for extracting bulk 

temperature (equivalent to that measured in situ) from the surface temperature 

(called skin temperature) provided by the MOD11A1 product of the MODIS 

sensor onboard the Aqua and Terra satellites. This model was calibrated and 

validated using a Monte Carlo simulation, resulting in a normalized error of 

18.32%. The model, however, presented low R2 values, indicating that further 

research is needed on longer time series before this product can be used for 

pattern studies. 

 

Keywords: Tropical shallow floodplain lakes; mixing; convective cooling; wind; 

advection; water surface temperature; remote sensing. 
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LIMNOLOGIA FÍSICA DE GRANDES LAGOS DE PLANÍCIE DE INUNDAÇÃO 

AO LONGO DO BAIXO RIO AMAZONAS  

 

RESUMO 

 

Grandes lagos rasos são comuns nas extensas planícies de inundação ao 

longo dos trópicos cuja importância para a regulação climática já foi 

comprovada na literatura científica. Para determinar os fatores que controlam a 

dinâmica de mistura desses lagos e contribuir para a definição de 

simplificações mais adequadas para inserção desse tipo de lagos em modelos 

de superfície, cinco estações foram instrumentadas com sensores 

meteorológicos e de temperatura e posicionadas em dois lagos rasos 

interconectados da planície de inundação do baixo Amazonas. Uma relação 

estreita entre as variações da estrutura térmica da coluna d’água e a razão 

LMO/h (razão da escala de comprimento de Monin-Obukhov – LMO – pela 

profundidade da camada de mistura ativa – h) indica sensibilidade da estrutura 

térmica em relação à velocidade do vento. Quatro regimes conduzem a 

variações na mistura da coluna d’água desses lagos: (i) a alta incidência de 

radiação solar e vento leve do meio da manhã até o início da tarde resulta em 

estratificação rasa, próxima à superfície e com a razão entre 0 < LMO/h <1; (ii) o 

vento mais forte à tarde causou o aprofundamento da termoclina diurna, o que 

resultou em calor sendo levado às camadas mais profundas e a razão LMO/h 

>1; (iii) ao final da tarde, o fluxo de flutuabilidade tornou-se negativo levando a 

razão a LMO/h < -1 e, com ambas velocidades horizontal ( Wu ) e vertical (w ) de 
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fricção da água maiores que 0.06 m.s-1, a mistura devido ao vento e aquela 

devido ao resfriamento da água ocorreram simultaneamente; e (iv) a 

convecção dominou a mistura da coluna d’água em noites com vento leve e, 

com isso, a razão ficou -1 < LMO/h < 0. O regime (ii) ocorreu ao meio dia caso o 

vento fosse mais forte. Quando o vento era intermitente e o regime (i) 

predominava ao meio dia, mudanças no conteúdo de calor na coluna d’água 

eram determinadas por processos de resfriamento e aquecimento em uma 

dimensão apenas. Quando ventos orientais eram mantidos e o regime (ii) 

ocorria ao meio dia, o calor era transportado para oeste durante o dia, fazendo 

com que águas mais frias emergissem ou fossem transportadas para essa 

região dos lagos à noite. Diferenças súbitas na velocidade do vento 

determinaram a extensão com que a advecção impactava a estrutura térmica. 

Vento e radiação solar foram os parâmetros mais importantes de regulação da 

estrutura térmica da coluna d’água dos lagos estudados. Tendo em vista os 

regimes identificados pelas medidas in situ e a crescente aplicação do 

sensoriamento remoto orbital ao estudo dos padrões de temperatura de 

sistemas aquáticos continentais, desenvolveu-se um modelo para a estimativa 

da temperatura volumétrica (equivalente àquela medida in situ) a partir da 

temperatura de superfície (skin temperature) fornecidas pelo produto 

MOD11A1 do sensor MODIS a bordo dos satélites Aqua e Terra. Esse modelo 

foi calibrado e validado utilizando-se uma simulação Monte Carlo, resultando 

em erro normalizado de 18.32 %. O modelo, contudo, apresentou valores 

baixos de R2, indicando que são necessárias pesquisas mais aprofundadas em 
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séries temporais mais longas antes que possam ser usados para levantamento 

de padrões.  

 

Palavras-chave: Lagos rasos de planície de inundação tropical; mistura; 

resfriamento convectivo; vento; advecção; temperatura da superfície da água; 

sensoriamento remoto. 
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1 INTRODUCTION 

Mixing patterns have been extensively studied in lakes of the boreal and 

temperate regions (EUGSTER et al., 2003; EVANS et al., 2008; MACINTYRE 

et al., 2009; MACINTYRE et al., 2010; READ et al., 2012; TEDFORD et al., 

2014; HEISKANEN et al., 2014, PERNICA et al. 2014). These lakes undergo 

strong seasonal variations in solar radiation and air temperature (MACINTYRE; 

MELACK, 2009). Tropical floodplain lakes, in contrast, are subjected to less 

seasonality in meteorological variables, but are strongly influenced by flooding 

from the main river, i.e. water stage, which alters conditions of lake 

morphometry, magnitude, direction and distribution of advective flows, light 

attenuation and distribution of flooded vegetation.  

Previous studies characterized thermal stratification in the water column of 

small floodplain lakes in the central Amazon (LAKE CALADO; LAKE 

JANAUACÁ – MELACK; FISHER, 1983; MACINTYRE; MELACK, 1984; LAKE 

CRISTALINO; LAKE JACARETINGA – TUNDISI et al., 1984) and reached 

similar conclusions regarding mixing patterns. The effects of physical forces 

(e.g., wind, solar radiation, evaporation) are modified by lakes’ surface area and 

depth, varying seasonally and spatially. During rising and receding water 

stages, lakes are likely to be vertically mixed at sunrise, develop a shallow 

thermocline (~0.5 m) towards mid-day at low wind conditions, and fully mix 

again at night. During the high-water stage, lakes may develop periods of stable 

stratification under low wind conditions with significant diel variation of the 

mixed layer depth (1 to 6 m, depth permitting). Large wind fetches will increase 

vertical and horizontal mixing.  
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Engle and Melack (2000) and Caraballo et al. (2014) studied lakes with 

persistent stratification during high water, which was interrupted during friagem 

events. Friagem is a cold front displacement from the south. It normally occurs 

between May and August (high-water phase in Central Amazon) and lead to 

strong winds and sudden temperature drop. The authors point out that, with a 

combination of low air temperature, low incident radiation and strong, persistent 

wind, complete mixing is possible even during high water. Therefore, in lakes 

with large fetch and persistent wind, the hypothesis of complete mixing at diel 

time scales even during high water stage, with depths deeper than 5 m, is 

realistic. 

Melo et al.  (2004) studied the density and vertical distribution of phytoplankton 

during high water in two small Amazon floodplain lakes, Lake Batata and Lake 

Mussurá, both formed by Trombetas River and located on lower Amazon 

floodplain. Those lakes, despite both being 8 m deep, had different mixing 

patterns. Lake Batata was subjected to complete diel mixing and had scarce 

phytoplankton community, homogeneously distributed in the water column at 

the end of the night. Lake Mussurá had a mixing depth and phytoplankton 

distribution restricted to 3 m with population densities higher than those of Lake 

Batata. The assumed reason for these differences relies on the advective fluxes 

from Trombetas River. These fluxes have larger influence on Lake Batata 

during high water phase whereas Lake Mussurá remains as a lentic system 

throughout the hydrological year due to the position of the lakes related to the 

connected river. Melo et al. (2004) illustrated the controls that mixing patterns 
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impose over the phytoplankton in the water column and the role of lateral 

advection over the vertical mixing patterns. 

At lower reaches of the Amazon River, mixing patterns have not been analyzed. 

There, overbank deposition gradually buries scroll topography (MERTES et al. 

1995), large shallow lakes are more abundant, smaller local catchment to lake 

area ratios dominates, and water level amplitude is lower than upstream. 

Though studies by Engle and Melack (2000), Melo et al. (2004) and Caraballo 

et al. (2014) indicate that complete mixing is possible even during high water 

stage, the physical forces that determine the occurrence of complete mixing 

events and the influences of lake morphometry and advective flows remain to 

be examined.  

It is expected that lake area, lake physical properties and lake biogeochemistry 

will interact with climate change, especially due to climate warming. It can alter 

lake mixing regimes (MACKAY et al., 2009; WEYHENMEYER et al., 2017) and 

have feedbacks to regional climate. The impact of temperate and boreal lakes 

to regional climate have been demonstrated by Samuelsson et al. (2010) and 

Subin et al. (2012). Their work showed climate impacts related to the inclusion 

of lakes in land surface models coupled with climate models. Lakes influence 

local to regional climate due to their different albedo, higher heat conductance 

under the surface, higher effective heat capacity and lower surface roughness 

than surrounding land. Its importance to climate prediction and estimates of 

climate change impacts is unquestionable, still most general circulation models 

have, at best, simple and largely untested representations of lakes Subin et al. 

(2012). In addition to that, studies in the Amazon basin have demonstrated that 
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floodplains and associated lakes act as important regional sources and/or sinks 

of carbon (ENGLE; MELACK, 2000; RICHEY et al., 2002; MELACK et al., 2004; 

KEMENES et al., 2007; RUDORFF et al. 2011; MELACK; COE, 2013; ABRIL et 

al., 2014) and, given wetlands extent in the Amazon (8.4x105 km²; HESS et al., 

2015), it is important to examine mixing patterns and the physical forces that 

control it in a class of lakes abundant in Amazon basin and other organic-rich 

floodplains in order to help understand the role of these lakes in the regional 

climate. 

Aiming to solve the gaps raised above, the Chapter 4 of this thesis was 

dedicated to study the vertical thermal structure and mixing of Lago 

Paranaptinga (2°4'15.93"S, 55°40'8.03"W) and Lago do Poção Grande 

(2°7'59.47"S, 55°38'52.24"W). They comprise a floodplain of the Amazon River 

called Curuai floodplain, located at its southern margin, near the city of Óbidos, 

State of Pará. Both lakes have large wind fetch, which enables to test the 

hypothesis of complete mixing occurrence due to wind even during high-water 

stage.  

Time series measurements of surface meteorology and water column thermal 

structure were acquired, together with measurements of light attenuation. 

Spatial and temporal variations in water thermal structure and surface 

meteorology of the area is described to identify dominant lake mixing processes 

at the diel timescale. Data were collected during high water stage, in a period of 

overbank flow of river water onto the floodplain, strong heating due to persistent 

incident solar radiation, and persistent wind forcing. Surface energy budget was 

quantified and used to determine the domains where wind stirring, convective 
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cooling due to heat losses and advective flows from other flooded environments 

caused mixed layer deepening. Vertical mixing patterns were analyzed, and 

they showed that horizontal overflows can influence the depth of the surface 

mixed layer and cause thermocline tilting and upwelling from the hypolimnion. 

With this set of data and calculations, it was possible to demonstrate the mixing 

patterns of a large tropical floodplain lake. The results demonstrated here may 

affect the representation of this class of lakes in land surface models and 

expand our understanding of processes of lake mixing in the tropics. 

Given the results from Chapter 4 of this thesis, it was possible to define the 

physical forces that most greatly affect mixing patterns of the lakes under study: 

wind and water temperature (as result from incident radiation). Wind is a source 

of turbulent kinetic energy in the water column and it can be responsible for 

erosion of vertical temperature gradients. Water surface temperature (WST) in 

its turn, is a good indicator of climate change (ADRIAN et al., 2009; 

LIVINGSTONE, 2003; WEYHENMEYER et al., 2017). Due to its high heat 

capacity, small changes in water temperature can affect the duration of 

stratification (Augusto-Silva et al., 2019), the development of algal blooms and 

of oxygen depleted zones (LIVINGSTONE, 2003; SAHOO; SCHLADOW, 2008; 

BOUFFARD et al., 2013). WST is a necessary parameter for calculations of 

heat, momentum, and it determines the flux of gases such as carbon dioxide 

and methane between the water and the atmosphere (EMERY et al., 2001). 

Weyhenmeyer et al. (2017) have demonstrated that temperature difference 

between air and water can be used to evaluate whether the water body will 
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function as a source or a sink of greenhouse gases to the atmosphere and so 

proving the importance of this parameter to climate modeling. 

Remote sensing capability for estimating wind still lacks the required spatial and 

temporal resolution to be applied to inland waterbodies studies, so the chosen 

most promising forcing to be estimated by remote sensing was water surface 

temperature (WST) and remote sensing applicability for estimating it was 

evaluated in Chapter 5. A model for estimating WST was developed and 

validated by relating in situ WST (bulk temperature) to MODIS skin layer 

temperature directly. 
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2 STUDY SITE 

 

The study was carried out in Lake Paranaptinga (2°4'15.93"S, 55°40'8.03"W) 

and Lake Poção Grande (2°7'59.47"S, 55°38'52.24"W) located in the 

northwestern portion of the Curuai flood basin along the southern bank of the 

lower Amazon River near Óbidos, Pará, Brazil (Figure 2.1).  The stage of the 

Amazon River in this reach varies annually 6 m with a seasonal peak in June 

and a trough in November. The flooded area of this flood basin ranges from 

about 850 to 2250 km² (RUDORFF et al. 2014a). During low water, sedimentary 

landforms are exposed and separate the basin into several large, shallow lakes. 

During high water levels, as was occurring at the time of this study, overbank 

flow connects the whole flood basin into a complex floodplain lake with flows in 

the downstream direction sub-parallel to the Amazon River channel (RUDORFF 

et al., 2014a-b). 

Curuai flood basin is a complex of more than 30 large and shallow lakes 

connected to each other and to the main channel by streams during low water 

and comprising a floodplain during high water with main flow direction parallel to 

the Amazon River, with presence of levees and different flooded habitats. The 

area has been characterized for seasonal variations of water quality (NOVO et 

al., 2006; FERREIRA et al., 2012; LOBO et al., 2012; SANDER DE CARVALHO 

et al., 2015; SANDER DE CARVALHO, 2016), flooded environments extent and 

distribution (ARNESEN et al., 2013) and inundation processes (BONNET et al., 

2008; RUDORFF et al., 2014a-b). Advection, wind fetch and solar radiation play 

significant roles to the mixing patterns of these lakes and the experimental 
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design was thought to capture the influence of the wind, flow direction and 

changes in water optical properties. 

Figure 2.1: Study site. (a) The Amazon basin and the study site location. (b) True color 
Landsat 8 composite (date: 07/17/2014) of Curuai floodplain and location of 
the field measurements. Detail of the distribution of the: (c) thermistor 
chains; (d) wind buoys and meteorological station (buoy 2); and (e) 
discrimination of the lakes studied. 

 

 

The five stations where wind and thermal structure were measured were 

located along gradients of wind fetch, water depth, flow speed and diffuse light 

attenuation (Table 2.1, and Figure 2.1). The sampling scheme were thought in 

order to capture these gradients. Station 1 was located in Lake Poção Grande, 

while stations 2, 3, 4 and 5 were located in Lake Paranaptinga.  
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Table 2.1: Lake depth, diffuse light attenuation coefficient (Kd PAR) and fetch at 
the field sampling stations. Fetch was measured from east to west on 
the Landsat 8 image acquired on June 17, 2014. Lake depth and Kd 
were measured during the field campaign. 

Station Lake Depth (m) Kd PAR (m-1) Fetch (km) 

1 Poção Grande 7.0 4.3 >20 

2 Paranaptinga 6.8 5.0 ~4 

3 Paranaptinga 5.0 2.6 ~2 

4 Paranaptinga 4.4 4.9 ~5 

5 Paranaptinga 4.9 2.3 ~9 
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3 FIELD MEASUREMENTS 

 

Measurements were made at high water stage from June 23 to July 6, 2014, 

designated as day 172 to day 186 using day of the year notation. Wind at 2m 

above the water surface and temperature in the water column were measured 

at all stations, and station 2 also had sensors to measure solar radiation, air 

temperature, relative humidity, atmospheric pressure and precipitation. We 

computed depth averaged current speeds based on hydraulic gradients using 

the inundation model LISFLOOD-FP. This model was described and applied in 

the same area by Rudorff et al. (2014, 2018) as a numerical inundation model 

that offers means to study the interactions among different water sources while 

accounting for their spatial and temporal variability. It consists in a one-

dimensional (1D) simulation of the main channel flood wave and a two-

dimensional (2D) simulation of the inundation of the floodplain (Hunter et al., 

2007). In LISFLOOD-FP model, channel flow is represented using diffusive or 

kinematic wave approximations to the full 1D St. Venant equations solved using 

a fully implicit Newton-Raphson scheme (TRIGG et al., 2009).  

Meteorological sensors at station 2 monitored wind speed and direction (HOBO 

model: S-WCA-M003, manufacturer’s specified accuracy ± 0.5 m s-1, ± 5 

degrees, resolution 0.19 m s-1, and threshold 0.5 m s-1), precipitation (HOBO  S-

RGB-M002, precision: ±1.0% up to 20 mm h-1), atmospheric pressure (HOBO 

S-BPB-CM50, precision: ±3.0 mbar), relative humidity and air temperature 

(HOBO S-THB-M002, precision: ±2.5%, ±0.2ºC), incoming longwave radiation 

(Kipp & Zonen CGR 3; sensitivity range: 5 to 15 μV/W m-2), and incoming 
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shortwave radiation (Kipp & Zonen CMP 3; sensitivity range: 5 to 20 μV/W m-2). 

Wind speed was measurable below the reported manufacturer’s threshold, and 

we set the minimum wind speed value to 0.2 m s-1. Buoys at the other four 

stations had the same type of wind sensors as station 2. Sampling was at two-

second intervals, and data were averaged over 5 minutes.  

A thermistor chain was moored at each station. Thermistors (model: U22-001, 

brand: HOBO, accuracy: ±0.2°C, resolution: 0.02°C) were deployed at 0.02 m 

(shaded by surface float), 0.5 m and 1.0 m and, thereafter depths were 

dependent on water depth. The first three loggers were suspended below a 

surface float on a weighted line and connected to a taut line mooring with a 

subsurface buoy and anchor on which were attached the other temperature 

sensors (Figure 3.1). The thermistors had a response time (90% of a step 

change in temperature) of five minutes, and the sampling times were 

synchronized. The thermistors sampled every 30 s. All thermistors were inter-

calibrated and compared to high resolution sensors in the laboratory (model: 

RBR solo, accuracy: ±0.002°C). Due to the digitization noise associated with 

the HOBO thermistors, data were smoothed prior to final inter-calibration. In that 

step, we identified times when the temperature measured by each logger was 

within 0.2°C of the others and the water column was assumed to be well mixed. 

The measured temperature of individual loggers was then shifted such that 

values were within 0.02°C.  
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Figure 3.1: Thermistor chain structure. 

 

Source: MacIntyre (2014). 

 

Spectral measurements of downwelling irradiance (Ed) were collected using 

RAMSES-ACC-UV/VIS (TriOS RAMSES-ACC Oldenburg, Germany – range: 

320 to 950 nm, interval:  3.3 nm, accuracy: 0.3 nm). These profiles were 

collected between 1000 h and 1400 h (local time) at all five sites and were 

made at approximately 0.1 m intervals in the water column. Depth and 

inclination measurements were acquired by a pressure and tilt sensor 

integrated into the radiometer. The radiometric measurements were collected at 
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a distance of 1.5 meter from the boat, reducing any shading effects. For each 

sampling point and each depth, ten irradiance measurements were acquired, 

and the average spectrum was calculated. Calculations were performed for five 

bands (ultraviolet; 400 to 700 nm - PAR; 700 to 800 nm; 800 to 900 nm; 900 to 

1000 nm). Values for bands from 1200 to 1800 nm and 1800-2800 nm were 

obtained from standard values Jellison and Melack (1993). Attenuation 

coefficients were calculated using Beer’s Law for each wavelength band.  
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4 STRATIFICATION AND MIXING IN LARGE FLOODPLAIN LAKES 

ALONG THE LOWER AMAZON RIVER1 

 

Vertical mixing in lakes moderates biogeochemical processes such as 

resources supply to the upper layers nourishing phytoplankton growth 

(PATTERSON, 1991), gas exchange at the air-water interface (MACINTYRE et 

al. 1995, 2010), and development of hypoxia (BOUFFARD et al., 2013) with 

implications for fish habitat. While temperate and arctic lakes undergo strong 

seasonal variations in solar radiation and air temperature (MACINTYRE; 

MELACK, 2009), tropical lakes experience less seasonality in solar radiation 

and air temperature such that latent heat fluxes and extent of cloud cover are 

drivers of seasonal and diel variations in stratification (TALLING; LEMOALLE, 

1998; MACINTYRE et al., 2002, 2014). With warm surface temperatures, 

evaporation rates can be higher in tropical lakes for the same wind speed 

causing deeper mixing when solar radiation is reduced than in more northerly 

lakes (MACINTYRE; MELACK 2009). Consequently, shallow tropical lakes 

typically undergo diel cycles of stratification and mixing (TALLING, 1969; GANF, 

1974; MELACK; KILHAM, 1974). Additional variability caused by changes in 

water level, connectivity to rivers and optical properties are likely for floodplain 

lakes. 

                                                        
 

1 This chapter is based on the published paper: Stratification and mixing in large floodplain lakes along 
the lower Amazon River, by Pétala Bianchi Augusto-Silva, Sally MacIntyre, Conrado de Moraes Rudorff, 
Alicia Cortés, John Michael Melack, published in the Journal of Great Lakes Research, Volume 45, Issue 
1, 2019, Pages 61-72, ISSN 0380-1330, https://doi.org/10.1016/j.jglr.2018.11.001. 
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The diel cycles of stratification and mixing within floodplain lakes are expected 

to be influenced by the surface energy budget, as in other lakes, and wind as it 

induces up and downwelling of diurnal thermoclines and causes horizontal 

transport. Horizontal advection from riverine inflows; differences in lake 

morphology; changes in light attenuation that are moderated by the inflows due 

to sediment deposition and the passage of the water through vegetated 

environments that alters its compositions; can also be sources of variability. 

Aquatic vegetation will contribute by moderating the light climate and water 

velocities.  For example, in the lowlands of large tropical rivers, seasonal floods 

cause variations in water level, flow, sediment concentration and extent of 

aquatic vegetation on the fringing floodplains (MELACK et al., 2009).  

Prior work in the central Amazon basin has shown the depth dependence of 

vertical mixing. When lakes are less than about 4 m deep, they tend to be 

vertically mixed at sunrise, develop a diurnal thermocline towards midday under 

low winds, and mix again at night (MELACK; FISHER, 1983; TUNDISI et al., 

1984; MACINTYRE; MELACK, 1984, 1988). As lakes exceed 6 m in depth, 

seasonal stratification develops and often persists for days to weeks with diel 

variations in the depth of the upper mixing layer (MACINTYRE; MELACK, 1988; 

ENGLE; MELACK, 2000; CARABALLO et al., 2014).  The extent to which they 

are influenced by horizontal advection from riverine inflows, wind, differences in 

lake morphometry, aquatic vegetation and sediment load, as it moderates 

changes in light attenuation are unknown, particularly for the larger floodplain 

lakes of lowland Amazon floodplain. 
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Changes in floodplain hydrology, channel gradient, lake sizes, bathymetry and 

sediment transport which occur along the Amazon River valley should lead to 

differences in mixing within the lakes (SIPPEL et al., 1992; MERTES et al., 

1995; DUNNE et al., 1998). For instance, for the ria lakes in the central Amazon 

where earlier studies were conducted, rainfall and local runoff were found to be 

larger components of the water budget than incoming riverine flows (LESACK; 

MELACK, 1995). In contrast, in the eastern basin, sediment-laden riverine 

inputs represents a large fraction of the incoming water (RUDORFF et al., 

2014b). For this region, the rate of lateral migration of the main channel is lower 

than upstream, and floodplain construction is dominated by overbank 

deposition, which formed large, shallow lakes surrounded by sedimentary 

landforms (SIPPEL et al., 1992; MERTES et al., 1995; DUNNE; AALTO, 2013).  

During high water, the shallow regions between the river and lake may heat and 

cool faster than deeper locations farther from the banks and, with ongoing 

overbank flow, moderate thermal structure for some distance downstream. 

Vegetation in shallow areas may cause the flows to lose momentum and 

deposit particulates, such that the waters become clearer. 

Given the abundance and ecological significance of these large, shallow, 

tropical, floodplain lakes in the lowland Amazon basin, and similar floodplain 

regions elsewhere in the tropics, the following questions were addressed in the 

aim to understand the vertical mixing dynamics of this class of lakes: (i) how 

does the thermal structure and extent of vertical mixing vary spatially within the 

lakes?; and (ii) what physical processes control the vertical thermal structure?  
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Despite the basic understanding of the importance of diel stratification and 

mixing, surface energy budgets, including the quantification of turbulent velocity 

scales, and advection over kilometer scales have rarely been computed for 

tropical lakes. A multi-station measurements set was built to provide new data 

and understanding of spatial differences in stratification and mixing and controls 

on between station variability.  

Time series measurements of surface meteorology and water column thermal 

structure were acquired together with measurements of light attenuation and 

water currents. With these measurements, spatial and temporal changes in 

thermal structure were characterized and shifts in dominance of production of 

turbulence between wind and convective cooling were examined at diel 

timescales. Also, the calculated surface heat budget was contrasted with the 

measured heat content to assess whether advection was moderating the extent 

of heating and the thermal structure. This study has implications for the 

representation of shallow tropical lakes in land surface models (DADSON et al. 

2010; RILEY et al. 2011; SUBIN et al. 2012) and improved estimates of trace 

gases exchange with the atmosphere (RUDORFF et al. 2011; MELACK, 2016). 

 

4.1 Methods 

4.1.1 Surface energy budget, turbulent velocity scales, and heat budgets  

The estimates made in this section followed Imberger (1985) and MacIntyre et 

al. (2002, 2014). Sensible heat (SE) is the heat that leads to changes in the 

temperature of a given body, and latent heat fluxes (LE) is the heat that is used 

to change the physical state of given body without changing its temperature. 
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Both heats were estimated using the aerodynamic formulas 

 A Pa H Z S ZSE C C U T T  , and  A V E Z S ZLE L C U q q  , where: A  is the density 

of the air at the air-water interface; UZ is the wind speed at height z above the 

water surface; SE is the sensible heat transfer; CPa is the specific heat of air; CH 

is sensible heat transfer coefficient; TS is the water surface temperature; TZ is 

the air temperature at height z; LE is the latent heat transfer; LV is the latent 

heat of vaporization; CE is latent heat transfer coefficient; qS is the specific 

humidity at saturation pressure at TS; and qZ is the specific humidity of the air at 

z. 

The measurements of UZ, Tz and relative humidity (RH) were taken ~2 m above 

the water surface. The neutral values of the transfer coefficients at 10 m height 

(CDN, CHN and CEN) were adjusted for the measurement height following the 

method of Amorocho and DeVries (1980). These coefficients were corrected for 

atmospheric stability following the iterative approach suggested by Hicks (1975) 

and using the method of Monin and Obukhov (1954) based of the length of 

Monin-Obukhov (L). 

The outgoing longwave radiation (LWout) is the energy radiating from the a given 

body as infrared radiation. It was calculated as 4
out w SLW T  , where: w  is the 

emissivity of water (0.97  0.005 - Anderson, 1954) and   is the Stefan-

Boltzman constant ( 8 4 25.67 10 W K m     ). The surface heat flux, which is the 

energy balance of a surface layer, was computed as the sum of latent heat flux, 

sensible heat flux and net long wave radiation (LWnet), which is the result of the 

longwave radiation that is reaching a given body (LWin) less the longwave 
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radiation emitted by this body (LWout), i.e. net in outLW LW LW  . The effective 

heat flux (H*) for the actively mixing layer is the sum of the surface heat flux 

plus the shortwave radiation retained within the actively mixing layer. 

Buoyancy flux (B) is defined as the vertical kinematic flux of a virtual potential 

temperature. This parameter was computed from the effective heat flux 

(IMBERGER, 1985): 

0

*





PwC

Hg
B 

 

where: g is the acceleration due to gravity; α is the thermal expansion 

coefficient as a function of the temperature; ρ0 is freshwater density; and CPW is 

the specific heat of water.  

Near surface turbulence is caused by wind and cooling. The water friction 

velocity ( wu ) provides an index of the contribution from wind and is computed 

from shear stress,
2
*

2
*

2
WWAZDA uuUC  

 based on the assumption that 

surface shear stress is the same on both sides of the air-water interface. Here 

A  and W  are the density of the air and water, respectively ( kg 3m ); ZU  is 

the wind speed at height z above the water surface ( m 1s ); and DC  is the drag 

coefficient at measurement height corrected for atmospheric stability. The 

penetrative convection velocity ( *w ),indicates the velocity of thermals due to 

cooling. It is computed as  
1/3

*w Bh  where h is the depth of the actively 

mixing layer (DEARDOFF, 1970; IMBERGER, 1985). Total turbulent energy flux 

into the surface layer, qF , is calculated as  3 3 3
* *0.5q N wF w C u   , where NC  is a 
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coefficient equal to 1.33. This value represents the energy introduced in the 

water by both shear production and surface cooling (KIM, 1976; RAYNER, 

1981; IMBERGER, 1985).  

 

4.1.2 Length of Monin-Obukhov (Lmo) 

The ratio of the convection term to the total production of turbulent kinetic 

energy (TKE) term was computed to determine when convection dominated 

TKE production. This ratio is known as the Monin-Obukhov length scale (Lmo) 

and it represents the depth at which the production of TKE due to wind shear 

equals the production of TKE due to buoyance forces. In the water this length 

is: 

  2

2
*

/

W

g h
W

u L

 
  

where wu   is the shear velocity equals to the root of the shear stress due to 

wind divided by the water density ( 2
w  ) and B is the buoyance flux. If B is 

positive, LMO is called LMO heat, if B is negative, LMO is called LMO cool. Above 

the depth equal to the absolute value of the LMO, wind shear is assumed to 

dominate the production of TKE. Below that depth, the turbulence is assumed to 

be suppressed when the water column is warming (stabilizing) and enhanced 

when the water is cooling (destabilizing). 
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4.1.3 Stratification and the depth of the actively mixing layer 

Due to the accuracy of the temperature loggers, the depth of the actively mixing 

layer (h) was computed as the depth where temperature was 0.02°C lower than 

that at the surface. In addition, when the temperature difference between the 

two uppermost loggers (0.02 m and 0.5 m) was larger than 0.02°C, the depth of 

the shallow actively mixed layer was defined to be midway between them, i.e. 

0.24 m.  

Stratification was quantified as the buoyancy frequency, N=[(g/ρ 

dρ/dz)1/2·3600/2π]. It is the frequency at which a vertically displaced water 

parcel will oscillate. The parcel, which is vertically perturbed from its initial 

position, experiences a vertical acceleration. If the acceleration is towards the 

original position, it is a case of stable stratification and N² > 0. If the acceleration 

is away from the original position and N² is less than zero, the stratification is 

unstable. 

Wedderburn number (W) was calculated as: 

  2

2
*

/

W

g h
W

u L

 
  

where Δρ is the density difference across the diurnal thermocline and L is the 

fetch (IMBERGER, 1985). This number is a parameter used to measure the 

balance between wind and buoyancy force and it is normally used to infer the 

occurrence of upwelling. The magnitude of downwelling increases as W 

decreases, with partial downwelling even with W=12 (MONISMITH, 1986). 



23 
 

Fetch for station 2 was fixed at 4 km and, with large fetches at all stations, 

interpretation for W will remain the same even if L varies.  

 

4.1.4 Advection 

Advection as the transport by bulk motion was inferred by comparing the heat 

fluxes in the lake computed from the surface energy budget using meteorology 

data (QM) and from the time series temperature measurements (QT). QT was 

computed as the sum of the change of heat content in the individual layers 

 ,T W WQ Cp T t z z      , where W  is water density, WCp
 is the specific 

heat of water, T  is the mean temperature integrated in time ( t ) and depth (

z ) where ΔT is two hours and delta z was the depth between loggers. If QM 

and QT are equal, then there is no bulk motion and the heat content in the water 

column can be estimated based on meteorology only. However, if they diverge, 

then there must be bulk motion involved. 

 

4.2 Results 

4.2.1 Meteorology 

The measurement acquisition can be divided into two periods according to 

differences in weather. The first period, prior to day 181, had cooler nights, 

greater cloud cover and a tendency for wind to drop below 1 m.s-1 around 

midday and at night (Figure 4.1). Relative humidity at night was lower in the 

second period with reduced cloud cover, and a pattern of low winds at night 

from the north and stronger winds in the afternoon from the east was more 
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consistent. In the first period, the nights were 3°C cooler than surface waters 

and in the second, 2°C colder. Peak wind speed was ~5 m.s-1 for both periods. 

Winds more frequently dropped to the instrument threshold at night during the 

first period. Day 178 differed from the others in that it was overcast with high 

relative humidity, low shortwave radiation, and showers of 12.4 mm of rainfall in 

the morning and 2.2 mm in the afternoon (data not shown). Winds reached 10 

m s-1 during rainstorms. 

Figure 4.1: Five-minute averages of meteorological data from station 2: (a) air 
temperature and near-surface water temperature; (b) shortwave incoming 
radiation (SW); (c) wind speed (WS); (d) wind direction (WD); and (e) 
relative humidity (RH). 
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Air temperature ranged from 23.9°C around midnight to 31.1°C around 13:00 

(local time) and had an overall mean of 27.9°C (Figure 4.1a). Surface water 

temperature tended to be warmer than air temperature except for a few hours in 

the afternoon for about half the days (Figure 4.1a). Consequently, the 

atmosphere above the lake usually was neutral or unstably stratified. Shortwave 

radiation reached 1000 W m-2 at noon under clear sky conditions and varied 

rapidly in response to changes in cloud cover (Figure 4.1b). Relative humidity 

was lowest at midday (minimum of 69%) and peaked around midnight 

(maximum of 95%) with a mean of 82% (Figure 4.1e).  

Heat losses from evaporation, that is, latent heat fluxes, exceeded the other 

loss terms in the surface energy budget (Figure 4.2a).  As wind speed 

increased, latent heat fluxes increased from ~-50 to ~-150 W m-2, reaching up 

to -400 W m-2 in response to squalls.  Sensible heat flux was the smallest term 

in the surface energy budget with values close to 0 W m-2 except during the 

squalls when SE losses reached ~-100 W m-2.  Net longwave radiation 

averaged -50 W m-2 during the initial cloudier period and -100 W m-2 for the 

second period with its clearer skies.   

The surface heat flux had values generally between -100 W m-2 and -200 W m-2 

(Figure 4.2b). As a result of high solar radiation and these relatively low surface 

heat fluxes, due to predominantly light winds and modest latent heat fluxes 

except during squalls, the effective heat flux was high and became positive only 

about an hour after sunrise and negative in the afternoon approximately an hour 

before sunset (Figure 4.2b). Maximum daily values reached 600 W m-2. On day 

178, the effective heat flux was negative in the day due to persistent cloud 
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cover. Positive values of the buoyancy flux followed the same pattern as 

shortwave radiation, and values were negative at night and ~ -1 × 10-7 m2.s-3 

(Figure 4.2c). 

As in Pilkington Bay (MACINTYRE et al., 2002), in these lakes of Curuai 

floodplain, evaporation was the main cause of heat loss (Figure 4.2a), therefore 

wind contributes to surface layer deepening by inducing both turbulence in the 

water column and heat loss at the air-water interface. Wind is also responsible 

for tilting the thermocline in the main wind direction (east to west or from chain 

3, to chain 2 and then chain 5), which is likely the reason why upwelling of 

colder water can be observed at some stations.  
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Figure 4.2: (a) Hourly time series of components of the surface energy budget: sensible 
heat flux (SE), latent heat flux (LE), and net longwave radiation (LWNet); (b) 
Surface heat flux (blue line) and effective heat flux (green line) into the 
actively mixing layer; and (c) Buoyancy flux. 

 

 

4.2.2 Turbulent velocity scales 

The magnitude of non-zero values of Wu  and w ranged from 0.1 cm s-1 during 

light winds to 1 cm s-1 with the highest values during squalls (Figure 4.3a). 

Water friction velocity, Wu   peaked midday to early afternoon with typically 

lower values at night and through midmorning of the next day. The timing of its 
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maximum varied between the first (prior to day 181) and second period of our 

study. For much of first period, values were low during heating and reached a 

maximum with the transition to cooling.  Values were about half during heating 

in the first period compared to the second period, where they were maximal. 

Thus, shallow diurnal thermoclines are expected during heating for much of the 

first period and deeper ones during the second with the accompanying wind 

induced mixing.  

Penetrative convection velocity, w was zero in the day when B  was positive 

and approached 1 cm s-1 at night. With the later onset of higher winds during 

the first period, both Wu  and w were elevated as cooling began, however winds 

often decreased at night such that convection subsequently dominated. For 

both periods, w > Wu  for much of the night.  

Fq varied over several orders of magnitude (Figure 4.3b). Half hour averages 

ranged from 10-9 m3 s-3 to 10-8 m3 s-3 during morning heating with negligible 

winds and exceeded 10-7 m3 s-3 under heating and moderate winds. Values at 

night also ranged from 10-7 m3 s-3 to 10-6 m3 s-3 except during brief windy 

periods when they exceeded 10-6 m3 s-3. On the few occasions when winds 

dropped at night, Fq decreased by an order of magnitude. Hourly averages of 

the ratio 3
*0.5 : qw F , which applies during cooling, generally had values in excess 

of 0.7, indicating the strong contribution of cooling to turbulence production. The 

low values of Fq during morning heating with low wind enables the development 

of strong stratification which is disrupted by persistent cooling at night. With 

current speed at all sites reaching 0.1 m s-1 (measurements made at each site 
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using a SonTek/YSI Inc. 1.5 MHz Acoustic Doppler Current Profiler – ADCP), some 

turbulence may have been induced by shear from advection. However, we have 

insufficient current measurements to quantify the contribution from that source. 

Figure 4.3: (a) Water friction ( Wu , blue line) and penetrative convection velocity (w , 

green line); and (b) Half hour averaged turbulent energy flux into the 

actively mixing layer (Fq) (blue, left axis) and the ratio 
3
*0.5 : qw F  (green, 

right axis). Computed for station 2 except on days 174 to late afternoon on 
day 177 when the gaps were filled using computations from Station 1. 

 

 

 

The lakes studied stratified to the surface at midday when qF  was least, i.e., 

when there was no cooling and the wind was low. Following the pattern 

observed in Pilkington Bay by MacIntyre et al (2002), the surface layer 

deepened as qF  increased, and, since this parameter is dependent on Ww  and 

Wu , examination of the ratio between these two individual terms (Figure 4.4) 
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allows assessment of the contribution of wind forcing and cooling to the surface 

layer deepening at different times of day. A ratio equal to one (red line) would 

represent equal contribution of cooling and wind. If the ratio is more than one, 

the larger contribution is due to cooling; if the ratio is lesser than one, the larger 

contribution is due to wind stirring. At station 2, surface layer deepening was 

dominated by convective cooling during the night and by wind stirring during the 

day (Figure 4.4). The only exception to that was day 178, which was an 

overcast day.  

 

Figure 4.4: Ratio between penetrative convection velocity and water shear velocity. 
Red line represents ratio equals to one. 

 

The ratio qFw :5.0 3
*  (Figure 4.3) represents the ratio of the buoyancy flux to total 

kinetic energy flux. In all stations this ratio was zero during the day, which 

indicates that turbulence generate during this period was not driven by density 

but by wind. We plotted the histograms of this ratio in the water column with 1 m 

depth intervals (data not shown). The result of this analysis is summarized in 

Table 4.1 and shows that the extent of the influence of wind stirring in the water 
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column varies among the stations. At stations 3 and 4 data were not sufficient 

for computing the equilibrium between wind stirring and convective cooling 

contribution to the depth of the surface layer. 

 

Table 4.1: Result of the histograms of the ratio 3
*0.5 : qw F  in all stations. 

Station Wind domain Equilibrium Convection domain 

1 ≤ 1m >1m and ≤ 2m > 2m 

2 ≤ 3m >3m and ≤ 4m > 4m 

3 ≤ 1m  > 2m 

4 ≤ 3m  > 3m 

5 ≤ 2m >2m and ≤ 3m > 3m 

 

The results shown in Figures 4.3 and 4.4 demonstrate that surface layer 

deepening was dominated by wind stirring during the day, and the results from 

Table 2 indicates that wind contribution is limited to a certain depth, which is 

variable among the stations analyzed.  

 

4.2.3 The Length of Monin-Obukhov (LMO) in the water and the actively 

mixing layer (h) 

Figure 4.5 shows a comparison of LMO and h for all stations during the 

experiment. From the analysis of this figure we can see two separate patterns: 

a nocturnal one and a diurnal one, both described below. 
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Figure 4.5: LMO in the water (cool in blue, heat in red) and h (black line) with subpanels 
ordered from station 1 (S1) to station 5 (S5). 

 

4.2.3.1 Nocturnal pattern 

LMO is shallower than h in all stations every night. This divides the surface 

mixing layer in an upper thin part where wind shear dominates the production of 

TKE and a lower deeper region where the production of TKE is dominated by 

buoyance forces, i.e. convective cooling. When the buoyancy flux is negative 

(LMO-cool) the water column is destabilizing. As the mixing depth (h) reaches 

the bottom every night for all stations and the LMO is shallow, negative buoyancy 

fluxes dominate the production of TKE during the night.  
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4.2.3.2 Diurnal pattern 

At daybreak, LMO shifts from cooling to heating and the water column begins to 

stabilize and reduce h with warming from solar radiation at the surface.  Both h 

or the LMO are shallow and have small difference in depth. This demonstrates 

that the wind contribution to the production of TKE is restrict to this thin 

superficial layer, i.e. wind shear is not capable of breaking the stability of the 

water column due to high insolation. Wind contribution to the production of TKE 

only rises in depth at the beginning and at the end of the sun light availability.  

During day 178, the water column begins its superficial warming period, but due 

to rain and less solar radiation, there are many oscillations from LMO-heat to 

LMO-cool. A shallow h is stablished during this day, but not as shallow and 

stable as the other days. h was shallower than the LMO, meaning that the 

production of TKE in the surface mixing layer is dominated by wind shear with 

tendency to deepening due to shifts from LMO-heat to LMO-cool, leading to 

complete mixing of the water column in all stations. 

 

4.2.4 Thermal stratification 

The diffuse attenuation coefficient, Kd, was high (2-5 m-1) at all sites (Table 2.2). 

Kd was highest at stations 2 and 4 along a turbid plume of incoming river water, 

slightly lower at station 1 located further into the floodplain, in Lake Poção 

Grande, and lowest at the sites where river water flowed through vegetation 

(station 3 and 5). As expected with these high values of Kd, shallow diurnal 

thermocline formed at all sites under morning heating with light winds  
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Comparison of time-depth diagrams of water temperature shows the overall 

pattern is one of diurnal heating and nocturnal cooling with mixing at night 

reaching to the bottom at each site (Figure 4.6). Variability was induced by 

proximity to the incoming river water and exposure to wind.  

Figure 4.6: Top panel: Hourly averages of LMO/h for station 1, first three days, and 
station 2 thereafter, and lower panels: Time-depth diagrams of water 
temperature for: (a) days 174-180 and (b) days 181-187. Subpanels are 
ordered from station 1 to station 5. Isotherms are every 0.1°C below 29°C 
(white) and every 0.2°C above that temperature (black). Positive values of 
LMO/h indicate heating, and the ratio equals fraction of the actively mixing 
layer mixed by wind. Red dots indicate the thermistor positions for each 
chain. Upper three thermistors on chain 2 were lost after initial 
deployment and replaced on day 178. 

continue 
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Figure 4.6: Conclusion. 

 

Near-surface temperatures and stratification were higher when 0 < LMO/h < 1. 

As the sign of LMO/h became positive, indicating heating, temperature began to 

increase. In most cases, LMO/h approached 1 at the onset of heating, implying, 

as observed, that heat would be mixed throughout the actively mixing layer. 

Shortly thereafter on a few of the days, LMO/h approached zero. Stratification 

reached the surface and the base of the diurnal thermocline was at ~ 1 m. The 

high near-surface temperature and strong near surface stratification that 
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resulted is particularly notable on days 176, 177, 181, and 182. When LMO/h 

increased again in the afternoon to values near 1 with the onset of intensified 

winds, the diurnal thermocline downwelled. In the second half of the study, 

LMO/h remained near 1 or higher midday. The increased mixing led to cooler 

near-surface temperature and weaker near surface stratification than in the first 

half of the study. The onset of cooling was typically associated with increased 

winds, so LMO/h dropped to values less than -1. Temperature decreased, and 

the diurnal thermocline descended further. Subsequently, LMO/h increased to 

values just below 0, indicating cooling with negligible winds. Temperature 

continued to decrease, with the rate differing between stations. If the diurnal 

thermocline did not reach the bottom during the windy period, it did during this 

later period. The tight relation between changes in thermal structure and LMO/h 

indicates the strong sensitivity of thermal structure to changes in heating and 

cooling relative to wind speed.  Figure 4.7 show a summary of the conclusions 

drown for the ratio LMO/h. 

Figure 4.7: Summary of the periods identified by the ratio LMO/h. 
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These patterns are further illustrated for the three-day time series from days 

181 to 183 (Figure 4.8) during which the change in the midday pattern in LMO/h 

occurred. That is, on day 181 it stayed near 0 for several hours, fluctuated 

between 0 and 1 on day 182, and was persistently above 1 during the period 

with greatest heating on day 183. Stratification, quantified as the buoyancy 

frequency (N), reached 60 cycles per hour (cph) and remained that high for 

several hours during midday heating on day 181; N was slightly less at the 

surface and briefly depressed in response to a slight increase in winds on day 

182. On both these days, the strong near-surface stratification persisted for 

several hours and the water column was linearly stratified to 2.5 m. In contrast, 

when LMO/h was above 1 during morning and afternoon heating on day 183, N 

only increased to 25 cph and remained that high for a short period. 

Subsequently N dropped to ~5 cph and the actively mixing layer deepened. The 

upper water column was responsive to wind and changes in wind direction 

despite the stratification. On each of the days, the diurnal thermocline down-

welled with increased wind and upwelled on relaxation. For example, on day 

181, when winds increased to 4 m s-1 in late afternoon, the diurnal thermocline 

deepened to 3 m and rebounded to the surface as the wind ceased. With the 

near-surface temperatures of 31°C and temperatures below the diurnal 

thermocline 29°C, the diurnal thermocline at 1 m, and letting fetch be 4 km, the 

Wedderburn number was 0.1 when wind speed increased. This low value 

implies that wind contributed to mixing by inducing shear across the thermocline 

as well as near surface currents. The weakened stratification by later afternoon 

on all days resulted from wind induced mixing and from heat loss as solar 
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radiation decreased and the effective heat flux shifted to negative values 

(Figure 4b). Overall stratification was greater in the later period on day 183 

when more heat had been mixed downwards with the persistent afternoon 

winds. The combined forcing which moderates the intensity of stratification is 

quantified by use of LMO/h. 

 

Figure 4.8: Five-minute time series of (a) wind direction (WD, blue, left axis) and 
effective heat flux into the actively mixing layer (HF, green, right axis); (b) 
wind speed (WS); and (c) time-depth diagram of buoyancy frequency (N) 
in cycles per hour (cph) for days 181 to 184 at station 2. The white line 
marks the depth of the actively mixing layer, the magenta and dashed 
black-while lines show LMO under cooling and heating, respectively. 

 

 

Temperature in the day and their depth distribution were dependent on the 

magnitude of Fq and solar radiation.  When Fq was low and solar radiation high, 

which also means LMO/h was positive and approached zero, and the 
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Wedderburn number exceeded 100 for a wind speed of 0.2 m s-1, heat was 

trapped near the surface. On days when winds were higher in the day and Fq 

was ~10-7 m3.s-3, the Wedderburn number decreased to values below 6, heat 

mixed more deeply in the water column and the overall temperature was lower.  

In these cases, LMO/h was greater than or equal to 1. The dependence of N on 

Fq at Station 2 is illustrated in Figure 4.9. Higher values of N occurred when Fq 

was less than 10-7 m3 s-3. As can be seen in Figure 4.3, the decreases in N with 

higher Fq resulted from downwelling of the diurnal thermocline and near surface 

mixing. The patterns which resulted from changes in LMO/h and Fq were evident 

at all stations although there were between station differences in temperature 

and in N. For example, when Fq was low, near surface stratification developed 

at Station 4, whereas water at that station was nearly isothermal subsequent to 

day 181 when Fq was higher due to the consistently elevated winds during both 

day and night. The influence of solar radiation was magnified on day 178 with 

its higher cloud cover and rain. Temperature dropped at all stations. The 

effective heat flux was only above zero for a few hours and was sometimes 

negative at times when it was positive on other days. Consequently, the water 

column cooled in the day, and the values of temperature the following morning 

were the coldest of the study.  
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Figure 4.9: Relation between the buoyancy frequency (N, in cph) and Fq during heating 
between late morning and mid-afternoon (i.e., 9:30 to 14:30) when the ratio 
LMO/h is (a) 0 < LMO/h <1 when light winds yield strong and shallow 
stratification, and (b) LMO/h >1 when strong winds caused the weakening of 
the stratification from downwelling of the diurnal thermocline and near 
surface mixing. 

 

Differences between site were related to fetch and proximity to the river. Station 

1 was located in Lake Poção Grande with the largest fetch and deepest water 

column. The depth of mixing was greater there and near surface water 

temperatures were cooler. During the second period, stations 3 and 5 had 

notably warmer waters than the other two stations in Lake Paranaptinga despite 

having lower Kd. Water at these two stations was less turbid as these regions of 

the lake received overbank flow through a wide belt of flooded vegetation 

(ARNESEN et al., 2013; RUDORFF et al., 2014, 2018) which trapped 

suspended sediments and alters Kd spectrally. The lower temperatures at the 

two mid-channel sites, stations 2 and 4, likely resulted from their greater 

exposure to wind or riverine inflows. The deeper diurnal thermoclines at station 

2 supports the inference of greater exposure to wind. Station 4 was the station 

most directly influenced by overbank flow from levee breaches. In comparing 
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the 3 shallowest stations, the diurnal thermocline was shallower at station 4 in 

period 1 and temperatures were cooler and thermal stratification least at station 

4 during period 2. The rate of cooling varied between stations in the late 

afternoon and night. For example, temperature decreased more rapidly in the 

afternoon at stations 2, 4 and 5, and warm water was retained longer and 

stayed warmer at night at Station 3 located in a shallow embayment. Exposure 

to wind also moderated upwelling of colder water. Upwelling in early morning 

was prevalent at stations 1 and 2 in all periods.  

Differences from east to west were also evident in L. Paranaptinga. With the 

onset of easterly winds, upwelling occurred at Station 3 to the east. The diurnal 

thermocline was shallower to the east at station 3 than to the west at stations 2, 

4 and 5. This pattern implies a flow of water from the east to the west causing 

downwelling to the west. While the diurnal thermocline was indeed deeper at 

station 5 than at station 3, it is not clear that a full basin downwelling occurred 

as the diurnal thermocline at station 5 was not always deeper than at station 2. 

 

4.2.5 Local changes in heat content versus changes from advection 

To assess whether advection was occurring and moderating the extent of 

heating and the thermal structure, we contrasted the time series of heat fluxes 

computed from the surface energy budget with that computed from temperature 

within the water column, QM and QT respectively (Figure 4.10). Quantitative 

differences among the heat calculated with those two sources indicates 

advection, i.e., if QM is larger than QT, colder water is being advected into the 
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measurement area. The opposite indicates that warmer water is being advected 

into the measuring area. If the estimated heat from both sources agree 

(QM=QT), heat content in the water column can be explained based on local 

forcing. 

 

Figure 4.10: QM (green line) and  QT (blue line) for stations (S) 1 to 5. Data are filtered 
over 2 hours. 

 

For all stations, both QM and QT were relatively similar through day 180. 

Afterwards, they began to diverge with nighttime QT lower than QM somewhat 

before midnight and again in the morning. There is a pattern of underestimation 

QM during periods of high solar radiation, which would indicate that advection is 

responsible for warmer water input during daylight. In contrast, at the end of 
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daylight there is a more pronounced decrease in QT, followed by later increase, 

making it larger than QM, which would mean that colder water is being advected 

into the sites of measurement.  

For example, changes in heat content in the water column at station 3 agreed 

with those computed from the surface energy budget with the exception of 

oscillations in QT which occurred in response to wind induced up and 

downwelling of the diurnal thermocline. Values of QT in the afternoon exceeded 

QM generally with a lag of ~3 hours relative to the peak in QM. This pattern was 

more pronounced for days 181-183 at all stations and for all the second period 

at stations 4 and 5.  

Despite their differences, QM and the QT were not statistically different for all 

stations but station 4 (t-test with 1% significance). This means that the only 

station in which horizontal transport plays a significant role to the heat budget is 

station 4, which is plausible since this station is the closest to the Amazon River 

and aligned to a more channelized flow. This explains why station 4 is the only 

one that can’t sustain stratification during daylight.  

Regarding stations 1, 2, 3 and 5, the shape discrepancies could rely on tilting in 

the thermocline due to variations in wind speed and/or direction. An increase in 

wind speed or a change in wind direction can tilt the thermocline and warmer 

water is pushed downwards. As the wind weaken or its direction changes, the 

thermocline relaxes, and colder bottom water is brought closer to the surface, i. 

e. upwelling. This process is represented in Figure 4.11 for station 2: in days 

181 and 183, changes in wind direction are responsible for tilting the 
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thermocline and causing the upwelling of colder water from the bottom; in days 

182 and 184, changes in wind speed are responsible for the same process.  

 

Figure 4.7: Example from station 2: (a) Wind Speed (WS) and Wind Direction (WD); (b) 
Isotherms where blue lines indicate upwelling; and (c) QM (green line) and 
QT (blue line). 

 

Upwelling occurs in station 1, 2 and 3. Its major magnitude occurs in station 1 

due to its large wind fetch and bottom topography, which crates conditions to 

the upwelling to reach the surface of Lake Poção Grande. Upwelling is weaker 

in station 3 due to its lower wind fetch and its location in an embayment. The 
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only station among the ones not affected by advection in which upwelling does 

not occur is station 5. Its upwind location does not favor the occurrence of 

upwelling and wind may displace warmer water towards it. At this station, wind 

comes from east displacing warmer water of the surface layer from chain 3 

towards chain 5. As result of this displacement and bottom topography, 

upwelling would occur in chains 2 and 3 sites and generate conditions to 

intrusion of solutes from the hypolimnion and resuspension of sediments 

(Figure 4.12). Despite that, its lower Kd favor a faster loss of water heat content 

once sunlight ceased. 

 

Figure 4.8: (a) Transect in the main wind direction from station 3 (S3) to station 5 (S5) 
showing the main components of the heat budget. Arrows coming from 
the bottom towards the surface layer represent the upwelling of cold water 
from the hypolimnion as the wind is tilting the thermocline in the main wind 
direction (from East to West); (b) Temperature profiles for Stations 3 and 
5 at 13:00 (local time). 

 

To highlight the differences between stations and to remove the influence of 

short-term wind events, we computed anomalies by subtracting QM from QT and 

averaging over 6 hours (Figure 4.13). QT at station 2 also tended to be similar to 

QM with a few divergences. During the first period of the study, QT and QM were 
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similar at stations 4 and 5. More pronounced differences occurred in the second 

period of the study with its sustained winds. These included greater heat gain at 

station 5 in the day, with the concurrent heat losses sometimes occurring at 

station 2. They also included greater heat loss at night at both stations. 

Proximity to the Amazon River and differences in wind exposure and basin 

morphometry are likely to have led to differences between station regarding the 

magnitude of the anomalies. 

 

Figure 4.9: (a) Hourly heat content per unit area estimated from temperature in the 
water column, QT (blue line), and computed using meteorological data, QM 
(green line) at station 3. (b) Anomalies between the observed heat content 
in the lake and that predicted from meteorological data (QT – QM) at 
stations 2 and 3 (blue and green, respectively); (c) As in panel b except 
for stations 4 and 5. 
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4.3 Discussion 

The data from the five thermistor and meteorological arrays in Lakes Poção 

Grande and Paranaptinga illustrate the diel cycles of diurnal stratification and 

nocturnal mixing and the differences between sites moderated by advection, 

basin morphometry, and wind exposure. The analyses illustrate how daily to 

weekly changes in meteorological forcing, fetch, and advection moderate the 

mixing dynamics and induce spatial variability. It was shown that diurnal 

stratification and near-surface temperature was high in the day when winds and 

resulting flux of turbulent kinetic energy, Fq, was low, 10-9 m3 s-3. In contrast, 

even for low to moderate winds of 3 m s-1 to 5 m s-1, Fq was 2 to 3 orders of 

magnitude higher and heat was mixed deeper in the water column. Transitions 

in thermal stratification occurred in response to changes in wind and buoyancy 

flux parameterized by LMO/h. Up and downwelling were prevalent features in the 

day despite vertical mixing’s reaching to the bottom at night. Changes in wind 

direction even when winds were light could induce upwelling. Like other tropical 

lakes, latent heat fluxes dominated the surface energy budget and the turbulent 

velocity scale due to convection tended to be larger than that from wind under 

cooling (MACINTYRE et al., 2002). At night, Fq reached 10-6 m3 s-3 when winds 

were moderate under cooling, and only fell by an order of magnitude when 

winds decreased. Consequently, nocturnal mixing and cooling were sustained 

by convection.  

Vertical mixing tended to reach the bottom in comparison to previous studies in 

lakes in the central Amazon floodplain that sustained seasonal stratification at 

high water (LAKE CALADO; LAKE JANAUACÁ – MELACK; FISHER, 1983; 
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MACINTYRE; MELACK, 1984; LAKE CRISTALINO; LAKE JACARETINGA - 

TUNDISI et al., 1984). The only Amazon floodplain lake previously reported to 

fully mix at diel time scales during high-water was Lake Batata (MELO et al., 

2004), where the mixing was hypothesized to be a response to advection from 

riverine overbank flow. However, wind and water speed were not sampled 

during their study to allow a more conclusive investigation.  

Advection was caused by several processes. Wind induced tilting of the diurnal 

thermocline and resulting up and downwelling was one source of advection. On 

upwelling, cool water rose towards the surface with the extent of upwelling 

larger where fetch was greater. Warmer water flowed to our measurement sites 

on downwelling. That said, spatial variability in temperature indicated that the 

wind induced downwelling was not necessarily cross-basin as in other lakes but 

was over smaller spatial scales. Incoming river water was another cause of 

advection.  Velocities as river water flowed over the banks were high. Overbank 

flow from the river is presumably turbulent near levee breaches and distributary 

channels. While current speed at measurement sites was smaller than those 

measured near the river, depth averaged currents ranged from 0.10 to 0.17 m s-

1 (Table 1) which is still appreciable and could contribute to mixing. Additional 

measurements would be required to quantify spatial and temporal variations in 

Fq from bed shear stress on this floodplain.   

Overbank flow from the Amazon River moves on the floodplain primarily to the 

southeast with some local variability presumably due to topographic steering as 

at station 3 where it flows to the southwest. The floodplain topography is higher 

in the northwestern region of overbank deposits and lower in the interior of lake 
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basins. The variation in bathymetry has the potential to induce spatial 

differences in surface water temperature with warmer water expected to form 

over the shallow regions and cooler water at night. The process of warm water 

flowing offshore as a buoyant overflow is known as differential heating and the 

converse is differential cooling (MONISMITH et al., 1990). Flows from these 

processes may lag the maximum in heating and cooling by several hours. The 

notably warmer water at night at station 3 may be a result of the warmer 

nearshore water flowing offshore where it subsequently cooled.  Advection of 

cool water from inshore to offshore provides an additional mechanism besides 

the transports from up and downwelling to explain why QT dropped below QM at 

night at station 5.  Both stations 3 and 5 are of order 1 km from shallower, 

vegetated regions. With average flow speed of 0.15 m s-1, the time scale for 

advection was ~2 hours, like the time lag between heating from the surface 

energy budget and that measured in the lake. This calculation supports the 

arguments for advection moderating the within lake heat budget.  Thus, while 

our analysis of the heat budgets indicated up and downwelling contributed to 

advection, between site differences in temperature and rates of heating and 

cooling indicate the additional influences of basin morphometry and proximity to 

the Amazon River. 

Advection and the extent of vertical mixing also varied with cloud cover and the 

associated modifications in weather patterns. For example, the cloud cover on 

day 178 was extensive and easterlies only occurred during the brief heating 

periods. During a brief period with LMO/h positive and equal to 0.5 in the early 

morning, slight warming occurred near the surface. With LMO/h positive but 
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greater than 1 for about two hours in mid-afternoon, the incoming heat was 

rapidly mixed downwards such that near surface stratification was minimal. Late 

afternoon was characterized by cooling with high winds and then cooling at 

night. From mid-afternoon onwards, temperature decreased at all stations over 

this period and were uniform with depth. The coldest temperature of the study 

was observed by early the next morning. With the continued cloud cover over 

these two lakes, heat did not accumulate elsewhere and, in contrast to other 

days, warm water was not advected with changes in wind direction in late 

afternoon.  In fact, QT and QM were similar and low on day 178 except during 

early morning cooling. The more negative QT at that time implies advection of 

cooler water, and, as can be seen in Figure 12, upwelling occurred in the lower 

water column. However, the source of the water is unclear. Based on wind 

direction, cooler could have come from the south. However, with sustained flow 

from the north, there might have been intrusions of river water. Regardless, with 

LMO/h < -1, the upwelled water would have mixed with ambient.  Thus, the 

colder water temperature, as observed early on day 179, resulted not only from 

surface cooling but also from mixing of the cool water which had upwelled 24 

hours earlier. From this analysis, as well as the earlier discussion of up and 

downwelling, the water which is mixed vertically at night has generally come 

from another region within the lake.   

The diel mixing dynamics in the two lakes studied are more complex than those 

in tropical Kranji Reservoir, Singapore (XING et al., 2014). Three physical 

forcing regimes were identified in the reservoir: a solar radiation-dominated 

regime, a windy-regime and a cold inflow-regime. Lakes on the Curuai 
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floodplain are subjected to diffusive overbank inflow from the Amazon River into 

the floodplain, whereas Kranji Reservoir has channelized inflows from 

tributaries. In addition, Kranji’s area is about 1% of the area of the lakes studied 

here, and the distance from the river to the closest station in Lake Paranaptinga 

is larger than the main watercourse of Kranji Reservoir as a whole. Using the 

ratio LMO/h, four regimes dominated the lakes studied: (i) solar radiation tended 

to co-occur in the morning with light winds resulting in shallow stratification, 0 < 

LMO/h <1; (ii) in the afternoon, concomitant heating and higher winds caused the 

diurnal thermocline to tilt downwards and some heat to mix to deeper layers, 

LMO/h >1; (iii) by late afternoon, B  became negative and LMO/h <-1 and, as 

shown by the comparisons of Wu  and w , mixing from wind and cooling co-

occurred part of the afternoon and night; and (iv) convection dominated on 

nights with light winds, -1 < LMO/h < 0. Differences between the two periods that 

characterized this experiment were more intense during the afternoon where 

LMO/h >1. During the second period heat could be mixed to deeper layers than 

during the first period (before day 181). At station 4 conditions were similar to 

those in Kranji Reservoir where mixing from advection introduced cooler water, 

which is supported by the statistical analysis of QM compared to QT. For the 

sites which are closer to the river such that incoming water flowed over shallow, 

vegetated sections, the diffuse attenuation coefficient was lower than at the 

more wind exposed sites. Despite the smaller Kd, temperature in the day were 

often warmer than at the other sites. Additionally, water was cooler at night and 

warmer in the day than expected from up and downwelling. We hypothesize 

that heating and cooling were greater at the shallow regions upstream of these 
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sites, and the cooler nighttime temperature resulted from the flow of cooler 

water from shallow regions offshore, and the warmer water in the day similarly 

resulted from the flow of warmer water from the shallower regions. The 

presence of vegetation may have contributed to the warming by reducing winds 

and, consequently, evaporative cooling. Thus, the thermal stratification in 

tropical lakes Poção Grande and Paranaptinga was moderated by more 

processes than documented in the tropical reservoir.   

 

4.3.1 Nocturnal convection 

At night, the turbulent velocity scale for cooling, w , often exceeded that from 

wind, Wu . Penetrative convection, w , often reached 0.01 m s-1 at night and 

was often twice the value of Wu .  Consequently, wh /  was less than 
Wuh /  

indicating that thermals from cooling will more rapidly mix the actively mixing 

layer than eddies from shear. Thus, in contrast to predictions that mixing will be 

dominated by shear in larger lakes, convection makes a large contribution to 

mixing, in part due to warm surface temperature and in part due to the unstable 

atmosphere above the lake which increases mass transfer coefficients at low 

winds and thus sensible and latent heat fluxes. A larger w  is often interpreted 

to mean that near surface turbulence would be energized by convection and the 

gas transfer coefficient, which is determined from rates of dissipation of 

turbulent kinetic energy ε, would depend on the rate of cooling, B  (READ et al., 

2012). However, care must be taken with this interpretation since near surface 

dissipation of turbulent kinetic energy follows law of the wall scaling at wind 
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speed similar to those in this study (TERRAY et al., 1996). Law of the wall 

scaling implies that ε depends on Wu
3 divided by the von Karman constant, 0.4, 

and depth. Thus, ε is highest near the surface and decreases with depth. The 

magnitude of ε also depends on B  (LOMBARDO; GREGG, 1989; TEDFORD et 

al., 2014). The contribution of Wu
3/0.4z and B  to dissipation rates are only 

equal at the depth of LMO. Thus, the expectation is that if there is even light 

wind, shear will dominate turbulence production near the surface and B  will 

dominate turbulence below LMO (TEDFORD et al., 2014).   

However, with their warm surface water temperature, B  under cooling can be 

more negative in tropical water bodies than temperate and arctic ones for the 

same wind speed (MACINTYRE; MELACK, 2009). Consequently, the 

contribution of B  under cooling to dissipation rates could exceed that from the 

shear production term. To test this hypothesis, we determined if B > Wu
3 / 0.4z. 

The coefficients in Tedford et al. (2014), both of which are of order 1, were 

neglected. For conditions at station 2 under cooling and letting z be a near-

surface value of 0.15 m, Wu
3/0.4z ranged from 10-9 m2 s-3 to 10-4 m2 s-3. B  was 

larger than Wu
3/0.4z as the latter decreased below 10-7 m2 s-3 when winds were 

less than 1.0 m s-1. At such times, the mass transfer coefficients used to 

calculate latent and sensible heat fluxes increase up to two and a half times 

those under the neutral conditions found at higher wind speed. Thus, despite 

winds decreasing sensible and latent heat fluxes are sustained such that B  

may dominate turbulence production at very low winds. These results imply that 

near surface turbulence will be sustained by cooling and that the calculation of 
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gas transfer coefficients can be based on B  alone, assuming B ≈ ε, in the 

surface renewal model (ZAPPA et al., 2007; MACINTYRE et al., 2010). That 

said, comparative studies with direct measurements of fluxes and of turbulence 

under cooling are required to determine the depth at which this comparative 

calculation should be done. Results from a small arctic pond similarly show 

turbulence sustained by convection, although in that case when winds were 

negligible and surface currents had ceased (MACINTYRE et al. in press). In 

floodplain lakes, sustained flows from the river may induce more near-surface 

turbulence than convection. The advective flows as winds shift direction and 

from differential heating and cooling may also produce near-surface shear. 

While one can compute Wu  and w* from the surface energy budget, the 

presence of sustained flows implies the need to quantify the near-surface 

turbulence from these other processes and include the additional sources of 

turbulence when computing gas transfer coefficients.  

 

4.3.2 Biological and biogeochemical implications 

Even during high flood stage, the large lakes on the lower Amazon floodplain 

undergo diel cycles of diurnal stratification and nocturnal mixing. Proximity to 

the river, changes in bathymetry and vegetation, and wind induced up and 

downwelling provide additional controls and cause spatial variability in 

temperature and stratification. The persistent stratification in the day separates 

the water column into regions with differences in light supply and organic 

matter. For example, during stratification, near-surface phytoplankton can 

receive sufficient light to support growth despite high Kd.  The drawdown of 
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oxygen and accumulation of CO2 in the lower water column may be appreciable 

such that nocturnal mixing can reoxygenate the water column and bring water 

enriched in CO2 to the air-water interface. Near surface concentrations of 

dissolved gases will vary in space and time.  Additionally, as near surface 

turbulence is computed based on Monin-Obukhov similarity scaling, the diel 

variability in near surface z/LMO implies temporal variability in dissipation rates 

and gas exchange coefficients. Additional variability is likely induced by other 

processes causing near surface shear. The combination of temporally varying 

dissolved gas concentrations and gas exchange coefficients needs to be 

considered when computing evasion of climate forcing trace gases (RUDORFF 

et al., 2011).  
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5 ASSESSING REMOTE SENSING APPLICABILITY FOR EXTRACTING 

DIRECT ESTIMATES OF WST IN FLOODPLAIN LAKES OF THE LOWER 

AMAZON RIVER AT HIGH DISCHARGE 

In Amazon floodplain lakes, periodic lateral overflow (BONNET et al., 2008) of 

the Amazon river modifies sediment transport (RUDORFF et al., 2018), carbon 

and nutrient cycling (ENGLE; MELACK, 2000; RUDORFF et al., 2011; 

SCOFIELD et al., 2016), and alters optical properties of aquatic systems 

(SANDER DE CARVALHO et al., 2015) and it is assumed that these have 

implications on water temperature, and therefore on stratification in lakes 

(MACINTYRE MELACK, 2009; MACINTYRE et al., 2009, 2014; AUGUSTO-

SILVA et al., 2019). 

Under similar wind speed, the warmer surface of tropical lakes causes 

evaporation rates to be higher than those occurring in high latitude lakes. This 

warmer surface causes deeper mixing of the water column when solar radiation 

is reduced (MACINTYRE; MELACK, 2009) making cloud cover an important 

driver of vertical mixing and latent heat fluxes (TALLING; LEMOALLE, 1998; 

MACINTYRE et al. 2002, 2014). In turn, vertical mixing affects biogeochemical 

processes (PATTERSON, 1991), gas exchange at the air-water interface 

(MACINTYRE et al., 1995; 2010), and the development of hypoxia (BOUFFARD 

et al., 2013) with implications for fish habitat. 

One of the many inputs required to study the physical limnology of a lake is 

water surface temperature (WST). Several limnological studies showed that the 

WST of inland water bodies is a good indicator of climate change (ADRIAN et 

al., 2009; LIVINGSTONE, 2003; WEYHENMEYER et al., 2017). Due to water 
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high heat capacity, small changes in its temperature can cause adverse effects 

on the duration of stratification, influencing the development of algal blooms and 

oxygen depleted zones (LIVINGSTONE, 2003; SAHOO; SCHLADOW, 2008; 

BOUFFARD et al., 2013). As a parameter, WST is also required for calculations 

of evaporation rates, heat transfer, momentum, and it determines the flux of 

gases such as carbon dioxide and methane between the water and the 

atmosphere (EMERY et al., 2001).  

Weyhenmeyer et al. (2016) have demonstrated that temperature difference 

between air and water can be used as a proxy for sensible heat flux (QH) which, 

in turn, can be used to evaluate whether the water body will function as a 

source or a sink of CO2 and CH4 to the atmosphere. However, the temperature 

measurements used to support their study were point based and lacked spatial 

representativity, which may cause inaccurate estimates of lake properties. Also, 

in situ sampling frequency may not be sufficient to capture significant temporal 

variability in lake properties. These limitations in spatial and temporal resolution 

of in situ measurements can make it hard to detect changes in variables 

subjected to wide variation such as WST making the calibration and validation 

of remotely sensed WST data important. Also, it has been shown that in situ 

measurements of WST can be used to validate temperature fields retrieved 

from satellite observations (DONLON et al., 2002; THIEMANN; SCHILLER, 

2003). 

Additionally, an accurate assessment of surface wind speed is required for 

estimating water temperature based on physical models (EMERY et al., 2001). 

The state of the art of remote sensing, however, still lacks the required spatial 
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and temporal resolution for accurate estimates of wind speed over inland 

waterbodies. Therefore, while this type of model application in studies of inland 

lakes is not possible, an alternative is the development of empirical models 

based on the relationship between concurrent measurements of remotely 

sensed skin temperature and in situ bulk surface temperature, complemented 

with standard meteorological observations.  

All targets emit radiation in the infrared and the microwave wavelengths, and 

the amplitude of these wavelengths vary with the temperature of the target in a 

way that allows it to be used as a temperature proxy. Li et al. (2013) reviews the 

status of some remote sensing algorithms for estimating surface temperature 

from thermal infrared data. They present the theoretical background of the 

subject along with a survey of the algorithms employed for obtaining surface 

temperature from space-based measurements acquired by polar-orbiting 

satellites.  

There is a vast literature on the analyses of vertical temperature profiles in the 

water column of northerly lakes and reservoirs (EUGSTER et al., 2003; EVANS 

et al., 2008; MACINTYRE et al., 2009; MACINTYRE et al., 2010; READ et al., 

2012; TEDFORD et al., 2014; HEISKANEN et al., 2014, PERNICA et al. 2014), 

and some in tropical lakes and reservoirs (MACINTYRE; MELACK, 1984; 

MACINTYRE et al., 2002; VALÉRIO et al., 2012; CURTARELLI et al., 2014, 

2016; TEDFORD et al. 2014; AUGUSTO-SILVA et al., 2019), but our 

understanding of WST of inland water bodies is currently limited with regard to 

Amazon floodplain lakes. Reinart and Reinhold (2008) used MODIS sensor 

(Moderate Resolution Imaging Spectroradiometers, onboard of NASA's Terra 
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satellite) to map surface temperature of two large European lakes using Level 2 

daytime Sea Surface Temperature products. They had 23 concurrent satellite 

and in situ measurements (0.5 m depth) and used a linear regression relating 

the two measurements yielding an empirical model with R² equal to 0.9928.  

Their data set showed a mean absolute difference of 0.41 K between satellite 

and in situ temperatures. A more recent study from Pareeth et al. (2016) used 

62,799 images from 13 polar orbiting satellites with moderate resolution sensors 

(one of them MODIS) and in situ temperature measurements from 0 to 0.5 m 

depth, along 30 years of observation. They developed a time series of WST for 

five large lakes in Italy and evaluated this product with in situ data using linear 

models that exhibited high coefficient of determination (R²) for the study lakes 

(average of 0.97). These two studies reinforce the value of empirical models to 

relate skin temperature to bulk temperature. 

Many sensors can be used to retrieve surface temperature and each one of 

them has its specific resolutions. Among them, one must recognize the role of 

MODIS. It provides surface temperature products four times a day (joint 

capability of Terra and Aqua satellites) with a spatial resolution of 1 km and 

have been operating since 2000 (Terra satellite), so, it can provide reasonably 

long temporal series of surface temperature. The remote sensing product used 

was MOD11A1 from MODIS level 3 V6 onboard of Aqua and Terra satellites 

(WAN et al., 2015).  

Studies focused on hydrology and hydrodynamic modeling may rely on WST 

from satellite measurements so, the reliability of direct estimates of this 

parameter without taking into account the parameterization of the scene sensor 
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coefficients should be studied. Given the extent of the Amazon floodplains 

(HESS et al., 2015) and ecological significance of the area, this chapter aims to 

access the remote sensing capability for directly estimating WST inside a 

floodplain lake during the high water. It has been shown that lakes influence 

climate at local and regional scales (SAMUELSSON et al., 2010; SUBIN et al. 

2012) due to its large thermal inertia, so the hypothesis that guided this chapter 

was that WST can be estimated based on skin layer temperature measured 

from space parameterization of the scene coefficients. To test this hypothesis, 

in situ measurements of WST and surface meteorology were acquired and used 

to calibrate/validate MODIS level 3 surface temperature product. This work has 

implications to studies of hydrological and hydrodynamical global warming 

effects which were made based on skin temperature measured from space.  

 

5.1 Methods 

5.1.1 In situ measurements of WST 

Measurements of WST were collected during high water from June 23 to July 6, 

2014, designated as day 172 to day 186 using day of the year notation. A 

thermistor chain was moored at each station (Figure 2.1) and the thermistors 

(model: U22-001, brand: HOBO, accuracy: ±0.2°C, resolution: 0.02°C) used in 

this experiment were deployed at 0.02 m (shaded by a surface float as can be 

seen in Figure 2) and 0.5 m depth. The thermistors had a response time (90% 

of a step change in temperature) of five minutes, and the sampling times were 

synchronized. The thermistors sampled every 30 s. All thermistors were inter-

calibrated and compared to high resolution sensors in the laboratory (model: 
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RBR solo, accuracy: ±0.002°C). Due to the digitization noise associated with 

the HOBO thermistors, data were smoothed prior to final inter-calibration.  

 

5.1.2 Remote sensing of WST 

The data used was from MODIS sensors. They acquire data in 36 spectral 

channels from 0.415 to 14.235 μm with a spatial resolution between 250 m and 

1 km depending on the product (SAVTCHENKO et al., 2004). Its spectral bands 

positions, high radiometric sensitivity, and the relatively easy access to acquired 

data makes it attractive also for limnology applications. It can be used in the 

study of phytoplankton pigments, suspended particulate matter, dissolved 

organic matter and water temperature. In this study, the positions of the 

thermistor chains were crossed with the MODIS images to extract a pixel value 

of WST and cross it with the median value of WST collected by the thermistor 

using a 30 minute window (15 minutes before the scene acquisition and 15 

minutes after). 

 

5.1.3 Calibration/Validation of the empirical model 

In situ temperature measurements from 0.02 m were statistically compared to in 

situ temperature measurements from 0.5 m using a t test for the averages. 

Following, another t test was applied to verify statistical differences between in 

situ and satellite measurements of WST. Both tests assumed a normal 

distribution given the number of samples available (n=88). Following, in situ 

measurements from 0.02 m or 0.5 m (hereinafter referred as WSTi or bulk 

temperature) were used to adjust WST measurements collected by MODIS 
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(hereinafter referred as WSTM or skin layer temperature). All field data were 

split into quartiles, being used six samples of each quartile for validation. As a 

result, there were 64 samples for calibration and 24 samples for validation 

(approximately 30% of the samples available).  

A Monte Carlo simulation was performed in the calibration process (Figure 5.1): 

24 samples of WSTi were randomly selected and used to estimate WSTM using 

a linear trend. This process was repeated 100 000 times. The resulting values 

of slope, intercept and determination coefficient (R²) were recorded for each 

iteration. The R² histogram was a decision tool to find the equations which had 

this parameter in its most frequent range. Within this range of R², we plotted the 

corresponding slope versus intercept of the equations and determined their 

mode and standard deviations. Only the equations that had both slope and 

intercept in a range based on their mode (mode ± standard deviation) were 

selected. From this group, the equations that had the largest R² were selected 

and validated using the validation samples. The equation with the lower error 

estimator was chosen as the best.  
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Figure 5.1: Flowchart of the calibration/validation of the WST model using a Monte 
Carlo simulation. 

 

 

The error estimators used in this study were: Root Mean Square Error (RMSE); 

and Normalized Root Mean Square Error in percentage (NRMSE%). They were 

calculated according to Table 3 and the error estimator used to choose the best 

equation was NRMSE%, because it represents the impact of the error within the 

range of the WST measurements. 

 

Table 5.1: Summary of the error estimators used. Where: yi and xi are WSTM 
and WSTi respectively in each i sample. 
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5.2 Results 

5.2.1 Meteorology 

As shown in chapter 4 of this document, the period of in situ data acquisition 

can be divided into two weather patterns. The first weather pattern, prior to day 

181, is characterized by cooler nights and greater cloud cover during the day 

compared to the second period. In the first period, the air temperature was 3°C 

cooler than surface waters and in the second, 2°C colder. Relative humidity at 

night was lower in the second period with its reduced cloud cover, and the 

pattern of low winds at night from the north and elevated winds in the afternoon 

from the east was more consistent. Peak wind speeds were ~5 m s-1 for both 

periods. Winds more frequently dropped to the instrument threshold at night 

during the first period. Day 178 differed from the others in that it was overcast 

with high relative humidity, low shortwave radiation, and showers occurrence 

with 12.4 mm of rainfall in the morning and 2.2 mm in the afternoon (data not 

shown). Winds reached 10 m s-1 during rain storms.  

Air temperature ranged from 23.9°C around midnight to 31.1°C around 13:00 

(local time) and had an overall mean of 27.9°C (Figure 4.1a). Surface water 

temperatures tended to be warmer than air temperatures except for a few hours 

in the afternoon for about half the days (Figure 4.1a). Shortwave radiation 

reached 1000 W m-2 at noon under clear sky conditions and varied rapidly in 

response to changes in cloud cover (Figure 4.1b). Relative humidity was lowest 

at midday (minimum of 69%) and peaked around midnight (maximum of 95%) 

with a mean of 82% (Figure 4.1e).  
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5.2.2 Water surface temperature patterns 

The analysis of in situ measurements of WST among the stations corroborates 

with the division of the sampling period into two weather patterns: prior to day 

181 there is no evident pattern of WSTi (Figure 5.2), but it is clear that less heat 

reach water surface on day 178, which, according to meteorology records, was 

an overcast day with rain; from day 181 on, maximum temperature values 

decrease until the end of the experiment (Figure 5.3). Also, stations 3 and 5 

become warmer than stations 1, 2 and 4 for the second period of the 

experiment and, from day 182 on, station 4 becomes the coldest with a very 

cohesive behavior. 

Figure 5.2: WST from all sampling stations from day 175 to the end of day 180. 
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Figure 5.3: WST from all sampling stations from day 181 to the end of day 186. 

 

 

A t test was applied to test the equality of WST measured in situ from 0.02 m 

and 0.5 m depth. It was proven that these measurements are statistically equal 

for their averages (α equals to 1% significance). Given this result, in situ 

temperature measurements from 0.02 m depth were used as bulk temperature 

(or WSTi). 

Since the first period had greater cloud cover, only three days had concomitant 

WSTi and WSTM, which was not enough for analyzing temperature patterns 

according to the two weather patterns. During all the sampling period, MODIS 

temperature data always underestimate WST by at least 0.96°C at 13:00 (local 
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time, measured by MODIS onboard of Aqua satellite) on day 181, reaching 

7.6°C at 10:00 (local time, measured by MODIS onboard of Terra satellite) on 

day 181 (Figure 5.4). 

Figure 5.4: WST measured in situ (WSTi black marks) and measured by MODIS 
(WSTM red dots-no model applied) from all sampling stations from day 
174 until day 188. 

 

Morning measurements from MODIS onboard of Terra satellite managed to 

capture 30 cloudless samples, while the night sampling of this same sensor was 

able to capture only 15 samples. For MODIS onboard of Aqua satellite, in the 

afternoon, it was able to capture 45 cloudless samples, while the respective 

night measurement captured only 17 samples from day 174 to day 187. This 

shows that the best time for data collection in the region under high water 

should be around 13:00 h (local time). In the end, MODIS onboard of Aqua 

satellite was able to collect 50 cloudless samples with concomitant WSTi 

measurements and while MODIS onboard of Terra satellite was able to collect 

38 samples. 
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The average difference between WSTi and WSTM including all data samples 

was 2.99°C, always with WSTM below WSTi. Separating and analyzing samples 

from MODIS onboard of Aqua satellite, the average difference between WSTi 

and WSTM drops to 2.71°C in contrast to the average samples from MODIS 

onboard of Terra satellite which had averages equals to 3.30°C. Samples 

collected by Aqua satellite had a variance of 1.62°C while samples collected by 

Terra satellite had the same statistical parameter equal to 2.37°C, which would 

indicate better quality of Aqua sensor. In order to test if MODIS-Aqua samples 

were actually better than MODIS-Terra, a t test for the difference between skin 

and bulk temperature (WSTi-WSTM) was applied. This test showed that these 

two datasets (MODIS-Aqua and MODIS-Terra) are statistically equal for their 

averages (α equals to 1% significance), therefore for the calibration/validation 

process, both satellites data were used. 

 

5.2.3 Calibration/Validation of remote sensing data 

A t test was used to evaluate if WSTi and WSTM were statistically the same and 

it was proved that there is a statistical difference between bulk temperature and 

skin layer temperature with α equals to 1% significance. Given this result, the 

samples were divided between calibration and validation: 64 samples for 

calibration and 24 for validation. Following, a Monte Carlo analysis was 

conducted 100.000 times using a linear trend for WSTi and WSTM. The most 

frequent range of values of R² were from 0.1 to 0.2, so all equations within this 

range were selected. Mode +/- standard deviation of the Slope and Intercept 
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helped to restrict the number of equations that were then validated. Table 4 

shows the results from this calibration/validation scheme. The best result had a 

Normalized Root Mean Square Error in percentage (NRMSE%) of 18.32% of 

the range of variation of WST data. 

Table 5.2: Coefficients derived from the calibration/validation scheme. 

Slope Intercept R² RMSE (°C) NRMSE (%) 

0.1294 26.0462 0.2 0.61 18.32 

 

 

5.2.4 Bulk temperature estimated by MODIS 

Applying the results from the previous section to MODIS data, it was possible to 

estimate bulk temperature based on the values collected by MODIS data 

(WSTEst). The differences from measured and estimated bulk temperature were 

analyzed (WSTi- WSTEst). Major differences were found for day 181 for MODIS-

Aqua afternoon measurement: Station 1 had -0.97°C, Station 2 had -1.98°C, 

Station 3 had -2.25°C, Station 4 had -2.56°C and Station 5 had -0.28°C. The 

negative sign means that the values estimated based on MODIS measurements 

(WSTEst) were higher than those measured in situ (WSTi). Analyzing 

synoptically, the mean difference from each station can be found in Table 5. 

Station 5 has the lower mean difference and station 3 has the higher. Besides 

that, the mean difference among all stations is low, reaching a maximum of -

0.27°C. 

Table 5.3: Mean WSTi- WSTEst for each Station. 

Station 1 Station 2 Station 3 Station 4 Station 5 

0.10°C -0.03°C -0.27°C 0.09°C 0.01°C 
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Figure 5.5 was made to help elucidate among station differences. It represents 

measured temperature and its respective estimated temperature. Line 1:1 in the 

figure helps to visualize which data is closer of more distant. From this figure, 

no among station differences were found and the almost horizontal relation 

between measured and estimated temperature, demonstrates the low capability 

of MODIS to capture small variations in water temperature. This was expected 

since R2 was equal to 0.2, which means that skin temperature only explains 

20% of bulk temperature for these study sites. 

 

Figure 5.5: WSTi and WSTEst separated by sampling Stations (S#, represent the station 
and its number). Blue dashed line represents 1:1 between measured and 
estimated temperatures. 

 

 

5.3 Discussion 

Differences between skin temperature and bulk temperature were expected 

since WSTi was collected 2.5 cm below the water surface and MODIS can 
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measure only a skin layer of the water surface (~10 μm, according to NEHORAI 

et al, 2013), which is the molecular boundary between a water body and the 

atmosphere. Besides that, in situ measurements are point based, while orbital 

remote sensing data integrates synoptically the information of a pixel, which, in 

the case of MODIS temperature measurements, have 1 km² of area. Therefore, 

it is assumed that WSTi would be statistically different from WSTM, but it is 

expected that one can be obtained from the other, i.e, skin temperature should 

capture variations on bulk temperature and vice versa.  

Analyzing R² histogram, the most frequent range of R² were 0.1 to 0.2, which 

are low values. This means that bulk temperature explains only 20% of the 

variability of the skin temperature estimated by MODIS with no parameterization 

of sensor scene coefficients. Focusing on Slope results, values close to zero 

indicate that MODIS temperature product is not capable of capturing bulk 

temperature daily variations for this study area or that the daily variations are 

not significant to be captured by the sensor. Analyzing the intercept, a positive 

value of it represents a case where, given a 0°C of bulk temperature, skin 

temperature would be positive. The opposite, i.e. a negative value of intercept 

represents a case where, given a 0°C of bulk temperature, skin temperature 

would be negative. Either case, it is not the expected response.  

Emery et al. (2001) states that the physical processes that govern the 

magnitude of ΔT (bulk-skin temperatures) can vary with environmental 

conditions among three regimes: (i) free convection; (ii) forced convection 

driven by wind stress; and (iii) forced convection driven by wave breaking. They 

explain that free convection regime dominates at very low wind speeds and the 
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magnitude of ΔT is controlled primarily by the net heat flux. The skin layer 

continues to cool as a result of the heat flux until it becomes unstable, sinks, 

and is replaced by warmer water from below. In the second regime, ΔT is 

regulated both by the net heat flux and the wind stress on the surface. The 

action of the wind on the surface contributes to the renewal of the skin layer 

and, below it, turbulence acts to create a near-isothermal temperature profile 

and the magnitude of the turbulence diminishes as it deepens. In the third 

regime, the surface renewal is dominated by wave breaking and it can be 

microscale breaking of capillary waves or larger scale wave breaking with air 

entrainment. During microscale breaking, the skin layer is disrupted for a brief 

interval and the frequency of the renewal may be largely independent of the 

wind stress and heat flux. Larger scale wave breaking with air entrainment can 

mix the skin layer for longer periods of time.  

These regimes are not mutually exclusive, they can cooccur and/or happen 

several times during the same day. Crossing the knowledge of these regimes 

stated by Emery et al. (2001) with LMO/h regimes defined in chapter 4 of this 

thesis, for MODIS sampling period, LMO/h>1 for MODIS day scenes and -

1<LMO/h<0 for MODIS night scenes. LMO/h>1 indicates a heating regime where 

wind dominates the production of TKE in the actively mixing layer. Since there 

is heating, skin temperature is supposed to be warmer than bulk temperature, 

this indicates that the regime that prevails should be forced convection driven 

by wave breaking. At night, with -1<LMO/h<0 convection dominates the 

production of TKE in the water column, so the regime that prevails should be 

free convection. 
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6 CONCLUSIONS 

Chapter 4 of this thesis was dedicated to investigating how the thermal structure 

and extent of vertical mixing vary within the lakes studied and what are the 

physical processes that control it. The ratio LMO/h was applied to evaluate wind 

and buoyancy domains in the water column at diel time scales. It was shown 

that: in the early morning the ratio values were between 0 and 1, which is 

caused by a combination of both high solar radiation and light winds; by early 

afternoon the ratio values are more than 1, so there is still persistent solar 

radiation, which heats the surface layer and wind increases, causing 

thermocline to tilt, enabling heat do deepen in the water column; by late 

afternoon, the ratio values were less than -1, which indicates cooling due to 

both buoyancy and wind; at night, the ratio values stays between -1 and 0 and 

convection dominates the production of TKE in the water column. 

Still in this chapter, the sampling period was divided into two periods regarding 

weather conditions: first period from day 174 to day 180 had cloudier days and 

occasional rain; and second period, from day 181 to the end of the experiment 

on day 187, had clear skies which and higher winds. The main difference 

between these two periods is SW radiation availability, and the influence of it in 

the water column was addressed and demonstrates the importance of cloud 

cover to physical limnology of tropical lakes. 

Advection was caused by several processes. Wind induced tilting of the diurnal 

thermocline and resulting up and downwelling was one source of advection and 

statistical difference between QM and QT on station 4 (t-test with 1% 

significance) were the main findings regarding this subject.  
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From this chapter, it was clear that the main processes that could be 

systematically monitored through remote sensing would be wind and water 

temperature, assuming that water temperature is an indicator of heat absorbed 

by the water. Wind is a source of turbulent kinetic energy in the water column 

and it can be responsible for erosion of vertical temperature gradients, but, 

since wind is not a feasible parameter to be evaluated from remote sensing 

technics, water surface temperature (WST) was the core of chapter 5, which 

was dedicated evaluate if bulk temperature can be estimated based on skin 

layer temperature measured from space with no parameterization of sensor 

scene coefficients. A Monte Carlo simulation was performed, and it was found 

that, despite having a low normalized error (18.32%), direct estimates of bulk 

temperature from skin layer temperature cannot be used for hydrological and 

hydrodynamical studies because, without sensor scene parameterization, 

MODIS can’t capture the whole variation observed in situ.  

Despite this, it was possible to cross the results from the ratio LMO/h with 

regimes that control the difference from skin layer temperature and bulk 

temperature based on work from Emery et al. (2001) for MODIS sampling 

period. It was found that LMO/h>1 for MODIS day scenes, which indicates a 

heating regime where wind dominates the production of TKE in the actively 

mixing layer. Since there is heating, skin layer temperature is expected to be 

warmer than bulk temperature, and the regime that prevails is forced convection 

driven by wave breaking. For MODIS night scenes, -1<LMO/h<0, convection 

dominates the production of TKE in the water column, and regime that prevails 

is expected to be free convection. 
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Weyhenmeyer et al. (2017) demonstrated that the difference between water 

and air temperature is a good proxy to sensible heat flux (QH) and can be used 

to determine whether a waterbody will act as a source or a sink of CO2 and CH4 

into the atmosphere. In their work, bulk temperature collected directly in field 

was used and not skin layer temperature, which would be a remote sensing 

product. The results shown in chapter 5 of this thesis regarding skin 

temperature representability of bulk temperature demonstrated the need of 

sensor scene specific parameterization for the floodplain under study. The 

obtained model, which was based on direct estimates, presented low R2 values, 

indicating that further research is needed on longer time series of the  

MOD11A1 product collected by MODIS sensor (onboard Aqua and Terra 

satellites) to allow it to  be used for any study. 
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