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Abstract

The mosquito virus vector Aedes (Ae.) aegypti exploits a wide range of containers as sites for egg 

laying and development of the immature life stages, yet the approaches for modeling 

meteorologically sensitive container water dynamics have been limited. This study introduces the 

Water Height and Temperature in Container Habitats Energy Model (WHATCH’EM), a state-of-

the-science, physically based energy balance model of water height and temperature in containers 

that may serve as development sites for mosquitoes. The authors employ WHATCH’EM to model 

container water dynamics in three cities along a climatic gradient in México ranging from sea 

level, where Ae. aegypti is highly abundant, to ~2100 m, where Ae. aegypti is rarely found. When 

compared with measurements from a 1-month field experiment in two of these cities during 

summer 2013, WHATCH’EM realistically simulates the daily mean and range of water 

temperature for a variety of containers. To examine container dynamics for an entire season, 

WHATCH’EM is also driven with field-derived meteorological data from May to September 2011 

and evaluated for three commonly encountered container types. WHATCH’EM simulates the 

highly nonlinear manner in which air temperature, humidity, rainfall, clouds, and container 

characteristics (shape, size, and color) determine water temperature and height. Sunlight exposure, 

modulated by clouds and shading from nearby objects, plays a first-order role. In general, 
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simulated water temperatures are higher for containers that are larger, darker, and receive more 

sunlight. WHATCH’EM simulations will be helpful in understanding the limiting meteorological 

and container-related factors for proliferation of Ae. aegypti and may be useful for informing 

weather-driven early warning systems for viruses transmitted by Ae. aegypti.
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1. Introduction

The mosquito Aedes (Ae.) aegypti, the primary vector of dengue, yellow fever, and 

chikungunya viruses, exploits a wide range of containers as sites for egg laying and 

development of the immature (larval and pupal) life stages (Gratz 1999, 2004; Gubler 2004; 

Focks and Alexander 2006). These containers can range in size from small trash items (e.g., 

bottles and cans) to medium-sized buckets and tires to large water storage containers such as 

barrels, tanks, and cisterns (Morrison et al. 2004; Tun-Lin et al. 2009; Bartlett-Healy et al. 

2012; Hiscox et al. 2013). Proliferation of the mosquitoes is aided by the presence of 

containers that hold water of suitable temperature and nutrient content for eggs to hatch and 

immatures to develop. Successful larval development of Ae. aegypti can be impeded by 

water temperatures that are too low for development to occur (8°–12°C) or high enough to 

cause physical harm, through heat stress, to the larvae (36°–44°C) (Bar-Zeev 1958; Smith et 

al. 1988; Tun-Lin et al. 2000; Kamimura et al. 2002; Chang et al. 2007; Richardson et al. 

2011; Muturi et al. 2012). In the field, Hemme et al. (2009) found that Ae. aegypti 
immatures were absent from water storage drums, which are key productive containers in 

Trinidad, when water temperatures exceeded 32°C. The temperature optimum for Ae. 
aegypti larval and pupal development, with short development times and high survival rates, 

is in the range of 24°–34°C (Bar-Zeev 1958; Rueda et al. 1990; Tun-Lin et al. 2000; 

Kamimura et al. 2002; Mohammed and Chadee 2011; Padmanabha et al. 2011b, 2012; 

Richardson et al. 2011; Farjana et al. 2012; Eisen et al. 2014). There also is a growing 

recognition that the magnitude of the daily temperature range (i.e., fluctuations over the 

course of a 24-h period) impact life history traits of Ae. aegypti, including larval 

development time (Lambrechts et al. 2011; Mohammed and Chadee 2011; Carrington et al. 

2013a, b). Other factors that can have negative effects on larval development time or survival 

include poor nutrient content of the water and intraspecific or interspecific resource 

competition (Braks et al. 2004; Juliano et al. 2004; Padmanabha et al. 2011a; Walsh et al. 

2011; Couret et al. 2014; Levi et al. 2014). For rain-filled containers, there are also distinct 

risks of a container drying out before the immature stages can complete their development or 

of the container overflowing and the immatures being flushed out (Koenraadt and 

Harrington 2008; Bartlett-Healy et al. 2011).

Weather-driven simulation models for Ae. aegypti populations—such as Container 

Inhabiting Mosquito Simulation Model (CIMSiM) and Skeeter Buster—are strongly 

influenced by both air and water temperature, the latter of which impacts several important 

components of the models including the development times and survival rates of eggs, 
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larvae, and pupae (Focks et al. 1993a,b; Cheng et al. 1998; Magori et al. 2009; Ellis et al. 

2011). Water temperature and volume dynamics in potential container habitats are complex 

(Richardson et al. 2013), yet perhaps the greatest limitation of the weather-driven Ae. 
aegypti simulation models is the continued use of simplistic empirical relationships to 

predict water temperature in and water loss from containers based on ambient air 

temperature (daily maximum and minimum), sunlight exposure, precipitation, relative 

humidity, and saturation deficit (Focks et al. 1993a; Cheng et al. 1998). Recent work has 

shown that physics-based approaches toward modeling container water properties are 

promising for resolving the complexities of container water dynamics (Tarakidzwa 1997; 

Kearney et al. 2009).

In the present study, we introduce a new state-of-the-science, physically based model, as 

opposed to an empirical approach, to explore water dynamics in container habitats of 

relevance for Ae. aegypti. The model calculates the height and temperature of water in a 

specified container at user-specified intervals by solving the system of equations that 

governs the energy balance (i.e., heat and moisture budget) of the container as a function of 

meteorological and user-prescribed inputs. The model is therefore distinct from the energy 

budget model presented by Kearney et al. (2009) in that it simulates container water 

dynamics at user-specified time scales, whereas Kearney et al. addressed monthly time 

scales. The current approach 1) accounts for the highly nonlinear manner in which air 

temperature, humidity, rainfall, and clouds or shading interact with a specified container at 

subdaily time scales to determine the height and temperature of the water it contains and 2) 

facilitates integration into weather-driven mosquito life cycle modeling frameworks that 

operate on daily time scales, such as CIMSiM and Skeeter Buster. The model, henceforth 

called the Water Height and Temperature in Container Habitats Energy Model 

(WHATCH’EM) is designed to be driven by readily available meteorological observations 

and user-specifiable container characteristics, so that it can be easily applied by a variety of 

users.

A field study was conducted to determine the abundance of Ae. aegypti immatures in 

containers in 12 communities located along an elevation and climate gradient in central 

México (Lozano-Fuentes et al. 2012, 2014). Three representative communities along this 

gradient are Veracruz City at sea level, with highly favorable climatic conditions for the 

mosquito; Rio Blanco along the eastern slopes of the Sierra Madre Oriental (~1250 m), 

where the mosquito is moderately abundant; and Puebla City in the central highlands (~2100 

m), where a few specimens of Ae. aegypti were encountered, but the climate appears to 

prevent the mosquito from proliferating. Mosquito abundance is strongly correlated with 

weather variables along this gradient, including positive correlations with average minimum 

daily ambient air temperature, average daily minimum relative humidity, and total rainfall 

and negative correlations with daily ambient air temperature range during the 30-day period 

preceding the mosquito survey in a given community (Lozano-Fuentes et al. 2012). These 

findings led us to speculate that low or greatly fluctuating water temperatures in containers 

may be limiting factors for population buildup of Ae. aegypti at the higher elevations. 

Therefore, we apply WHATCH’EM to explore water dynamics in three commonly 

encountered container types—small buckets (3.8 L), medium-sized buckets (18.9 L), and 

large drums (120–208.2 L)—at the three cities noted above. First, we validate 
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WHATCH’EM in two of the cities, Veracruz City and Rio Blanco, by comparing 

WHATCH’EM simulations for the three container types to water temperature and height 

measurements from a 1-month field experiment conducted in summer 2013 and to output 

from the Cheng et al. (1998) model that is similar to the methods used for water temperature 

calculations in CIMSiM and Skeeter Buster. Next, a series of sensitivity simulations from 

WHATCH’EM is used to examine the impacts of shading, clouds, and container color on the 

simulated water height and temperature in the three container types and three locations 

throughout an entire season. The model is driven by meteorological observations taken in 

each city during our initial field season from May to September 2011, the time of year 

during which environmental conditions are best suited (i.e., with combined high temperature 

and substantial rainfall) for the proliferation of Ae. aegypti in the study area.

2. Methods

2.1. WHATCH’EM model description

WHATCH’EM simulates the water height (analogous with water volume) and water 

temperature of a specified container, based on the energy balance of the water and the 

container. The full model documentation and source code can be obtained from Steinhoff 

and Monaghan (2013).

The energy balance method is used to calculate heat and moisture exchanges between the 

surface and atmosphere in numerical weather prediction models in order to estimate the 

surface temperature and evaporation. A similar method is used here, adjusted for container 

geometries and thermodynamic characteristics. WHATCH’EM requires as input a minimal 

amount of commonly available meteorological data (temperature, relative humidity, and 

rainfall) to produce water temperature and level estimates. Optional radiation, cloud, soil, 

and wind data can be used to improve the realism of simulations. WHATCH’EM takes into 

account variable factors such as cloudiness, shading, container size, and thermal 

characteristics and any manual container filling that may occur. WHATCH’EM can model 

rectangular containers, round containers, and tires. Lids and tilted containers (i.e., containers 

not fully resting on the ground surface) can be accounted for. The energy balance is 

calculated for both the water and the container. The energy balance for water is based on the 

following equation:

(1)

where QSTW is heat storage in water (representing the change of temperature of the water), 

QSW↓ is net shortwave (SW) radiation, QLW↓ is downward longwave (LW) radiation, QLW↑ 
is upward longwave radiation, QH↑ is sensible heat (SH) transfer, QL↑ is latent heat transfer 

(LH), QC↓ is conduction between the water and container bottom, and QC→ is conduction 

between the water and container sidewalls. The energy balance for the container is

(2)
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where QSTC is heat storage in the container, QSW→ is sideways inbound shortwave 

radiation, QLW→ is sideways inbound longwave radiation, QLW←is sideways outbound 

longwave radiation, QH←is sideways sensible heat transfer, QG↓ is conduction between the 

ground and the container bottom, and QC↓ and QC→ are the same as in (1). Figure 1 is a 

schematic showing the terms in (1) and (2) relative to the water and container. All terms are 

in units of power (watts), and the sign convention is that all radiation terms are positive into 

the container or its water; sensible, latent, and ground fluxes are positive out of the container 

or its water; and conduction terms are positive into the container.

The downward solar radiation QSW↓ is absorbed by the water through the top opening of the 

container. The shortwave radiation absorbed into the water is that component not reflected 

by water or blocked by shade or clouds; QSW↓ is calculated as

(3)

where St is the total downward shortwave radiative flux (based on solar zenith angle at the 

user-specified coordinates for the site of interest, and the transmission of solar radiation 

through the atmosphere, which is a function of cloud cover), At is container top opening 

area, aw is the reflectivity (albedo) coefficient of water [a function of the solar zenith angle 

per Cogley (1979)], β is the shade fraction, dυ is the fraction deviation of the top opening of 

the container from vertical, and Qi is the solar radiation absorbed by the inside container 

walls when the container is not 100% full (accounted for in Qb below).

The sideways inbound solar radiation QSW→ is absorbed by the container sidewalls. It is 

composed of two components—solar radiation directly striking the container sidewalls and 

diffuse solar radiation—not reflected by the container. As given below QSW→ is calculated 

as

(4)

where ac is the reflectivity coefficient of the container, Qb is the direct component 

(accounting for the zenith angle of the sun and absorption on interior sidewalls), and the 

diffuse component Qd is a combination of solar radiation reflected from the ground onto the 

container sidewalls and atmospheric scattering. Similar to (3), the Qb and Qd terms take into 

account the surface area of the container and shading effects.

The downward longwave radiation QLW↓ is absorbed by water through the top opening of 

the container, emitted by the atmosphere, clouds, and any shading surface. The emitted 

longwave radiation is dependent on the fourth power of temperature (through the Stefan–

Boltzmann law) and properties of the emitting body. Below QLW↓ is calculated as
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(5)

where εa is emissivity of the atmosphere [itself a time-variable function of air temperature, 

vapor pressure, and cloud fraction per Prata (1996) and Crawford and Duchon (1999)], σ is 

the Stefan–Boltzmann constant, εs is emissivity of the shading surface, and Ts is the 

temperature of the shading surface (assumed equal to the air temperature Ta).

The upward longwave radiation QLW↑ is emitted by water in the container into the 

atmosphere above. It depends on the temperature and emitting properties of water. Here 

QLW↑ is calculated as

(6)

where εw is emissivity of water, and Tw is water temperature.

The sideways inbound longwave radiation QLW→ is absorbed by the container sidewalls, 

assumed to be split equally between longwave radiation emitted by the atmosphere and by 

the ground. It is calculated as

(7)

where As is surface area of the container sidewalls (taking into account any deviation of the 

top opening from vertical), εg is emissivity of the ground surface, and Tg is the ground 

temperature.

The sideways outbound longwave radiation QLW←is emitted by the container sidewalls to 

the surrounding air and ground. It is calculated as

(8)

where εc is emissivity of the container, and Tc is the temperature of the container.

The sensible heat transfer QH↑ is between the water in the container and the air above. 

Calculations of sensible heat transfer are dependent upon the convective regime (forced, 

free, or mixed) and the associated nondimensional groups of quantities, which the model 

takes into account. The calculation for QH↑ is from Monteith and Unsworth (2008, p. 161):

(9)
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where Ca is the heat capacity of air, and rH is heat transfer resistance, itself a time-variable 

function of the Nusselt number (Steinhoff and Monaghan 2013). The sensible heat transfer 

QH←is between the container and surrounding air. It is calculated similar to (9), except that 

it is computed based on the surface area and temperature of the container sides, and rH 

employs a different Nusselt number representing the geometry of the container sides:

(10)

The latent heat transfer QL↑ is associated with phase changes of water. Specifically for this 

application, it is the heat supplied to vaporization of water in the container to the air above, 

and represents a heat sink for the water in the container. It is calculated from

(11)

where es is saturation vapor pressure, e is vapor pressure, λ is the latent heat of vaporization, 

and rW is the water vapor transfer resistance, calculated in a similar manner to rH (Monteith 

and Unsworth 2008).

The heat conduction QG↓ between the bottom of the container and the underlying soil 

depends primarily on calculation of the temperature gradient between the soil and the 

container:

(12)

where Ab is the container bottom area, Δz is the differential layer depth, and k is thermal 

conductivity. The ratio of the last two terms is summed for half of the thickness of the 

ground layer (zg, kg) and half of the thickness of the container (zc, kc), under the assumption 

that Tc and Tg occur at the middle of each volume. The default value of zg is 50 mm because 

it is the midpoint of the 0–100-mm upper soil layer for which temperature data are 

commonly available in atmospheric re-analysis products.

The heat conduction QC↓ between the water and the bottom of the container is specified as

(13)
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where notations are as before, with the ratio of the last two terms summed for half of the 

thickness of the container and half of the depth of the water. Similarly, QC→ is the heat 

conduction between the water and the sides of the container:

(14)

with the ratio of the last two terms summed for half of the thickness of the container and the 

half the diameter (i.e., the radius) of the water.

Once the heat storage terms QSTW and QSTC have been calculated using the water container 

energy balance equations (1) and (2), the water height in the container and the water and 

container temperatures are updated. First, the accumulated evaporation of water from the 

container is calculated from the latent heat transfer QL↑, following Monteith and Unsworth 

(2008, p. 255):

(15)

where Δt is the time period of the accumulated evaporation, and ρw is the density of water. 

The water height change is then calculated based on the difference of evaporation and 

precipitation over the time period Δt:

(16)

where Δhw is the water height change, P is precipitation accumulated over the time period 

Δt, the ratio At /Ab accounts for the amount of rainfall that can enter through the container 

top relative to the size of the container body (i.e., if the diameters of the top container 

opening and the body of the container are different), and MF is any manual fill. Currently, 

the minimum water height allowed in the program, for numerical stability reasons, is 15 

mm. Below this, water temperature and all energy balance terms are set to a missing value, 

and a constant evaporation rate is set (default is 0.02 mm h−1). If, through precipitation or 

manual filling, water height returns above 15 mm, then calculations are restarted with water 

temperature set to the initial water temperature specified at the beginning of the simulation. 

It is noteworthy that while the abundance of Ae. aegypti immatures is positively correlated 

with water volume, some immatures can survive in small volumes of water having heights 

less than 15 mm, such as in water that pools on plastic tarps (Barrera et al. 2006); thus, a 

current limitation of WHATCH’EM is that it does not resolve these situations in which very 

little water is present.

With updated water height, the change to the temperature of the water in the container is 

calculated as
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(17)

where ΔTw is the water temperature change, hw is the updated water height (note that Athw 

is the water volume), and Cw is the heat capacity of water. Similarly, the container 

temperature is calculated as

(18)

where ΔTc is the container temperature change, Vc is the volume of the container material, 

and Cc is the heat capacity of the container material.

Because the calculations of water and container temperature changes involve the terms 

themselves and form a series of ordinary differential equations, numerical methods are used 

to simultaneously solve the equation system. In WHATCH’EM, the fourth-order Adams–

Moulton (AM) predictor–corrector method is used, which is started with a fourth-order 

Runge–Kutta (RK) procedure (e.g., Cheney and Kincaid 2007). The RK procedure is a 

single time-step process and is needed at the beginning of the simulation since the AM 

procedure requires multiple time steps.

2.2. Data and simulation descriptions

2.2.1. Meteorological data

There are three required meteorological variables, and several optional variables, for input to 

WHATCH’EM at hourly intervals. The required variables are air temperature (°C), relative 

humidity (%), and rainfall (mm h−1). For this study, temperature and relative humidity were 

obtained from HOBO dataloggers (Onset Computer Corporation, Bourne, Massachusetts) 

installed in Veracruz City, Rio Blanco, and Puebla City. For a map showing the locations of 

these cities in Veracruz and Puebla States, México, see Lozano-Fuentes et al. (2012). 

Rainfall data were obtained from Stratus RG202 rain gauge (Productive Alternatives, Inc., 

Fergus Falls, Minnesota) for the validation experiments and from the 0.07° gridded Climate 

Prediction Center morphing technique (CMORPH) dataset (Joyce et al. 2004) for the 

sensitivity experiments. CMORPH uses precipitation estimates derived exclusively from low 

orbiter satellite microwave observations and features transported via spatial propagation of 

information obtained from geostationary satellite infrared imagery. CMORPH provides 

some of the most reliable estimates for tropical summer rainfall compared to other satellite- 

and model-based rainfall products (Ebert et al. 2007). CMORPH data, which cover the globe 

from 60°S to 60°N, were bilinearly interpolated from the four surrounding grid points to 

each HOBO site.

Optional variables include either downward incident shortwave and longwave radiation or 

cloud fraction (low, middle, and high), soil temperature (°C), wind speed (m s−1), and 

Steinhoff et al. Page 9

Earth Interact. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



surface pressure (hPa). For this application, all optional variables (using radiation terms 

instead of cloud fraction) are obtained from the Global Land Data Assimilation System 

(GLDAS; Rodell et al. 2004), which utilizes satellite- and ground-based observations and 

the Land Information System (LIS; Kumar et al. 2006) to run a suite of offline land surface 

models for optimal estimation of ground surface and soil conditions. GLDAS, version 1, 

output is available at 0.25° grid spacing globally north of 60°S at 3-hourly intervals (a 15-

min model time step is used) for 2000–present near–real time, with output utilizing the four 

layer National Centers for Environmental Prediction–Oregon State University–Air Force–

Hydrologic Research Laboratory (Noah) land surface model (Chen et al. 1996; Koren et al. 

1999).

If radiation data are unavailable, cloud fraction data can be input, and estimates of 

downward radiation terms will be calculated. If cloud fraction data are not provided, then 

low, middle, and high cloud fraction estimates are user specified for both daytime and 

nighttime conditions. If soil temperature data are unavailable, a constant value must be 

specified. If wind speed and/or surface pressure data are unavailable, constant values can be 

specified.

2.2.2. Average weather conditions

The average weather conditions of Veracruz City, Rio Blanco, and Puebla City for May–

September 2011 are compared in Figure 2. Monthly and total average temperatures (Figure 

2a) follow the elevation gradient between the cities, with Veracruz City, near sea level, being 

the warmest overall (29.0°C for the May–September average), followed by Rio Blanco 

(~1250 m above sea level; 21.3°C) and Puebla City (~2100 m; 18.5°C). The average daily 

temperature range (Figure 2b) increases markedly along the elevation gradient, being much 

lower in Veracruz City (3.9°C) versus the higher elevation environments of Rio Blanco 

(9.0°C) and Puebla City (10.9°C). In contrast, relative humidity does not exhibit marked 

variability between the cities during the May–September period (Figure 2c). In fact, the 

highest average relative humidity occurs in Rio Blanco, where temperatures are cooler than 

in Veracruz City, but the influence of humid air from the Gulf of Mexico is still strong. 

However, the specific humidity (a measure of absolute humidity that is independent of 

temperature) clearly shows that Veracruz City is more humid than Rio Blanco and that 

Puebla City is the least humid of all the cities (Figure 2d). Likewise, the highest overall 

rainfall totals and cloud amounts occur in Veracruz City (although the onset of rains is later 

there), followed by Rio Blanco and Puebla City, which have similar rainfall totals and cloud 

amounts (Figures 2e,f). In summary, during May–September Veracruz City is comparatively 

warm and humid with a small daily temperature range and the greatest rainfall, whereas 

Puebla City is comparatively cool and arid with a large daily temperature range and lower 

rainfall. Rio Blanco’s climate is intermediate between Veracruz City and Puebla City.

2.2.3. Approach for WHATCH’EM validation

To provide validation for container water temperature and height estimates from 

WHATCH’EM, a series of container experiments were performed on satellite campuses of 

Universidad Veracruzana in Boca del Rio (19.1°N, 96.1°W) and Orizaba (19.0°N, 97.3°W) 

for a ~1-month period spanning 3 June 2013 through 4 July 2013. Because Boca del Rio is 
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adjacent to Veracruz City, and Orizaba is adjacent to Rio Blanco, for consistency with our 

sensitivity simulations (described below) we refer to these two sites as Veracruz City and 

Rio Blanco, respectively. At each site, three sets of four different containers (3.8-L small 

black bucket, 18.9-L medium black and white buckets, and 120-L large gray trash cans) 

were set up in different shading regimes (no shade, partial shade, and full shade; e.g., Figure 

3a). We chose these particular container types because they are representative of containers 

commonly encountered in the field (Lozano-Fuentes et al. 2012). Here, partial shade 

represents fractional continuous shading, as opposed to the shading fraction varying 

throughout the day. Water was initially filled to 75% of the container height and changes in 

water height were recorded daily and water height reestablished to 75% after measurement, 

with evaporation calculated after accounting for rainfall recorded by the rain gauge. Water 

added to the container to reestablish 75% height was taken from a reservoir exposed to 

ambient weather conditions. Water temperature sensors were suspended in the middle of the 

water volume of each container using fishing line and weights, and temperature was 

automatically recorded every 15 min (Figure 3b). Air temperature and relative humidity 

measurements were also recorded at each site with the HOBO loggers described above.

WHATCH’EM simulations were performed for each container and shading scenario 

described above for both field sites, initialized at 0000 coordinated universal time (UTC) on 

3 June 2013 and run through 0000 UTC 5 July 2013. The WHATCH’EM configuration and 

parameters were similar to what is described below for the sensitivity simulations, with the 

exception that rainfall input was from the rain gauge observations, the ground surface type 

under the containers was set to match what was observed in the field (i.e., concrete, grass, 

and bare soil), and the largest container was 120 L (a large trash can) rather than 208.2 L (a 

55-gallon drum) due to logistics and availability. Coinciding with the daily manual filling to 

75% container height, water height in WHATCH’EM is also reestablished to 75% height at 

the same time. WHATCH’EM outputs used for the validation included hourly water 

temperature and evaporation minus precipitation (E − P), which were then averaged for 

maximum and minimum temperature and E − P for 3 June–4 July 2013.

Estimates of water temperature were also calculated using the empirical equations from 

Cheng et al. (1998) for maximum and minimum daily container water temperatures. 

Maximum water temperature is a function of maximum air temperature, minimum dewpoint 

temperature, and sunlight exposure. Minimum water temperature is a function of minimum 

air temperature, maximum dewpoint temperature, and a shelter factor that accounts for 

longwave radiation exchanges with nearby objects. Maximum and minimum air and 

dewpoint temperature values were calculated from the HOBO temperature and humidity 

measurements taken at each site. The sunlight exposure factors were set to 1.0, 0.55, and 

0.05 for the no shade, partial shade, and full shade experiments, respectively, which is 

approximately equivalent to one minus the value for the shading factor used for the 

WHATCH’EM simulations for each experiment. The shelter factors were set to 0.0 for the 

no shade experiment and 0.1 for the partial and full shade experiments, consistent with the 

values used by Cheng et al. (1998) for the no shade, under a tree, and under a shed roof with 

no walls cases. The shelter factors used by Cheng et al. (1998) varied from 0.0 to 0.2, so the 

values chosen here for the comparison are appropriate based on our shading scenarios and 

proximity to objects that emit radiation. Cheng et al. (1998), following Focks et al. (1993a), 
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specify that for their equations water temperatures for containers with capacities between 5 

and 100 L are averaged over 2 days, and those with capacities between 100 and 500 L are 

averaged over 3 days. Therefore, for the Cheng et al. (1998) water temperature calculations, 

we averaged the medium container results over 2 days, and the large container results over 3 

days.

2.2.4. Approach for WHATCH’EM sensitivity experiments

WHATCH’EM sensitivity simulations were performed for Veracruz City (19.2°N, 96.1°W), 

Rio Blanco (18.8°N, 97.2°W), and Puebla City (19.0°N, 98.2°W) for three sets of 

experimental conditions during the entire May–September 2011 field season. First, we used 

three container types: small buckets (3.8 L, 1 gallon), medium-sized buckets (18.9 L, 5 

gallons), and large drums (208.2 L, 55 gallons; Figures 3a,c). For each container type, the 

height, radius, thickness, and thermal conductivity is user specified to WHATCH’EM. 

Second, we evaluated three colors for the containers: black, gray, and white, corresponding 

to container albedos ac of 0.1, 0.5, and 0.9, respectively. Container albedo (reflectivity) and 

thermal conductivity values are estimated online (from www.engineeringtoolbox.com). 

Third, we examined three levels of shade: no shade, half shade, and full shade. Shade from 

natural objects (e.g., trees) or human-made structures (e.g., walls or roofs) affect both the 

longwave and shortwave energy balance and the precipitation received.

The simulations were run for two different scenarios with regards to containers being filled 

with water: 1) with weekly manual container filling enabled (i.e., the containers are topped 

off by human action every 168 h) and 2) with manual filling disabled (i.e., the containers 

only receive water through rainfall). For each of these scenarios, the full set of combinations 

of the three experimental conditions described above was performed, such that there are 3 × 

3 × 3 = 27 total experiments per scenario. The simulations were initialized for 0000 UTC 1 

May 2011 because May is near the end of the dry season in the study area but still precedes 

the onset of the rainy season (in June or July) when Ae. aegypti populations are expected to 

begin increasing. For the scenario in which there is no manual filling, the containers are 

assumed to be dry at initialization on 1 May, after months of little or no rainfall. Initial 

values for water temperature are also user specified for the simulations with manual filling 

since the containers are full from the onset. WHATCH’EM is integrated once per minute 

from the initial time point through 0000 UTC on 15 September 2011 in our simulations. 

This is an arbitrarily chosen time point that likely represents the latter part of the active 

season for Ae. aegypti at the highest elevation examined, where the climate in the winter is 

cold enough to prevent activity by this mosquito. Table 1 lists the values of the constants and 

parameters that are used in WHATCH’EM.

3. Results

3.1. Validation of WHATCH’EM

Figure 4 shows time series plots of water temperature from observations and WHATCH’EM 

simulations over the 3 June–4 July 2013 experiment period for Veracruz (Figure 4a) and Rio 

Blanco (Figure 4b) with medium black containers in partial shade. WHATCH’EM tracks the 

diurnal and synoptic-scale variations in water temperature at both sites, with negative biases 
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at Veracruz, negative biases for the warmest daytime conditions, and positive nighttime 

biases for Rio Blanco. These biases hold for other container sizes and colors and other 

shading scenarios (not shown).

Basic validation statistics for WHATCH’EM against experiment observations are shown for 

Veracruz and Rio Blanco in Tables 2 and 3, respectively. For Veracruz, there are only small 

systematic errors (biases), with larger RMSE values for no shade and partial shade 

conditions that are likely errors in cloud cover and shortwave radiation. Temporal correlation 

between WHATCH’EM and observations exceeds 0.87 for no shade and full shade 

conditions, whereas lower correlation values are found for partial shade conditions because 

of the shortwave radiation discrepancies around sunrise and sunset. For Rio Blanco, 

WHATCH’EM is systematically too warm, with additional cloud cover discrepancies that 

are of similar magnitude as found for Veracruz (represented by the differences between bias 

and RMSE values). Correlation values for Rio Blanco are similar to Veracruz, with slightly 

lower values for no shade and full shade conditions and generally larger values for partial 

shade.

Figure 5 graphically summarizes validation results for container water temperature for the 

observations, WHATCH’EM, and the Cheng et al. (1998) method, averaged for the 3 June–4 

July container experiment period for (i) Veracruz City and (ii) Rio Blanco. WHATCH’EM 

tends to overestimate the daily temperature range for small containers and underestimates it 

for large containers. WHATCH’EM is relatively sensitive to fluctuations in both the level of 

shading and the container size, whereas the Cheng et al. (1998) model is relatively sensitive 

to the level of shading but relatively insensitive to the container size. The WHATCH’EM 

simulations are particularly improved for the partial and full shade cases. In general, 

WHATCH’EM more accurately simulates the magnitude of the daily maximum, minimum, 

and mean temperatures as well as the daily temperature range compared to the Cheng et al. 

(1998) model. Of the 24 total experiments (12 at Veracruz and 12 at Orizaba), the 

WHATCH’EM average daily maximum temperature is closer to the observed value in 19 

experiments (79%), the average daily minimum temperature is closer to the observed value 

in 13 experiments (54%), the average daily mean temperature is closer to the observed value 

in 13 experiments (54%), and the average daily temperature range is closer to the observed 

value in 14 experiments (58%). The ranges of daily minimum and maximum container 

temperatures over the experiment period are indicated by the whiskers above and below the 

average daily temperature range bars in Figure 5. WHATCH’EM more accurately simulates 

the large ranges in daily maximum temperatures over the experiment period for no shade 

and partial shade conditions. Simulating this temperature variability is important as these 

containers continually fluctuate between favorable, unfavorable, and even lethal 

development conditions for Ae. aegypti immatures.

Tables 4 and 5 summarize results for the container water height experiments for the 

observations versus WHATCH’EM for Veracruz and Orizaba, respectively. The results cover 

the 3 June–4 July period, expressed in terms of the daily change in height due to evaporation 

minus precipitation (E − P) in units of centimeters. For Veracruz (Table 4), RMSE values are 

several times larger than biases, indicating nonsystematic measurement or simulation errors. 

Daily errors increase with decreasing shading, suggesting model errors for evaporation. 
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Correlations are weak (less than 0.3) for full shade conditions, which likely results from the 

small magnitude of the daily water height changes. For Rio Blanco (Table 5), biases are 

larger in magnitude than Veracruz for partial and full shade. These biases may be related to 

difficulties in simulating the rainfall received through the physical surfaces above the 

containers. RMSE values are large (~0.7–1.3 cm) for no shade and partial shade conditions, 

again suggesting model evaporation errors at nighttime. Correlations are weak for partial and 

full shade conditions, which may result from uncertainties in rainfall received through the 

shading surface and the small E − P values for full shade. Difficulties in accounting for local 

experimental factors, such as rainfall differences between containers and rain gauge due to 

wind and/or the physical surface above, are responsible for some of the model errors in 

water height. However, model deficiencies in estimating the near-surface stability regimes 

and associated resistance parameters appear to play a prominent role in nighttime 

temperature and evaporation discrepancies.

3.2. Sensitivity experiments with WHATCH’EM

3.2.1. Energy balance experiment results for Rio Blanco—WHATCH’EM 

simulated average May–September 2011 daily cycle of the components of the energy and 

radiation balances are shown in Figure 6 for Rio Blanco. The results are shown for a 

container with intermediate values across our experiments: a gray, medium-sized (18.9 L) 

bucket that is located in half shade. Weekly manual filling was enabled in the presented 

scenario, so the bucket is always full or nearly full of water. In Figure 6a, “Bal” stands for 

the QSTW term [(1)] and represents the heat gain or loss by the water that is manifested as a 

change in temperature via (17). SW (solar) radiation is the primary driver of the energy 

balance during the day, while LH (evaporation), LW (infrared) radiation, and conduction 

between the water and container sides (COND) primarily drives heat loss at night (Figure 

6a). The SH and water-to-bottom container wall conduction (GHW) components are 

comparatively minor. Evaporation consumes a fraction of the afternoon solar heating that 

would otherwise raise the water temperature. The horizontal (Horiz) and vertical (Vert) 

components of the LW and SW radiation are examined in Figure 6b, with the total radiation 

balance denoted by “RnBal.” It is apparent that the horizontal components of both terms—

those that affect energy exchange through the sides of the bucket—are for this scenario on 

the same order of importance as the vertical components that act through the top of the 

container.

Figure 7 shows the simulated average daily range (Figure 7a) and daily means (Figure 7b) 

for water, air, container, and ground temperature for the same gray, medium-sized bucket in 

Rio Blanco. The temperature of the water in the container exceeds that of the air temperature 

on average due to the solar radiation that is absorbed by the container sides during daytime, 

which is not completely compensated by longwave and conductive heat losses at nighttime. 

The magnitude of the SW and LW energy exchanges with the bucket are heavily influenced 

by clouds and shading. During clear-sky periods (e.g., June in Figure 7b) the difference 

between water and air temperatures is generally higher than during cloudy or rainy periods 

(e.g., July) due to more solar absorption.
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3.2.2. Container experiment results for Rio Blanco—Next we examine the results of 

the three sets of experiments for Rio Blanco: comparisons of the simulated average water 

temperatures and water temperature fluctuations among (i) different types of containers with 

uniform color and shading (Figure 8a), (ii) different colors of containers with uniform type 

and shading (Figure 8b), and (iii) different levels of shading for containers with uniform type 

and color (Figure 8c). Manual filling was enabled for all experiments at Rio Blanco in the 

presented scenarios in order to facilitate comparisons by minimizing the differences among 

the containers that can arise due to water availability. As shown in Figure 8a, smaller 

containers, because they have larger surface area-to-volume ratios, have the largest daily 

temperature ranges. In this example, during drier conditions (May and June), the water in the 

small bucket has an average daily temperature range of about 12°C, compared to about 3°C 

for the water in the large drum. A temporal lag in thermal response increases as the 

container size increases, meaning that the daily average temperature is higher for the small 

bucket during warming periods but higher for the large drum during cooling periods.

As shown in Figure 8b, the differences in reflectivity (albedo) among the various-colored 

containers cause substantial differences in daytime heating due to enhanced solar absorption 

for darker colors; these differences are not fully compensated for during nighttime since the 

albedo only impacts the solar (daytime) radiation balance. This means that, compared to an 

otherwise identical white container, a black container will 1) have a larger daily temperature 

range and 2) have a higher average water temperature. In our example, the water in the black 

container is about 1°–1.5°C warmer than the white container on average. Differences in 

average daily temperatures between the no shade and full shade cases are substantial: on the 

order of 7°C during clear-sky conditions (May and June) and less (4°C) during cloudy 

conditions (July) (Figure 8c). Additionally, the no shade containers have a much larger daily 

temperature range compared to shaded containers (12° vs 2°C) due to enhanced absorption 

of solar radiation.

3.2.3. Comparison of experimental results among cities—We also examined the 

differences among cities for several experiments (Figures 9–11). Manual filling was disabled 

in the presented scenarios to better understand the role of water availability in driving the 

differences among containers, and therefore missing values represent times when water 

levels were <15 mm due to the lack of rainfall. Figure 9 shows the May–September 2011 

simulated daily average, maximum, and minimum water temperatures and cumulative water 

heights for a gray, medium-sized (18.9 L) bucket located in half shade for the three cities. 

Figure 10 is a summary plot showing the May–September simulated averages of water 

temperature and the number of days with water heights >15 mm by type of containers and 

city. As expected, the daily water temperature decreases with elevation from Veracruz City 

to Puebla City (Figure 9a). Conversely, the daily water temperature range increases with 

elevation (Figure 9a), which is due to less cloudy conditions (Figure 2f) and smaller volumes 

of water in containers due to lower rainfall (Figure 9b), in Rio Blanco and Puebla City 

compared to Veracruz City. The May–September average water temperatures in the 

containers (Figure 10a) are similar to the average air temperatures for the same period 

(Figure 2a); this holds true for all three container types (all gray and in half shade). Average 

temperatures become slightly smaller with increasing container size (3.8-L bucket vs 208.2-
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L drum) and larger with decreasing albedo (black vs white) and with decreasing shade or 

cloudiness, as demonstrated in Figure 8.

Moreover, the number of days with water heights >15 mm (Figure 10b) is noteworthy 

because Puebla City, which receives the least rain (Figure 2e) and therefore has the lowest 

cumulative water heights (Figure 9b), has the most days with water heights >15 mm. This is 

partly due to Puebla City receiving more rain earlier in the season (May and June) in 2011. 

Therefore, despite having lower temperatures, water availability does not appear to be a 

limiting factor for containers in Puebla City. Finally, the histogram for the number of days 

during May–September 2011 with simulated daily water temperatures falling within 2°C 

increments, based on a gray 18.9-L bucket located in half shade, illustrates the shift in 

typical water temperatures from low to high elevations (Figure 11). For example, water 

temperatures in the specified container commonly were projected to exceed 24°–26°C in 

Veracruz City but not in Puebla City. Conversely, water temperatures commonly were 

projected to be <22°C in Puebla City, whereas this did not occur in Veracruz City. These 

distinct water temperature differences will be important drivers of differences in immature 

Ae. aegypti development and survival rates (Focks et al. 1993a).

4. Conclusions

In our sensitivity simulations, WHATCH’EM was applied to project water thermodynamics 

in three commonly encountered container types (small buckets, medium-sized buckets, and 

large drums) at three representative cities located along an elevation and climate gradient 

that ranges from Veracruz City at sea level, where Ae. aegypti is highly abundant, to the high 

elevation Puebla City at ~2100 m, where Ae. aegypti is rarely found (Lozano-Fuentes et al. 

2012, 2014). We found that our energy balance modeling approach adds an important level 

of complexity and nonlinearity to water temperature variability, leading to results that are 

not always intuitive. In particular, the explicit inclusion of cloud effects in WHATCH’EM 

plays a first-order role in container water dynamics. Accounting for clouds in such models, 

in addition to enhancing accuracy and model sensitivity, is also important from a climate 

change perspective: even if air temperatures become warmer in a given location—as they 

have nearly everywhere globally and are projected to continue to do so (IPCC 2013)—

changes in cloudiness (for which climate projections are highly uncertain) have strong 

potential to amplify or dampen the corresponding changes in the magnitude and daily range 

of water temperature in containers at that location. Changes in the frequency and magnitude 

of rainfall also impact container water temperatures (by modulating the volume) and the 

number of days in which adequate water is available for development of mosquito 

immatures.

The WHATCH’EM results for water characteristics in containers in the three examined 

cities also provided insights into the mechanisms potentially underlying the field observation 

that Ae. aegypti immatures are abundant at lower elevations (<1300 m; Veracruz City and 

Rio Blanco) but only rarely encountered at high elevations (>2000 m; Puebla City; Lozano-

Fuentes et al. 2012). Previous studies have shown that the temperature optimum for Ae. 
aegypti larval and pupal development, with short development times and high survival rates, 

is in the range of 24°–34°C (Bar-Zeev 1958; Rueda et al. 1990; Tun-Lin et al. 2000; 
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Kamimura et al. 2002; Mohammed and Chadee 2011; Padmanabha et al. 2011b; Richardson 

et al. 2011; Farjana et al. 2012; Eisen et al. 2014). We found that model-projected water 

temperatures from May to September 2011 in a representative container (gray, medium-

sized bucket located in half shade) consistently exceeded 24°C in Veracruz City and 

commonly exceeded 24°C in Rio Blanco but very rarely did so in Puebla City (Figure 11). 

Moreover, the model projected much greater daily temperature ranges of water in the 

containers in Puebla City compared to Veracruz City (Figure 9a), a factor that recently was 

demonstrated to be negatively associated with development time of Ae. aegypti larvae 

(Mohammed and Chadee 2011; Carrington et al. 2013b). Consequently, we speculate that 

suboptimal temperature conditions for Ae. aegypti immatures in containers in Puebla City 

presently inhibits potential for population growth of the mosquito in this high elevation city.

We also note that WHATCH’EM simulations may prove useful for examining how human–

environment–container interactions impact Ae. aegypti, for example, by providing 

information on which containers (by size, color, and shading) have the most favorable 

conditions for the mosquito and thus should be specifically targeted in source reduction 

campaigns enacted by vector control programs or via community participation. Toward this 

end, future work will more comprehensively assess the impacts of water storage practices 

(i.e., manual filling) and container placement, shapes, and types on water characteristics. 

Additional validation efforts, corresponding with the sensitivity study presented here, are 

also desired. Finally, we also hope to explore how WHATCH’EM, or a related model 

building upon WHATCH’EM, could be applied to natural water bodies of limited size, 

which may harbor a variety of mosquitoes of medical importance including culicine virus 

vectors and anopheline malaria vectors.
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Figure 1. 
Schematic showing terms of energy balance model introduced in (1) and (2). Terms are 

described in the text.
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Figure 2. 
Monthly data for selected climate variables for Veracruz City (red), Rio Blanco (green), and 

Puebla City (blue) during May–September 2011. The All column is the seasonal average or 

total over all months.
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Figure 3. 
The containers used in the WHATCH’EM simulations: (a) no shade validation experiment at 

the site near Rio Blanco showing the small container at far left (3.8 L; 175 mm width × 185 

mm height), the medium container at center (18.9 L; 286 mm width × 350 mm height), and 

large trash container at far right (120 L; 490 mm width × 685 mm height). (b) Closeup 

showing temperature sensor in a medium-sized container. (c) The large drum container used 

for the sensitivity simulations (208.2 L; 597 mm width × 921 mm height) (note that blue is 

not the color assumed for the simulations). Additional container information can be found in 

Table 1. Photos are courtesy of D. Steinhoff and A. Monaghan.
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Figure 4. 
Time series comparison of water temperature (°C) from observations (red) and 

WHATCH’EM simulations (green) for (a) Veracruz and (b) Rio Blanco for the 3 Jun–4 Jul 

2013 experiment period.
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Figure 5. 
Comparison of observed and WHATCH’EM water temperatures during the 3 Jun–4 Jul 2013 

container experiment in (a) Veracruz City and (b) Rio Blanco. Colored bars represent the 

mean daily temperature range, black vertical bars represent the range of maximum and 

minimum temperatures during the experiment period, and black horizontal lines represent 

the average daily temperature during the experiment.

Steinhoff et al. Page 25

Earth Interact. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Example from Rio Blanco of the simulated average May–September 2011 daily cycle of the 

components of the (a) energy balance and (b) radiation balance based on water in a gray 

18.9-L bucket in half shade. All components are expressed in watts. Terms in the legend are 

described in the text.
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Figure 7. 
Comparison of (a) simulated average daily range and (b) daily mean of temperature from 

May to September 2011 in Rio Blanco for the water in a container (green), the container 

itself (orange), the ground (blue), and the air (red). This example is based on a gray 18.9-L 

bucket in half shade. Terms in the legend are described in the text.
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Figure 8. 
Comparison of simulated daily average water temperature (solid lines) and maximum and 

minimum water temperature (dotted lines), from May to September 2011 in Rio Blanco, for 

(a) gray containers in the form of 3.8-L bucket (red), 18.9-L bucket (green), and 208.2-L 

drum (blue) in half shade; (b) white (blue), gray (green), and black (red) 18.9-L buckets in 

half shade. (c) Gray 18.9-L bucket in full shade (blue), half shade (green), and no shade 

(red).
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Figure 9. 
Comparison of (a) simulated daily average water temperature (solid lines) and maximum 

and minimum water temperature (dotted lines) and (b) water height from May to September 

2011 and based on a gray 18.9-L bucket in half shade for Puebla City (blue), Rio Blanco 

(green), and Veracruz City (red). Missing data in (a) correspond to times when water height 

is below the 15-mm threshold for numerical stability of water temperature estimates.
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Figure 10. 
Comparison of (a) simulated daily average water temperature and (b) days with water height 

> 15 mm from May to September 2011 and based on a gray container (all three types are 

shown) in half shade for Veracruz City (red), Rio Blanco (green), and Puebla City (blue).
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Figure 11. 
Histogram of the total number of days from May to September 2011 with simulated water 

height >15 mm in a gray 18.9-L bucket in half shade, by daily average water temperature, 

for Puebla City (blue), Rio Blanco (green), and Veracruz City (red).
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Table 2

Bias, RMSE, and correlation of WHATCH’EM container water temperature against observations for Veracruz. 

Bias and RMSE units in °C.

Bias

Container No shade Partial shade Full shade

Small −0.25 0.06 −0.10

Medium Black −0.64 0.00 −0.26

Medium White −0.44 0.02 −0.32

Large −0.62 −0.08 −0.48

RMSE

Container No shade Partial shade Full shade

Small 2.05 3.16 0.58

Medium black 1.79 1.85 0.55

Medium white 2.10 1.74 0.59

Large 1.77 1.20 0.63

Correlation

Container No shade Partial shade Full shade

Small 0.94 0.72 0.87

Medium black 0.94 0.81 0.90

Medium white 0.88 0.79 0.89

Large 0.89 0.85 0.92
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Table 3

Bias, RMSE, and correlation of WHATCH’EM container water temperature against observations for Rio 

Blanco. Bias and RMSE units in °C.

Bias

Container No shade Partial shade Full shade

Small 1.54 1.61 0.92

Medium black 1.66 1.21 0.74

Medium white 1.58 1.12 0.50

Large 1.11 0.89 0.44

RMSE

Container No shade Partial shade Full shade

Small 3.50 2.44 1.32

Medium black 3.12 2.09 1.06

Medium white 3.19 1.83 0.94

Large 2.45 1.73 0.83

Correlation

Container No shade Partial shade Full shade

Small 0.89 0.86 0.88

Medium black 0.85 0.83 0.87

Medium white 0.82 0.83 0.84

Large 0.82 0.76 0.82
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Table 4

Bias, RMSE, and correlation of WHATCH’EM container water height (E − P) against observations for 

Veracruz. Bias and RMSE units in cm.

Bias

Container No shade Partial shade Full shade

Small −0.09 −0.03 0.02

Medium black −0.10 −0.03 0.02

Medium white 0.02 0.06 0.00

Large −0.15 −0.04 −0.01

RMSE

Container No shade Partial shade Full shade

Small 0.62 0.37 0.26

Medium black 0.78 0.50 0.24

Medium white 0.67 0.40 0.26

Large 0.79 0.38 0.24

Correlation

Container No shade Partial shade Full shade

Small 0.78 0.71 0.25

Medium black 0.60 0.53 0.26

Medium white 0.69 0.67 0.27

Large 0.64 0.69 −0.02

Earth Interact. Author manuscript; available in PMC 2017 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Steinhoff et al. Page 36

Table 5

Bias, RMSE, and correlation of WHATCH’EM container water height (E − P) against observations for Rio 

Blanco. Bias and RMSE units in cm.

Bias

Container No shade Partial shade Full shade

Small −0.11 −0.11 −0.15

Medium black −0.12 −0.39 −0.02

Medium white 0.00 −0.40 −0.13

Large −0.01 −0.39 −0.10

RMSE

Container No shade Partial shade Full shade

Small 0.90 0.71 0.35

Medium black 0.95 0.80 0.31

Medium white 1.11 1.02 0.36

Large 1.27 0.71 0.37

Correlation

Container No shade Partial shade Full shade

Small 0.64 0.09 0.35

Medium black 0.61 0.18 −0.01

Medium white 0.47 −0.08 0.17

Large 0.47 0.40 0.01
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