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Comparison of evaporation rate on open water bodies:

energy balance estimate versus measured pan

Yohannes Yihdego and John A. Webb
ABSTRACT
Much attention has been paid to establish accurately open water evaporation since the lake itself is

the largest consumer of water. The aim of this study is to assess the discrepancy in the measured

(pan evaporation) and estimated (Penman) evaporation rate, seasonally, based on the results from a

37-year energy budget analysis of Lake Burrumbeet, Australia. The detailed analysis of

meteorological data showed that evaporation is fully radiation driven and that the effect of wind is

minimal. Sensitivity analysis shows that evaporation estimation is more sensitive to shortwave

radiation followed by relative humidity. An increase or decrease of estimated shortwave radiation by

10% could result in an increase or decrease of estimated evaporation up to 18%. The Penman

combination method is relatively the least sensitive to wind speed but could bring a significant effect

on the lake level fluctuation since a 10% increase of wind speed increases the estimated evaporation

by 2.3%. The current analysis highlights the relative roles of radiation, temperature, humidity,

and wind speed in modulating the rate of evaporation from the lake surface, by employing an

inter-monthly seasonal adjustment factor to the estimated evaporation in the lake water budget

analysis, with implications for the inter-monthly variability and short-term trends assessment of

water resource through various meteorological parameters.
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INTRODUCTION
Evapotranspiration is the amount of soil moisture lost to the

atmosphere via evaporation from the ground surface and

transpiration from the plant leaves. Evaporation is often

the dominant control on lake water budgets, particularly

in more arid regions (Allison & Barnes ; Jankowski &

Jacobson ; Lhomme et al. ; Yihdego & Panda

), so it is important to estimate its contribution accu-

rately (Yihdego ; Yihdego & Waqar ; Yihdego

et al. a). Evapotranspiration is a physical and a biologi-

cal process whereas evaporation is a purely physical

process. There are many ways of calculating evaporation

from open water bodies: water balance, mass transfer,

energy balance or Penman combination and measured pan

evaporation. These methods have been applied in previous
lake modelling studies (Swancar et al. ; Rosenberry

et al. ). Commonly regarded as the most accurate is

the energy-budget method (e.g. Winter ), but this

requires more data than is available for the present study.

In addition, a recent study (Bhattarai et al. ) suggests

that a complex energy balance model may not perform as

well under open water conditions as they do under vegeta-

tive conditions. There are sophisticated methods of

calculating evaporation from open water (Allen et al. ;

DeJonge et al. ; Liebert et al. ). Water balance,

mass transfer, energy balance or Penman combination and

pan evaporation approaches are some to mention (Szilagyi

; Moiwo & Tao ). Dingman () indicates that

due to its demand of usually unavailable data from most
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meteorological stations, like surface water temperature,

most of the approaches are less applicable to data scarce

areas.

Evaporation from open water bodies is influenced by

many factors. Here, we investigate hydrological effects,

including surface. Crop water requirements are commonly

estimated with the FAO-56 methodology based upon a

‘two-step’ approach: first a reference evapotranspiration is

calculated from weather variables with the Penman–Mon-

teith equation; then ET0 is multiplied by a tabulated crop-

specific coefficient to determine the water requirement of

a given crop under standard conditions. This method has

been challenged to the benefit of a ‘one-step’ approach,

where crop evapotranspiration is directly calculated from

a Penman–Monteith equation, its surface resistance replacing

the crop coefficient (Dalton et al. ; Lenters et al. ).

Evaporation calculated by the energy budget method is gener-

ally considered to be the most accurate; with proper care, the

error in annual estimate can be 10% or less, and seasonal esti-

mates are considered to be within about 13% (Winter ). It

implies that any other method of estimation of evaporation

will have more than 13% error in its seasonal estimates

(Liebert et al. ). Results show a one-step approach (for

estimating evaporation) can have better spatial/temporal cor-

relation and smaller interpolation error and therefore, the

accuracy of the evaporation value is more related to the

method of computing evaporation than the type of climatic

data being interpolated. The importance of capturing the sea-

sonal climatic/evaporation rate is a key step to analyze and

comprehend the historic and existing open water bodies

and further predict the feature in the evaporation component

(Yihdego & Webb ).

Practical estimates of lake evaporation must rely on data

that can be observed in the land environment. This requires

the ability to take into account the changes in the tempera-

ture and humidity that occur when the air passes from the

land to the lake environment. The complementary relation-

ship between potential and areal evapotranspiration

provides such a capability and is used herein, in combi-

nation with an approximate technique for taking into

account subsurface heat storage changes, as the basis for for-

mulating the complementary relationship lake evaporation

model. Because it has a realistic basis, the energy/mass bal-

ance model can utilize routine climatological data observed
om http://iwaponline.com/jwcc/article-pdf/9/1/101/200675/jwc0090101.pdf
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in the land environment to provide estimates of lake evapor-

ation with less need for locally calibrated coefficients

(Morton ; Elsawwaf et al. ; Alazard et al. ).

Commonly, evaporation is measured by measuring

evaporated water from open water. The sensitivity analysis

in the calibrated model for Lake Burrumbeet showed that

errors in the model can largely be attributed to erroneous

estimates of evaporation and rainfall, and surface inflow to

a lesser extent (Yihdego &Webb , ). Therefore, redu-

cing the uncertainties associated with the evaporation will

have an implication on making predictions (Yihdego et al.

; Yihdego & Paffard ; Yihdego & Drury ). The

aim of this paper is to provide a comparison on the esti-

mation of the lake’s water evaporation. This helps to

enrich our understanding on historic, present and future

water resources management (groundwater, water bodies,

wet lands, lakes, lagoons) as evaporation plays a key role

in water budgeting. The paper presents an interesting study

on the estimation of the lake’s water evaporation through

a comparison of methods.
SITE DESCRIPTION

The study area lies south of the Great Dividing Range in

southwest Victoria, ∼200 km west of Melbourne, and

encompasses a large part of the catchments of the Hopkins

River (Figure 1) as well as much of the Victorian Volcanic

Plain which was formed by volcanic eruptions in western

Victoria over the past six million years (Yihdego & Webb

, ; Yihdego ).

Lake Burrumbeet (Figure 1) is located in central western

Victoria and is the largest of four shallow lakes in the Bal-

larat region, with an area of ∼23 km2. The lake is the

major wetland for the region, and has been utilized for rec-

reational boating, fishing and camping. Lake Burrumbeet

lies within the upper Hopkins River catchment. The lake

catchment has an area of 298 km2 (Yihdego & Webb ).

Climate

The study area experiences a temperate climate with domi-

nant westerly winds, variable cloud and moderate

precipitation, with wet, cool winters and dry, warm summers.



Figure 1 | Study area.
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Daytime temperatures are generally mild to hot in summer,

and mild to cool in winter. For example, at Hamilton, the hot-

test and coldest months are February and July with mean

daily maximum and minimum temperatures of 26.1 and

4.1 �C respectively. Similarly, at Ballarat, the hottest and cold-

est months are February and July with mean daily maximum

and minimum temperatures of 25 and 3.2 �C respectively

(BOM ). Mean relative humidity at Hamilton is

40–60% in summer and 71–88% in winter (9 am and 3 pm

relative humidity values respectively) (BOM ).
EVAPORATION

Throughout the study area, potential evaporation is highest

in summer and lowest in winter (Figure 2), and the average
://iwaponline.com/jwcc/article-pdf/9/1/101/200675/jwc0090101.pdf
evaporation declines from north to south and with increas-

ing altitude. Pan evaporation is highest from October to

April (Yihdego & Webb ). Although in southern Austra-

lia there is usually a surplus of rainfall over evaporation

during winter, it is only in high-altitude, high-rainfall zones

(generally where annual rainfall exceeds 850 mm) where

there is an annual surplus. Class A pan evaporation as

measured at Hamilton Research station from January 1969

to June 2000 averages 1,350 mm evaporation annually.

Annual class A pan evaporation varies from <1,000 mm

north-west of Ballarat to over 1,350 mm around Hamilton,

and over most of the volcanic plains it is 1,150–1,200 mm.

Areal actual evapotranspiration (calculated using FAO 56)

supplied by the Bureau of Meteorology is estimated at

500–600 mm per annum for most of the Victorian volcanic



Figure 2 | Average monthly rainfall and pan evaporation for Hamilton and White Swan Reservoir (BOM 2009).
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plains. Maximum rainfall is received over winter and

exceeds or equals evaporation (Figure 3).
METHODOLOGY

The actual evaporation from a fresh water lake, Efresh

(Equation (1)), can also be estimated by the relationship

between Epan (measured class A pan evaporation) and α
Figure 3 | Correlation of class A pan evaporation from Hamilton Research Centre station and
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(pan coefficient). This is the method most frequently applied

in lake modelling studies in western Victoria (e.g. Coram

; Bennetts ; Raiber ; Tweed et al. ).

Efresh ¼ Epan × α (1)

A pan coefficient must be applied to convert measured

pan evaporation to lake evaporation, because in contrast
White Swan Reservoir.
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to a lake, a pan receives large quantities of energy through

its base and sides, because it is exposed to air and sun. As

a result, pan evaporation measurements generally overesti-

mate evaporation from open water bodies, because the US

standard class A pan gets much hotter than a lake (Lee &

Swancar ). Moreover, the differences between a pan

and a lake will vary through the year because of seasonal

differences in radiation, air temperature, wind and heat

storage within the larger body of water. Various factors

such as the pan structure and site conditions can also influ-

ence the pan coefficient (e.g. Chiew & McMahon ; Fu

et al. ). The monthly pan coefficients (α) can differ

from the commonly used value of 0.7 by more than 100%

(Winter ; Taghvaeian et al. ). Therefore, a pan coef-

ficient that varies through the year must be applied to the

measurement of pan evaporation in order to estimate

water loss from a lake (Dune & Leopold ; Elsawwaf

et al. ; Alazard et al. ). Evaporation from the pan

will be larger than from a lake under the same meteorologi-

cal conditions.

A comparison of different methods of calculating

evaporation in the United States showed that using pan

evaporation produces errors between �8 and þ12%, but

averaging <1% (Swancar et al. ; Usman et al. ).

The measured pan evaporation rates are normally

30% higher than lake evaporation; therefore 0.7 is a com-

monly used pan coefficient value in lake studies (e.g.

Dingman ; Linacre ). Research undertaken in

Australia on free-water evaporation has shown that the

measured and modelled annually-averaged pan coeffi-

cients are comparable, e.g. 0.87 (Garrett & Hoy )

and 0.9 (Vardavas ) respectively, from Manton Dam

in the Northern Territory. Pan correction factors applied

in recent water budget studies in western Victoria are

0.8 (Hagerty ) for the Tullaroop Reservoir, 0.81 for

Lake Bolac (Raiber ), 0.5–0.9 for Lakes Corangamite

and Colac (Tweed et al. ) and 0.9 for Lake Wallace

(Fawcett ).

In this study, pan evaporation and calculated evapotran-

spiration data were used. The monthly pan evaporation data

was obtained from the Bureau of Meteorology (BOM ).

The reference evapotranspiration values were daily gridded

data obtained from the SILO website (www.nrm.qld.gov.au/

silo/), and represent evapotranspiration by short grass that
://iwaponline.com/jwcc/article-pdf/9/1/101/200675/jwc0090101.pdf
has no shortage of water supply (calculated by FAO 56;

Allen et al. ).
ANALYSIS AND RESULTS

In the present study, the evaporative water losses from

Lakes Burrumbeet have been calculated using US class A

pan evaporation data, measured at Hamilton Research

Centre (1965–2000) and White Swan Reservoir

(1971–2008) (Figure 3). White Swan Reservoir is located

to the north-east of Ballarat. There is a strong positive corre-

lation between pan evaporation at the two sites (r2 value

0.94; Figure 3), although pan evaporation at Hamilton is

consistently higher than at White Swan Reservoir, reflecting

the higher annual average temperatures at Hamilton.

Evaporation from a fresh water lake (Efresh) is reduced

as lake salinity increases, due to the lower vapor pressure

of saline waters (Calder & Neal ; Kokya & Kokya

). Hence pan evaporation rates should be converted

for lake salinity (Equation (2)):

E(t) ¼ Efresh

(1þ (C(t� 1) × 10�6)
(2)

where C(t�1) is the total dissolved solids (TDS) concen-

tration of the lake water measured in the previous month

in mg/L. Lake Burrumbeet is usually moderately saline

(median 3.74 mS/cm) and varies seasonally. A noticeable

rise in salinity level has occurred since 2002 (up to 21,950

EC) as the lake level decreased due to abnormally dry con-

ditions and lake levels of less than 0.4 m (Yihdego & Webb

). However, the calculations for the present study show

that the influence of lake salinity on evaporation is very

small, and this correction was not applied to the lake

modeled (Yihdego & Webb ).

In the present study, different pan coefficients (α) were

used for each month, based on the mean monthly relative

humidity and wind speed at White Swan Reservoir/Hamil-

ton Research Centre.

Pan coefficients (kp) for class A pan for different pan

siting, environment and different levels of mean relative

humidity and wind speed have been presented in FAO

Irrigation and Drainage Paper No. 56 as in Table 1 (FAO



Table 1 | Pan coefficients for class A pan for different pan siting and environment and

different levels of mean relative humidity and wind speed (FAO Irrigation and

Drainage Paper No. 56; Allen et al. 1998)

Class A pan

Case A: Pan placed in short green cropped

Relative humidity (%)

Low
(<40)

Medium
(40–70)

High
(>70)Wind speed (m/s)

Windward side distance
of green crop (m)

Light <2 1 0.55 0.65 0.75
10 0.65 0.75 0.85
100 0.7 0.8 0.85
1,000 0.75 0.85 0.85

Moderate 2–5 1 0.5 0.6 0.65
10 0.6 0.7 0.75
100 0.65 0.75 0.8
1,000 0.7 0.8 0.8

Strong 5–8 1 0.45 0.5 0.6
10 0.55 0.6 0.65
100 0.6 0.65 0.7
1,000 0.65 0.7 0.75

Very strong >8 1 0.4 0.45 0.6
10 0.45 0.55 0.6
100 0.5 0.6 0.65
1,000 0.55 0.6 0.65
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Irrigation and Drainage Paper No. 56; Allen et al. ).

Since the lake itself is the largest consumer of water (evap-

oration), much attention has been paid to establish

accurately the open water evaporation. In the present

study, different coefficients were used based on values

given in Table 1.

The overall estimation of evaporation was improved by

multiplying the adjusted pan evaporation data by a local

calibration coefficient ranging from 0.7 to 1.3, to obtain

the best fit between the calculated and measured lake

volumes (Yihdego & Webb , ; Yihdego et al. ,

, b); this coefficient takes into consideration the

differences in position, elevation and meteorological vari-

ables between the sites where pan evaporation was

recorded (White Swan Reservoir/Hamilton Research

Centre) and the modelled lakes.

Penman (combination approach) is an approach which

does not require surface water temperature and is rec-

ommended for estimating free water evaporation

(Maidment ; Hassan-Esfahani et al. ). This is

referred to as a combination approach because it combines
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energy and mass transfer aspects. The Penman equation

reads (Equation (3)):

Ep ¼ 1
λ

Δ

Δþ Y

� �
Rnþ Y

Δþ Y

� �
f(u) × (es� ea)

� �
(3)

where Ep is the potential evaporation from the lake (mm

day�1); λ is the latent heat of vaporization of water (MJ

kg�1); Δ is the slope of the saturation vapour pressure curve

at air temperature (kPa �C�1); Y is the psychromatic constant

(kPa �C�1); Rn is the net radiation (MJ m�2 day�1); f(u) is the

wind function (MJ m�2 kPa�1 day�1); es is the mean daily sat-

uration vapour pressure (kPa); ea is the actual mean daily

vapour pressure (kPa).

The wind velocity is measured at 2 m above ground. The

calculated pan evaporation data, adjusted using the monthly

pan coefficients, are very strongly correlated with potential

evaporation calculated using the Penman combination

approach (Figure 4). In this study, the adjusted pan evapor-

ation was used. The missing pan evaporation at Hamilton

for 2000–2008 was calculated from the White Swan Reser-

voir data for this time period, using the correlationship in

Figure 4 between the data sets.

Mean annual estimate of the pan evaporation and

Penman (combination) method is 1,163 and 724 mm

respectively.

Pan evaporation data and Penman (combination) evap-

oration values follow a similar pattern throughout the year

(mainly during the wet season), the Penman value being

lower than the Pan evaporation value (Figure 5).

In this study solar radiation was estimated using the

available data set. A good match between the estimated

and measured global solar radiation validates the estimation

of evaporation using the Penman combination method (see

Figure 6).

The process of vapour removal depends to a large extent

on wind and air turbulence which transfers large quantities

of air over the evaporating surface. When water vaporizes,

the air above the evaporating surface becomes gradually satu-

rated with water vapour. If this air is not continuously replaced

with drier air, the driving force for water vapour removal and

evapotranspiration rate decreases (Allen et al. ; Moorhead

et al. ; Wu et al. ).



Figure 4 | Correlation between measured pan evaporation at White Swan Reservoir and calculated evaporation value using the Penman method at nearby Ballarat Aerodrome.
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Sensitivity analysis of Penman (combination)

evaporation method

The Penman combination approach of evaporation esti-

mation can be seen in Figure 7, it is more sensitive to

shortwave radiation followed by relative humidity. An

increase or decrease of estimated shortwave radiation by
Figure 5 | Long term mean monthly evaporation (Penman/pan).

://iwaponline.com/jwcc/article-pdf/9/1/101/200675/jwc0090101.pdf
10% could result in an increase or decrease of estimated

evaporation up to 18%. The cloudiness factor (i.e. 1-net

incoming/incident solar radiation), could affect variation

in monthly evaporation. This method is relatively least sen-

sitive to wind speed but it could bring a significant effect

on the lake level fluctuation since a 10% increase of wind

speed increases the estimated evaporation by 2.3%



Figure 6 | Comparison of actual and estimated global solar radiation at Ballarat Aerodrome station.
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(Table 2). Evaporation is one of the most sensitive variables

in the lake water balance model where a 5% increase in

evaporation could lead to a 3.7% (14 cm) decrease in lake

level (Yihdego ). Temperature and wind direction were

assumed inclusive as wind direction could affect local

advection.
Figure 7 | Sensitive analysis of evaporation to different variables.
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SUMMARY AND CONCLUSIONS

Evaporation is an essential variable in agro hydrological sys-

tems and its estimation on a regional scale is limited to its

spatial variability. Therefore, reducing the uncertainties

associated with the evaporation will have an implication



Table 2 | Sensitive analysis of Penman (combination) method

Change of variables
(%)

Change in evaporation in % upon change of
variables (relative humidity, short wave radiation
and wind speed)

Relative
humidity

Shortwave
radiation

Wind
speed

�20 8.6 �35.3 �4.6

�10 4.4 �17.7 �2.3

�5 2.2 �8.8 �1.2

5 �2.2 8.8 1.2

10 �4.4 17.7 2.3

20 �8.6 35.3 4.6
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on making predictions. This paper describes the analysis of

evaporation data, comparing the long-term Penman method-

ology with measurements from pans. The calculated/

estimated evaporation was then applied to a lake using the

standard coefficient methodology. It is believed that

the methodology used is appropriate for the objective of

the study. A result from an updated 37-year (1971–2008)

energy budget analysis of Lake Burrumbeet in Western Vic-

toria (Australia) is presented. To account for the differences

in meteorological conditions of each month, different coeffi-

cients were used.

Results from this analysis showed that the estimated

solar radiation matches with the measured solar radiation.

Evaporation calculated from the energy budgets appears to

be more accurate. The detailed analysis of the meteorologi-

cal data showed that the evaporation is fully radiation

driven. Also it has shown that lake evaporation varies sig-

nificantly, on a wide variety of timescales, and that the

climatic drivers of evaporation depend strongly on the time-

scale of interest, implying a cross-check of estimated

evaporation data is vital before applying into further catch-

ment/water budget analysis. Variations in lake evaporation

have a significant impact on the energy and water budgets

of lakes.

The current analysis highlights the relative roles of radi-

ation, temperature, humidity, and wind speed in modulating

the rate of evaporation from the lake surface, by employing a

seasonal/monthly adjustment factor to the estimated evap-

oration in the lake water budget analysis. Seasonal

variations in lake evaporation have a significant impact on
://iwaponline.com/jwcc/article-pdf/9/1/101/200675/jwc0090101.pdf
the energy and water budgets of lakes. The sensitivity analy-

sis showed that evaporation estimation is more sensitive to

shortwave radiation followed by relative humidity. An

increase or decrease of estimated shortwave radiation by

10% could result in an increase or decrease of estimated

evaporation up to 18%. The Penman combination method

is relatively least sensitive to wind speed but it could bring

a significant effect on the lake level fluctuation since a

10% increase of wind speed increases the estimated evapor-

ation by 2.3%. Previous study showed that evaporation is

one of the most sensitive variables in the Lake Burrumbeet

water balance model (i.e. a 5% increase in evaporation

could lead to a 14 cm decrease in lake level; Yihdego ).

The study demonstrates the importance of seasonal

(inter-monthly) evaporation variability assessment and redu-

cing the uncertainties associated with short-term trends to

arise as well as the implications for surface water resources

through various meteorological parameters desired by bio-

physical scientists, hydrologists and irrigators, being

accurate monitoring of evaporation from water bodies are

rare and requires significant investment of time and

resources to support energy budget and/or eddy covariance

instrumentation, maintenance, and data processing studies.
ACKNOWLEDGEMENTS

Support was provided to carry out this research by La Trobe

University and the Glenelg-Hopkins Catchment

Management Authority, Australia. The manuscript has

benefitted from reviewers’ comment.
REFERENCES
Alazard, M., Leduc, C., Travi, Y., Boulet, G. & Salem, A. B. 
Estimating evaporation in semi-arid areas facing data
scarcity: example of the El Haouareb dam (Merguellil
catchment, Central Tunisia). J. Hydrol. 3, 265–284.

Allen, R. G., Pereira, L. S., Raes, D. & Smith, M.  Crop
Evapotranspiration – Guidelines for Computing Crop Water
Requirements. FAO Irrigation and Drainage Paper No. 56.
FAO – Food and Agriculture Organization of the United
Nations, Rome.

Allen, R., Tasumi, M. & Trezza, R.  Satellite-based energy
balance for mapping evapotranspiration with internalized

http://dx.doi.org/10.1016/j.ejrh.2014.11.007
http://dx.doi.org/10.1016/j.ejrh.2014.11.007
http://dx.doi.org/10.1016/j.ejrh.2014.11.007
http://dx.doi.org/10.1061/(ASCE)0733-9437(2007)133:4(380)
http://dx.doi.org/10.1061/(ASCE)0733-9437(2007)133:4(380)


110 Y. Yihdego & J. A. Webb | Comparison of evaporation rate Journal of Water and Climate Change | 09.1 | 2018

Downloaded fr
by guest
on 09 Decemb
calibration (METRIC) model. J. Irrig. Drain. Eng. 133 (4),
380–394.

Allison, G. B. & Barnes, C. J.  Estimation of evaporation from
the normally ‘dry’ Lake Frome in South Australia. J. Hydrol.
78, 229–242.

Bennetts, D. A.  Hydrology, Hydrogeology and Hydro-
Geochemistry of Groundwater Flow Systems Within the
Hamilton Basalt Plains, Western Victoria, and Their Role in
dry Land Salinisation. PhD Thesis, Department of Earth
Sciences, La Trobe University, 254 pp.

Bhattarai, N., Dougherty, M., Marzen, J. L. & Kalin, L. 
Validation of evaporation estimates from a modified surface
energy balance algorithm for land (SEBAL) model in the
south-eastern United States. Remote Sens. Lett. 3 (6),
511–519.

BOM  Australian Bureau of Meteorology. Available from:
www.bom.gov.au.

Calder, I. R. & Neal, C.  Evaporation from saline lakes: a
combination equation approach. J. Hydrol. Sci. 29, 89–97.

Chiew, F. H. S. & McMahon, T. A.  An Australian comparison
of Penman’s potential evapotranspiration estimates and
class. A evaporation pan data. Aust. J. Soil Res. 30, 101–112.

Coram, J. E. Groundwater-Surface Water Interactions Around
Shallow Lakes of the Western District Plains, Victoria.
MSc Thesis, Department of Earth Sciences, Melbourne
University, 179 pp.

Dalton, M. S., Aulenbach, B. T. & Torak, L. J.  Groundwater
and Surface Water Flow and Estimated Water Budget for
Lake Seminole, South-Western Georgia and North-Western
Florida. U.S. Geological Survey Scientific investigations
report 2004-5073, 54 pp.

DeJonge, K., Taghvaeian, S., Trout, T. & Comas, L. 
Comparison of canopy temperature-based water stress
indices for maize. Agric. Water Manage. 156, 51–62.

Dingman, S. L.  Physical Hydrology, 2nd edn. Prentice Hall,
New Jersey.

Dune, T. & Leopold, L.  Water in Environmental Planning.
H. H. Freeman and Company, New York.

Elsawwaf, M., Willems, P. & Feyen, J.  Assessment of the
sensitivity and prediction uncertainty of evaporation models
applied to Nasser Lake, Egypt. J. Hydrol. 395 (1–2), 10–22.

Fawcett, J.  Preliminary Assessment of Water Balance Model
for Lake Wallace, Edenhope. Department of Primary
Industries, Bendigo, Victoria.

Fu, G., Liu, C., Chen, S. & Hong, J.  Investigating the
conversion coefficients for free water surface evaporation of
different evaporation pans. Hydrol. Process. 18, 2247–2262.

Garrett, D. R. & Hoy, R. D.  A study of monthly lake to pan
coefficients using a numerical lake model. In: Proc.
Hydrology Symposium, 5–6 September, Institution of
Engineers, Canberra, A.C.T, pp. 145–149.

Hagerty, S. K.  Groundwater–Surface Water Interactions in
the Tullaroop Catchment, Central Victoria. Honours Thesis,
Department of Earth Sciences, La Trobe University,
Melbourne, Australia, 124 pp.
om http://iwaponline.com/jwcc/article-pdf/9/1/101/200675/jwc0090101.pdf

er 2021
Hassan-Esfahani, L., Torres-Rua, A. & McKee, M. 
Assessment of optimal irrigation water allocation for
pressurized irrigation system using water balance approach,
learning machines, and remotely sensed data. Agric. Water
Manage. 153, 42–50.

Jankowski, J. & Jacobson, G.  Hydrochemical evolution of
regional ground waters to playa brines in central Australia.
J. Hydrol. 108, 123–174.

Kokya, B. A. & Kokya, A. T.  Proposing a formula for
evaporation measurement from salt water resources. Hydrol.
Process. 22, 2005–2012.

Lee, T. M. & Swancar, A.  The Influence of Evaporation,
Groundwater and Uncertainty in the Hydrologic Budget of
Lake Lucerne – Florida. U.S. Geological Survey Water
Supply paper 2439. US GPO, Washington, 61 pp.

Lenters, J. D., Katz, T. K. & Bowser, C. J.  Effects of climate
variability on lake evaporation: results from a long-term
energy budget study of Sparkling Lake, northern Wisconsin
(USA). J. Hydrol. 308 (1–4), 168–195.

Lhomme, J. P., Boudhina, N., Masmoudi, M. M. & Chehbouni, A.
 Estimation of crop water requirements: extending the
one-step approach to dual crop coefficients. Hydrol. Earth
Syst. Sci. Discuss. 12, 4933–4963.

Liebert, R., Huntington, J., Morton, C., Sueki, S. & Acharya, K.
 Reduced evapotranspiration from leaf beetle induced
tamarisk defoliation in the Lower Virgin River using satellite-
based energy balance. Ecohydrology 9, 179–193.

Linacre, E. T.  Hydrology. An Introduction. Cambridge
University Press, New York.

Maidment, D. R.  Handbook of Hydrology. McGraw-Hill,
New York.

Moiwo, J. & Tao, F.  Contributions of precipitation, irrigation
and soil water to evapotranspiration in (semi)-arid regions.
Int. J. Climatol. 35, 1079–1089.

Moorhead, J., Gowda, P., Hobbins, M., Senay, G., Paul, G., Marek,
T. & Porter, D.  Accuracy assessment of NOAA
gridded daily reference evapotranspiration for the Texas
high plains. JAWRA J. Am. Water Resour. Assoc. 51,
1262–1271.

Morton, F. I.  Practical estimates of lake evaporation. J. Clim.
Appl. Meteorol. Climatol. 25, 371–387.

Raiber, M. Hydrogeological and Hydrogeochemical Studies of
Aquifer and Groundwater-Surface Water Interactions and
Their Impact on Water Resources in the Basalt Plains of
Western Victoria, Australia. PhD Thesis, La Trobe University,
Melbourne, Australia, 230 pp.

Rosenberry, D. O., Winter, T. C., Buso, D. C. & Likens, G. E. 
Comparison of 15 evaporation methods applied to a small
mountain lake in the northeastern USA. J. Hydrol. 340 (3–4),
149–166.

Swancar, A., Lee, T. M. & O’Hare, T. M.  Hydrogeological
Setting, Water Budget and Preliminary Analysis of Ground-
Water Exchange at Lake Starr, A Seepage Lake in Polk
Country, Florida. U.S. Geological Survey Water Resources
investigations report 00-4030, Tallahassee, Florida.

http://dx.doi.org/10.1061/(ASCE)0733-9437(2007)133:4(380)
http://dx.doi.org/10.1016/0022-1694(85)90103-9
http://dx.doi.org/10.1016/0022-1694(85)90103-9
http://dx.doi.org/10.1080/01431161.2011.632655
http://dx.doi.org/10.1080/01431161.2011.632655
http://dx.doi.org/10.1080/01431161.2011.632655
http://www.bom.gov.au
http://dx.doi.org/10.1080/02626668409490924
http://dx.doi.org/10.1080/02626668409490924
http://dx.doi.org/10.1071/SR9920101
http://dx.doi.org/10.1071/SR9920101
http://dx.doi.org/10.1071/SR9920101
http://dx.doi.org/10.1016/j.agwat.2015.03.023
http://dx.doi.org/10.1016/j.agwat.2015.03.023
http://dx.doi.org/10.1016/j.jhydrol.2010.10.002
http://dx.doi.org/10.1016/j.jhydrol.2010.10.002
http://dx.doi.org/10.1016/j.jhydrol.2010.10.002
http://dx.doi.org/10.1002/hyp.5526
http://dx.doi.org/10.1002/hyp.5526
http://dx.doi.org/10.1002/hyp.5526
http://dx.doi.org/10.1016/j.agwat.2015.02.005
http://dx.doi.org/10.1016/j.agwat.2015.02.005
http://dx.doi.org/10.1016/j.agwat.2015.02.005
http://dx.doi.org/10.1016/0022-1694(89)90281-3
http://dx.doi.org/10.1016/0022-1694(89)90281-3
http://dx.doi.org/10.1002/hyp.6785
http://dx.doi.org/10.1002/hyp.6785
http://dx.doi.org/10.1016/j.jhydrol.2004.10.028
http://dx.doi.org/10.1016/j.jhydrol.2004.10.028
http://dx.doi.org/10.1016/j.jhydrol.2004.10.028
http://dx.doi.org/10.1016/j.jhydrol.2004.10.028
http://dx.doi.org/10.5194/hessd-12-4933-2015
http://dx.doi.org/10.5194/hessd-12-4933-2015
http://dx.doi.org/10.1002/eco.1623
http://dx.doi.org/10.1002/eco.1623
http://dx.doi.org/10.1002/eco.1623
http://dx.doi.org/10.1002/joc.4040
http://dx.doi.org/10.1002/joc.4040
http://dx.doi.org/10.1111/1752-1688.12303
http://dx.doi.org/10.1111/1752-1688.12303
http://dx.doi.org/10.1111/1752-1688.12303
http://dx.doi.org/10.1175/1520-0450(1986)025%3C0371:PEOLE%3E2.0.CO;2
http://dx.doi.org/10.1016/j.jhydrol.2007.03.018
http://dx.doi.org/10.1016/j.jhydrol.2007.03.018


111 Y. Yihdego & J. A. Webb | Comparison of evaporation rate Journal of Water and Climate Change | 09.1 | 2018

Downloaded from http
by guest
on 09 December 2021
Szilagyi, J.  Testing the rationale behind an assumed linear
relationship between evapotranspiration and land surface
temperature. J. Hydrol. Eng. 20 (5). doi:10.1061/(ASCE)HE.
1943-5584.0001091.

Taghvaeian, S., Paul, G., Ochsner, T., Gowda, P. & Marek, T.
 A comparison between evapotranspiration estimates
based on remotely sensed surface energy balance and
ground-based soil water balance analyses. In: World
Environmental and Water Resources Congress 2015,
pp. 1971–1980.

Tweed, S., Leblanc, M. & Cartwright, I. Groundwater-surface
water interaction and the impact of a multi-year drought on
lakes conditions in South-East Australia. J. Hydrol. 379,
41–53.

Usman, M., Liedl, R. & Awan, U.  Spatio-temporal estimation
of consumptive water use for assessment of irrigation system
performance and management of water resources in irrigated
Indus Basin, Pakistan. J. Hydrol. 525, 26–41.

Vardavas, I. M.  Modelling the seasonal variation of net all-
wave radiation flux and evaporation in a tropical wet-dry
region. Ecol. Model. 39, 247–268.

Winter, T. C.  Uncertainties in estimating the water balance of
lakes. Am. Water Resour. Assoc., Bull. 17, 82–115.

Wu, X., Zhou, J., Wang, H., Li, Y. & Zhong, B.  Evaluation of
irrigation water use efficiency using remote sensing in the
middle reach of the Heihe River, in the semi-arid North-
western China. Hydrol. Process. 29, 2243–2257.

Yihdego, Y. Modelling Bore and Stream Hydrograph and Lake
Level in Relation to Climate and Land use Change in South-
Western Victoria, Australia. PhD Thesis, Faculty of Science,
Technology and Engineering, Melbourne, La Trobe
University, Melbourne, Australia, 305 pp.

Yihdego, Y.  Simulation of groundwater mounding due to
irrigation practice: case of wastewater reuse engineering
design. Hydrol. J. 4, 19.

Yihdego, Y. & Drury, L.  Mine dewatering and impact
assessment: case of Gulf region. Environ. Monit. Assess. J.
188, 634.

Yihdego, Y. & Paffard, A.  Predicting open mine inflow and
recovery depth in the Durvuljin soum, Zavkhan Province,
Mongolia. Mine Water Environ. J. 36 (1), 114–123.

Yihdego, Y. & Panda, S.  Studies on nature and properties of
salinity across globe with a view to its management – a
review.Glob. J. Hum.-Soc. Sci. B Geog. Geo-Sci. Environ. Sci.
Disaster Manage. 17 (1), 31–37, Version 1.0. Available from:
https://globaljournals.org/GJHSS_Volume17/5-Studies-on-
Nature-and-Properties.pdf.

Yihdego, Y. & Waqar, M.  The move from safe yield to
sustainability and manage yield. Glob. J. Hum.-Soc. Sci.
://iwaponline.com/jwcc/article-pdf/9/1/101/200675/jwc0090101.pdf
B Geogr. Geo-Sci. Environ. Sci. Disaster Manage. 17 (1),
25–29.

Yihdego, Y. & Webb, J. A.  Hydrogeological constraints on the
hydrology of Lake Burrumbeet, south-western Victoria, Australia
(S. H. Hagerty, D. S. McKenzie & Y. Yihdego, eds). 21st
VUEESC Conference September 2007 Victorian Universities
Earth and Environmental Sciences Conference, September 2007,
Geological Society of Australia Abstracts No 88.

Yihdego, Y. & Webb, J. A.  Modelling of seasonal and long-
term trends in lake salinity in south-western Victoria,
Australia. In: Proceedings of Water Down Under, April 2008,
Adelaide. Engineers Australia, Casual Production, pp. 994–
1000. Available from: http://search.informit.com.au/
documentSummary;dn=574001033603140;res=IELENG
(accessed 20 December 2016).

Yihdego, Y. & Webb, J. A.  Modelling of seasonal and long-
term trends in lake salinity in South-western Victoria,
Australia. J. Environ. Manage. 112 (2012), 149–159.

Yihdego, Y. &Webb, J. A.  Use of a conceptual hydrogeological
model and a time variant water budget analysis to determine
controls on salinity in Lake Burrumbeet in southeast Australia.
Environ. Earth Sci. J. 73 (4), 1587–1600.

Yihdego, Y. &Webb, J. A.  Validation of a model with climatic
and flow scenario analysis: case of Lake Burrumbeet in
southeastern Australia. J. Environ. Monit. Assess. 188 (308),
1–14.

Yihdego, Y. & Webb, J. A.  Assessment of wetland
hydrological dynamics in a modified catchment basin: case of
Lake Buninjon, Victoria, Australia. Water Environ. Res. J.
89 (2), 144–154.

Yihdego, Y., Webb, J. A. & Leahy, P.  Modelling of lake level
and salinity for Lake Purrumbete in western Victoria,
Australia. Hydrol. Sci. J. 6 (1), 186–199.

Yihdego, Y., Webb, J. A. & Leahy, P.  Modelling of lake
level under climate change conditions: Lake Purrumbete
in south eastern Australia. Environ. Earth Sci. J. 73, 3855–
3872.

Yihdego, Y., Webb, J. A. & Leahy, P.  Response to Parker:
Rebuttal: ENGE-D-13-00994r2 ‘Modelling of lake level under
climate change conditions: Lake Purrumbete in south eastern
Australia’. Environ. Earth Sci. J. 75 (1), 1–4.

Yihdego, Y., Danis, C. & Paffard, A. a Why is the groundwater
level rising? A case study using HARTT to simulate
groundwater level dynamics. J. Water Environ. Res. 89 (12),
2142–2152. doi: 10.2175/106143017X14839994523785.

Yihdego, Y., Webb, J. A. & Vaheddoost, B. b Highlighting the
role of groundwater in lake–aquifer interaction to reduce
vulnerability and enhance resilience to climate change.
J. Hydrol. 4 (1), 10.
First received 28 September 2016; accepted in revised form 18 July 2017. Available online 4 October 2017

http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0001091
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0001091
http://dx.doi.org/10.1061/(ASCE)HE.1943-5584.0001091
http://dx.doi.org/10.1016/j.jhydrol.2009.09.043
http://dx.doi.org/10.1016/j.jhydrol.2009.09.043
http://dx.doi.org/10.1016/j.jhydrol.2009.09.043
http://dx.doi.org/10.1016/j.jhydrol.2015.03.031
http://dx.doi.org/10.1016/j.jhydrol.2015.03.031
http://dx.doi.org/10.1016/j.jhydrol.2015.03.031
http://dx.doi.org/10.1016/j.jhydrol.2015.03.031
http://dx.doi.org/10.1016/0304-3800(87)90003-2
http://dx.doi.org/10.1016/0304-3800(87)90003-2
http://dx.doi.org/10.1016/0304-3800(87)90003-2
http://dx.doi.org/10.1111/j.1752-1688.1981.tb02593.x
http://dx.doi.org/10.1111/j.1752-1688.1981.tb02593.x
http://dx.doi.org/10.1002/hyp.10365
http://dx.doi.org/10.1002/hyp.10365
http://dx.doi.org/10.1002/hyp.10365
http://dx.doi.org/10.1002/hyp.10365
http://dx.doi.org/10.3390/hydrology4020019
http://dx.doi.org/10.3390/hydrology4020019
http://dx.doi.org/10.3390/hydrology4020019
http://dx.doi.org/10.1007/s10661-016-5542-6
http://dx.doi.org/10.1007/s10661-016-5542-6
http://dx.doi.org/10.1007/s10230-016-0419-z
http://dx.doi.org/10.1007/s10230-016-0419-z
http://dx.doi.org/10.1007/s10230-016-0419-z
https://globaljournals.org/GJHSS_Volume17/5-Studies-on-Nature-and-Properties.pdf
https://globaljournals.org/GJHSS_Volume17/5-Studies-on-Nature-and-Properties.pdf
https://globaljournals.org/GJHSS_Volume17/5-Studies-on-Nature-and-Properties.pdf
http://search.informit.com.au/documentSummary;dn=574001033603140;res=IELENG
http://search.informit.com.au/documentSummary;dn=574001033603140;res=IELENG
http://search.informit.com.au/documentSummary;dn=574001033603140;res=IELENG
http://dx.doi.org/10.1016/j.jenvman.2012.07.002
http://dx.doi.org/10.1016/j.jenvman.2012.07.002
http://dx.doi.org/10.1016/j.jenvman.2012.07.002
http://dx.doi.org/10.1007/s12665-014-3509-x
http://dx.doi.org/10.1007/s12665-014-3509-x
http://dx.doi.org/10.1007/s12665-014-3509-x
http://dx.doi.org/10.1007/s10661-016-5310-7
http://dx.doi.org/10.1007/s10661-016-5310-7
http://dx.doi.org/10.1007/s10661-016-5310-7
http://dx.doi.org/10.2175/106143016X14798353399331
http://dx.doi.org/10.2175/106143016X14798353399331
http://dx.doi.org/10.2175/106143016X14798353399331
http://dx.doi.org/10.1007/s12665-014-3669-8
http://dx.doi.org/10.1007/s12665-014-3669-8
http://dx.doi.org/10.1007/s12665-014-3669-8
http://dx.doi.org/10.1007/s12665-015-4808-6
http://dx.doi.org/10.1007/s12665-015-4808-6
http://dx.doi.org/10.1007/s12665-015-4808-6
http://dx.doi.org/10.1007/s12665-015-4808-6
http://dx.doi.org/10.2175/106143017X14839994523785
http://dx.doi.org/10.2175/106143017X14839994523785
http://dx.doi.org/10.2175/106143017X14839994523785
http://dx.doi.org/10.3390/hydrology4010010
http://dx.doi.org/10.3390/hydrology4010010
http://dx.doi.org/10.3390/hydrology4010010

	Comparison of evaporation rate on open water bodies: energy balance estimate versus measured pan
	INTRODUCTION
	SITE DESCRIPTION
	Climate

	EVAPORATION
	METHODOLOGY
	ANALYSIS AND RESULTS
	Sensitivity analysis of Penman (combination) evaporation method

	SUMMARY AND CONCLUSIONS
	Support was provided to carry out this research by La Trobe University and the Glenelg-Hopkins Catchment Management Authority, Australia. The manuscript has benefitted from reviewers' comment.
	REFERENCES


