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ABSTRACT

Evapotranspiration plays a significant role in the hydrologic cycle of all basins, yet is only 

occasionally measured in the Arctic. One simple index method to evaluate evapotranspiration is 

the evaporation pan. The energy environment surrounding the simple evaporation pan varies 

considerably from that of the natural environment. Yet, an evaporation pan is a sound way to 

determine and estimate the potential evapotranspiration, and actual evapotranspiration can be 

estimated from evaporation pan data by determining and employing a pan coefficient.

An evaporation pan was initially installed in 1986 in the northern foothills of the Brooks Range 

on the North Slope of Alaska in Imnavait Creek Basin, collecting data for 22 years. The total 

summer maximum, average, minimum and standard deviation of pan evaporation were 34.9 

cm, 29.9 cm, 19.7 cm and 9.3 cm, respectively from 1986 to 2008 (1989 missing). Both, the 

seasonal water balance and the Priestley-Taylor method for the 2.2 km2 Imnavait Creek 

catchment were used to produce seasonal estimates of actual evapotranspiration. When used 

in conjunction with the evaporation pan measurements, an average pan coefficient of 0.58 was 

found in both cases, which was very similar to what was found in an earlier study on Imnavait 

Creek Basin. The evaporation pan results can also be correlated effectively with other measured 

variables (such as thawing degree days, air temperature, net radiation, vapor pressure deficit, 

precipitation, wind speed, and wind direction); this is a method that allows one to predict 

potential evapotranspiration in areas where it is not measured at broader spatial scales.
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Chapter 1-Introduction

Hydrology is the study of the movement, distribution, and quality of water in the environment, 

and how the physical environmental changes are affected by the influence of water (Perlman, 

2015). Evapotranspiration (ET) plays an important role in the hydrologic cycle of all basins, yet 

is only occasionally measured in the Arctic. There is actual ET (AET) and potential 

evapotranspiration (PET). AET is the true amount of both combined transpiration and 

evaporation, while PET is the estimated amount of transpiration and evaporation that would 

emit from the basin if there was an unlimited amount of moisture. ET is a significant 

component of the Arctic hydrologic cycle; as it is one of the major pathways for water to exit 

basins. When a water balance was completed for Imnavait Creek Basin on the North Slope of 

Alaska, 74% of the summer precipitation or 50% of the annual precipitation was found to exit 

the basin due to ET (Kane et al., 1990).

ET measurements at high latitudes are often confounded by considerable variability observed 

over relatively short distances (Kane et al., 1990). Simple models are used to estimate ET 

because of the lack of data, and thus do not capture all of the variability. Past studies in the 

Arctic show that using different methods (Priestley-Taylor method, water balance equation, 

etc.) produce estimates that can be used to develop an idea on what the ET should be in high 

latitude locations if there is limited energy and water at the surface (Kane et al., 2004, Mendez 

et al., 1998, Reid and Faria, 2004, and Rouse and Stewart, 1976). Potential ET can be measured 

by using a simple instrument such as an evaporation pan. Since potential ET overestimates the 

actual amount of water that leaves a basin, actual ET is calculated from measurements done by 

instruments such as the Large Aperture Scintillometer (LAS) and Sonic Anemometer Eddy- 

Covariance Tower. Both LAS and Eddy-Covariance methods have a much larger foot print than 

the evaporation pan. Actual ET could also be estimated by water balance averaged over a 

watershed, or using a pan coefficient. The use of satellites could also be another way of 

estimating the ET over an entire catchment. By using variables that have a strong relationship 

to ET, and measuring that variable using the satellite imagery, one could obtain estimates over 

that catchment.
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In the Alaskan Arctic, variables such as the continuous permafrost, lack of trees, vegetation 

variations, and large seasonal and diurnal effects significantly impact the regional hydrology. 

Presently, the majority of basic hydrological information on the North Slope of Alaska comes 

from the Kuparuk River and tributary basins. An enduring environmental monitoring program 

spans over as long as thirty years in some areas and it is the only designated Long-Term 

Ecological Research (LTER) area in the Alaskan Arctic. In the near vicinity, the Sagavanirktok and 

Putuligayuk Rivers have also been meteorologically instrumented and gauged, but less 

intensively in both spatial and temporal perspectives (McNamara et al., 1998).

In the study by Kane et al. (1990), the use of the evaporation pan was only one of several ways 

that ET was estimated. The many methods of measuring ET generate challenges with making 

comparisons; using data at different scales (due to variations in vegetation, soils, and soil 

moisture availability) also make comparisons difficult. The evaporation pan if scaled up 

through relationships with other variables could allow for larger scale estimates of the potential 

evapotranspiration.

The main research objective of this thesis is to develop a technique to estimate ET from basins 

at larger scales (than at point scale) in the Alaskan Arctic. Since the mid-1980s, the evaporation 

pan data in Imnavait Creek basin, a small headwater basin and a tributary of the Kuparuk River, 

was collected. The long-term records from the meteorological station and evaporation pan 

were used in expanding our understanding what variables have strong relationships with the 

evaporation pan and which ones can be used to estimate ET at a larger scale.

Hypothesis:

It is hypothesized that one can get quality estimates of PET with an evaporation pan and that 

one can correlate the measured pan evaporation data with other environmental variables (like 

vapor pressure deficit, thawing degree days, net radiation, etc.) such that estimates of PET can 

be made for other areas (such as watershed scale) that are lacking the use of evaporation pans.
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1.1 Literature Review

There have been numerous short term studies conducted in the Arctic environment related to 

the measurement and estimation of evapotranspiration. The methods used in these studies 

vary from estimations using equations and indirect measurements to actual measurements 

using eddy covariance, lysimeters, and evaporation pans.

One of the earliest studies performed in the North America Arctic on evapotranspiration was in 

June thru September 1956 at Barrow, Alaska by Clebsch and Shanks (1968). Using 

evapotranspirometers they discovered that the evapotranspiration rated increased from 1.08 

mm/d to 1.49 mm/d from coastal to inland sites. They also observed that for the inland sites, 

at least 50% of evapotranspiration was from transpiration.

In 1957 and 1958 Mather and Thornthwaite (1958) performed a study in Barrow, Alaska during 

the summer (July and August) focusing on the tundra. Using evapotranspirometers and an 

aerodynamic flux profile method they obtained evapotranspiration rates. The 

evapotranspirometers had averages of 1.3 mm/d for both years, while the aerodynamic flux 

method had an average of 1.7 mm/d in 1957 and 0.8 mm/d in 1958. Even with the variations 

between the measured and calculated methods the comparison was still close. It was observed 

that evapotranspiration had greater rates in the low-lying wetter study site than the higher 

elevation drier study site. They found that only 40% of net radiation was used for 

evapotranspiration in the Arctic, while 80 to 90% is used in mid-latitude moist soil sites.

W eller and Holmgren (1974) conducted a study on the energy balance at a tundra site about 3 

km from the coast near Barrow, Alaska in June, July, and August of 1971. The energy balance 

method gave them rates that compared well with pan evaporation measurements in the area. 

They observed that most of the latent heat flux that occurred during the snow melt happened 

from the change from snow to water and not evaporation. Evaporation rates during the 

snowmelt were 0.2 mm/d while the snow melt ablation rates were 9 mm/d, due to these 

results the energy balance method shouldn't be used during the snow melt period unless one 

accounts for the energy used for ablation. Evapotranspiration requires approximately eight 

times more energy for phase change than snowmelt.
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Kane and Carlson (1973) performed a study on estimating the evaporation rate from a lake in 

the Putuligayuk River basin near Prudhoe Bay, Alaska during the summer months. They 

estimated the rate to be 2 mm/d using Kohler's equation which is based on lake temperatures 

and meteorological variables. While the pan evaporation rate in the area was 2.4 mm/d. They 

observed in late August that the lake level decline was less than the calculated evaporation rate 

using the Kohler's equation due to possible late-summer subsurface flow entering the lake 

during maximum depth of thaw of active layer.

From 1969 to 1972 Ohmura (1982) conducted a study on evaporation in the high Arctic tundra 

at Axel Heiberg Island, Canada. Using the Bowen ratio energy balance (BREB) during the snow 

free period of the summer the average evaporation rate for all three years was 1.5 mm/d. It 

was noted that the greatest daily evaporation occurred during the periods of higher solar 

elevation. The study concluded that 80% of annual precipitation left the area through 

evaporation

In 1978 in northern Quebec, Wright (1981) conducted a water balance study using the 

Priestley-Taylor method during the thaw period thru summer months into winter freeze. The 

method produced average rates of 1.8 mm/d at tundra sites while the average rate from ponds 

was 2.8 mm/d. Priestley-Taylor uses a constant a which is dependent on the surface wetness. 

Using a value of 0.74 for dry tundra and 1.26 for saturated surfaces, the rates compared well 

with evaporation pan and lysimeter measurements.

Rouse (1982a and 1982b) performed a water balance and energy balance study at upland 

tundra sites near Churchill, Manitoba during 1978 and 1979. Using the Priestley-Taylor method 

during the snow free period of the summer, evapotranpiration rates calculated out as 1.4 

mm/d for both years. Using an a  constant of 0.94, the method performed well in many 

different climatic situations when comparing the rates to estimates from the BREB method. It 

was reinforced that the constant a is dependent on soil moisture and net radiation. Also it was 

noted that the highest evapotranspiration rates are after snowmelt period and decrease 

through the summer due to the maximum solar radiation in late June which decreases 

throughout the remainder of the summer.
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Lafleur and Rouse (1988) conducted a study, on the influence of surface cover and climate on 

evaporation near southern James Bay, Canada in 1985. They observed that the wetter marsh 

site experienced large latent heat fluxes and smaller Bowen ratios (Bowen ratio (P) is the ratio 

between sensible and latent energy fluxes) values than the dry raised backshore sedge meadow 

site during pre-vegetation growth period. The marsh had higher evaporation rates of 3.6 mm/d 

while the backshore sedge meadow site had 2.4 mm/d rates. This was due to the dry cover of 

dead grasses over the underlying soil slowing down the evaporation rate. During the growing 

period the marsh still had higher evapotranspiration rates with 2.9 mm/d and the backshore 

sedge meadow having 2.6 mm/d. It was found that the canopy resistance was highest during 

drier offshore wind conditions. They observed that evapotranspiration increased during the 

higher canopy resistance due to the large vapor pressure deficit.

During a 5-year period (1982-1986) Marsh and Bigras (1988) studied the evaporation from two 

different lakes in the Mackenzie River Delta, N.W.T., Canada. Using the Priestley-Taylor method 

with a constant of 1.26 they compared it to the water balance evaporation rates. 70% of the 

time the calculated rates were within 15% of the water balance estimates. From 1984-1986 

Priestley-Taylor method overestimated cumulative evapotranspiration by 7%.

Kane et al. (1990) and Hinzman et al. (1996) performed a study at Imnavait Creek basin using 

the energy balance, water balance, and Priestley-Taylor methods to study evapotranspiration. 

Their study covered a four year span from 1987 to 1990 and having an average 

evapotranspiration rate of 1.5 mm/d using the energy balance method for the summer months 

(May thru August) with June having the greatest monthly evapotranspiration rates right after 

snowmelt. The latent heat flux over the four years was an important energy variable for the 

area using between 38 and 65% of the net radiation. During the study different methods were 

compared (water balance, energy balance, Priestley-Taylor, and pan evaporation). They 

observed that the Priestley-Taylor method with a constant of a= 0.95, produced good estimates 

of evapotranspiration with small amounts of data. Conclusions of the study being that the 

water balance method produced the best total evapotranspiration amounts over the summer, 

while the energy balance method produced the best daily evapotranspiration rates. Also, the
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evaporation pan predicted sufficient total evapotranspiration amounts over the summer while 

using a pan coefficient of 0.49.

A study of the hydrology of the tundra wetland complex near Prudhoe Bay, Alaska in 1992 and 

1993 by Rovansek et al. (1996) produced results that showed that evapotranspiration after the 

snowmelt was the major variable in the water balance equation, with the highest rates in June 

and July. Over the two summers, evapotranspiration had higher rates than the precipitation in 

the ponds and wetlands. The Priestley-Taylor method was used to calculate the 

evapotranspiration rate. The a constant of this equation varied over the wetlands because of 

the changing soil moisture conditions and transpiration rates. The a value was consistent for 

the ponds and drier uplands, with the ponds having an a = 2 and the drier uplands a = 0.95. All 

the constants were backcalculated by using the water balance method to produce an 

evapotranspiration estimate. Also the eddy correlation method using the vapor fluxes 

measured in August backcalculated the Priestley-Taylor method; this produced a constant a = 

1.13 for the wetlands. Over the study, annually evapotranspiration of wetlands and ponds had 

higher rates than precipitation (snow water equivalent and summer precipitation), which 

means that the snowmelt runoff in the area kept the wetlands and ponds filled at the beginning 

of the warm season. They observed that the overall evaporation amounts from the ponds were 

greater than the overall evapotranspiration amounts from wetlands.

Mendez et al. (1998) conducted a multi-year study of evapotranspiration in an Arctic coastal 

wetland using multiple methods; Bowen ratio energy balance, Priestley-Taylor, Penman- 

Montieth, Penman Combination, energy balance, water balance, eddy correlation, and water 

balance based on time domain reflectometry (for soil moisture) at Prudhoe Bay, Alaska. The 

results showed ET during the sum m er (snow-free) period in the watershed averaged 1.45 

mm/day using the BREB method. Evapotranspiration rates were very high right after the 

snowmelt averaging 3.11 mm/day using the water balance. Evaporation rates from the 

measured ponds were twice that of the tundra measurements. They concluded that latent 

heat flux was the dominant energy sink in wetlands and ponds, and where the sensible heat 

flux was most dominant in the drier upland tundra. The study observed that all models gave
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similar results on cumulative and daily model comparisons, with the energy based models 

(BREB, PT, PM, and EB) comparing best with independent values of ET from the water balance 

and eddy correlation methods. It was noted that Priestley-Taylor model is best to use to 

estimate ET from wetland tundra, and if you don't want to measure different variables such as 

vapor pressure and wind speed.

The hydrological cycle on the North Slope of Alaska was studied in Kane et al. (2004); they 

focused on hydrological data collected since 1985 for Imnavait Creek and 1996 for the Upper 

Kuparuk River. These data were used to perform water balance calculations. The two small 

basins receive about one-third of their annual precipitation as snow and two-thirds as summer 

precipitation. The most significant hydrological event each year is usually the snowmelt period, 

producing the highest annual runoff. Yet the largest floods of record are from rainfall or 

rain/snow mixed summer events. It was observed that the water leaving Imnavait Creek basin 

is about 50% evaporation and 50% runoff. While for the Upper Kuparuk it is estimated that 

64% leaves the basin as runoff and 36% as evapotranspiration. This might be due to the higher 

terrain, steeper slopes, and extensive bedrock outcrops. Kane et al. also noted that the 

evaporation pan coefficient averaged out as 0.55.

Reid and Faria (2004) conducted a study on evaporation in small Northwestern Territory, 

Canada watersheds. They focused on using the water balance studies to provide evaporation 

data for water management at mine sites. The collected evaporation data were used in 

different models such as Penman, Priestley-Taylor, and water balance equation to produce 

evapotranspiration rates. Their study focused on the similar results between using the Penman 

and Priestley-Taylor methods and how the equations use different variables to calculate the 

evaporation rates. It was observed that the water balance calculations had much different 

evaporation results compared to the two other methods used; it was concluded that since the 

water balance equation doesn't consider some hydrologic processes, such as soil moisture 

recharge and antecedent moisture conditions, this would explain the differences.

Kane and Yang (2004) conducted an overview of water balance determinations for high latitude 

watersheds. They compiled results from numerous scattered circumpolar watersheds by
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scrutinizing water balance case studies sets that exist. This is a region where such statistics are 

severely lacking. From the collection of the water balance data for the high latitude regions 

(Kane and Yang, 2004) it was observed that with increasing latitude there is a decrease in 

precipitation, although this trend is not as true in coastal regions. The precipitation may 

decrease but the ratio of runoff to precipitation increases as one proceeds north. This is due to 

the high runoff and significant precipitation events occurring during the summer with limited 

surface and subsurface storage due to seasonal frost and permafrost. Also evapotranspiration 

parallels precipitation and decreases with higher latitudes, due to lack of energy and lack of 

moisture.

Shutov et al. (2006) conducted a review of methods used to study high latitude evaporation in 

various environments from boreal forest to the Arctic. The methods focused on both direct 

(eddy correlation, lysimeter observation) and indirect (energy balance, Priestley-Taylor, 

Penman). The review paid attention to the principles of each method, especially the ones 

developed in Russia as they are much different from the methods used elsewhere. Many 

studies from high latitude locations from Russia, Japan, Canada, and Alaska show the 

differences in evaporation rates are caused by differences in the method approach and 

variation in vegetation. A full region summary was formulated to analyze the relationship 

between evaporation, precipitation, and radiation energy showing similarities with a 

correlation plot having a value of r=0.85. The review observed that evaporation rates 

decreased from south to north due to a decrease in energy availability and decreased near 

coastal areas due to low vapor pressure deficit. They also observed that evaporation is greatest 

at lower elevation and in boreal forest compared to tundra, and that evaporation is strongly 

controlled by soil moisture levels and incoming solar radiation. Variables such as vegetation 

type, humidity and wind speed are secondary controlling factors to evaporation.

Liljedahl et al. (2011) conducted a study on nonlinear controls of evapotranspiration in the 

Arctic coastal wetlands. They focused on defining the controls on evapotranspiration which is 

the major mechanism of water loss for the coastal wetland systems. Over the multi-year study 

using the eddy covariance method, near-surface soil moisture and atmospheric vapor pressure
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deficit were found to have nonlinear effects on evapotranspiration rates. The value of vapor 

pressure deficit allowing the latent heat flux to exceed the sensible heat flux was near 0.3 kPa. 

The dry soils increased surface resistance (water limited) while wet soils favored ground heat 

flux which limited the available energy for latent and sensible heat fluxes (evaporation).

Midday evapotranspiration was suppressed by both dry and wet soils. It was concluded that 

much of the potential evapotranspiration being suppressed was caused by the low ability of 

mosses to transfer moisture. The controlling factors (net radiation, vapor pressure, surface 

moisture, etc.) on midday evapotranspiration on coastal wetlands resulted in an average 

evapotranspiration rate 75% of the potential evapotranspiration rate. These limitations on the 

rates can moderate the annual variation of evapotranspiration and reduce the excessive water 

loss in a warmer climate.

The many studies in the Arctic focusing on evapotranspiration use several different methods in 

many different environments (all are high latitude) with different vegetation, soil moisture 

regimes, and climate. They also demonstrate a large variation tem porally and spatially, yet 

they all focus on evapotranspiration in the high latitude environments; comparisons can be 

made with some conclusions. Evapotranspiration rates are higher in wetter soil moisture 

locations and lower in tundra and drier environments because of the amount of available 

water. The evapotranspiration rates in general become lower as latitude increases. 

Evapotranspiration has its highest rates in June and decreases over the summer months due to 

the decreasing availability of water after snowmelt and the decreasing amounts of incoming 

net radiation after the June solstice. Evapotranspiration mainly occurs during the summer 

months (May thru September) and barely happens during the winter. Both, the Priestley-Taylor 

and Bowen ratio energy balance methods are best when comparing to independent values of 

ET rates (Mendez et al., 1998).

Overall, these studies have compiled decades of evapotranspiration data to quantify 

evapotranspiration in the Arctic and how to best estimate and measure it.

9



1.2 Site Description

The Imnavait Creek Basin is a small headwater basin of approximately 2.2 km2, located in the 

northern foothills of the Brooks Range (68°30'N, 149°15'W), 250 km south of the Arctic Ocean 

(Figure 1). Imnavait Creek flows parallel to the Kuparuk River for 12 km before it joins the 

Kuparuk River that eventually drains into the Arctic Ocean (Figure 2). The elevation in this area 

ranges from 880 m at the outlet to 960 m in the headwaters (Kane et al., 1989).

165°0'0"W 160°0'0"W 1 5 5 W W  150°0,0"W 145"0'0'W

160’ 0'0"W 155‘  O'CTW 150S0'CTW 145S0'0"W

Figure 1: Location of Kuparuk Basin, Alaskan North Slope (Trochim, 2009).
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149”30'0”W  149”20'0"W 149*10'0"W 149 20'0'W 149”19'0“W  149°18'0"W 149°17,0”W

Figure 2: Left panel is The Upper Kuparuk Basin (yellow line is the boundary for the entire Kuparuk watershed) and the right 
panel shows details of smaller Imnavait Creek Basin (outlined in blue) where evaporation pan was located at the Imnavait B

site (Trochim, 2009).

The dimensions of the Imnavait Creek Basin are approximately 1 km (width) by 2 km (length) 

(Kane et al., 1990). The slopes range from 1% to greater than 13%. There are two ridges; the 

west-facing slope takes up 78% of the basin's area, while the eastern facing slope takes up 22% 

(Kane et al., 1989).

The Imnavait Creek Basin has continuous permafrost that reaches depths of 250 to 300 m deep 

(Osterkamp and Payne, 1981). The glacial till and foothills were formed during middle 

Pleistocene glaciations (Walker et al., 1994). The soils in Imnavait Creek Basin are classified as 

Histic Pergelic Cryaquepts, which are shallow and variable (Hinzman et al., 1991). Typically, the 

first 10 cm of the soil consists of both live and dead organic matter. The next 5 to 10 cm is a 

mix of decomposed organic matter and silt, and the remainder of the profile is composed of 

glacial till. (Walker et al., 1989). The parent material is a silty colluvium in the basin (Hinzman et 

al., 1991). The soil has an active layer (a zone above the permafrost that has annual 

freeze/thaw cycles) that penetrates through the organic layer. This depth of thaw at the end of
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summer can typically average 40 to 50 cm but can extend to depths of 100 cm in drier well- 

drained sites (McNamara et al., 1999). Thaw depths are affected by different factors such as 

soil type, slope, aspect and soil moisture (Hinzman et al., 1991). Organic soils in the valley 

bottoms are generally deeper (Hinzman et al., 1991). The geology that dominates the region is 

known as Cretaceous sedimentary rocks which form east-forming open folds (Black, 1969).

The vegetation in the basin is dominated by acidic tussock tundra. Tussock tundra is much 

more variable than assumed, having variation in species and growth-form dominance due to 

factors such as soil pH, snow regime, site stability, and hydrological regime (W alker et al.,

1994). The vegetation has five different varieties: dry acidic, moist acidic snowbeds, moist non- 

acidic snowbeds, moist acidic uplands, and moist non-acidic uplands (Walker et al., 1994). The 

variation and the distribution of plants in the basin give insight on the hydrological patterns 

that are affected by the vegetation type. Different plant species require different soil moisture 

conditions and a range of active layer depths for root viable systems.

The hydrologic characteristics in the basin are controlled by the topography, soils, geology, 

vegetation, and permafrost. This forces all water to exit the Imnaviat Creek basin through 

either runoff or ET (Hinzman et al., 1996). There are potentially two possible peak hydrological 

events in headwater streams, annual snow melt runoff and summer flooding. The discharge 

that is produced from melting snow is a significant hydrological event each year (Hinzman and 

Kane, 1991). The excess of water during snowmelt was highest when the spring was 

particularly warm, there was a deep snowpack which was present until June, or both. 

Evaporation during spring snowmelt was previously estimated to be up to 4 mm per day in the 

Imnavait basin measurements from 1985 through 1990 (Kane et al., 1991). Summer events, 

either rain, snow, or a combination have produced the highest recorded discharge of record in 

the basin (Kane et al., 2008). They are likely to occur in either July or August (Kane et al., 2003; 

Kane et al., 2004), but do not occur each year. Precipitation during the summer recharges soil 

moisture that has been depleted by ET (Kane et al., 1989). The organic layers of the soil profile 

have a higher hydraulic conductivity than underlying finer-grained mineral soils. If the organic
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soil becomes saturated, water can rapidly move down slope through this layer towards the 

valley bottom. The organic layer can experience moisture content fluctuations of 10 to 90% by 

volume over the relatively impermeable permafrost (Hinzman et al., 1991). The mineral layer 

remains saturated through the warm season (except during extended drought periods) due to 

the permafrost near the surface (McNamara et al., 1997). Imnavait Creek is a beaded stream 

(Figure 3) made up of a string of ponds and connecting channels (ponds created when ice 

wedges thaw); organic material covers the stream bottom (McNamara et al., 1997).

Figure 3: Imnaviat Creek Basin's beaded stream (white lines) with pools that can reach 1.5m to 3 m deep.
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1.3 Evaporation Pan

An evaporation pan is a simple instrument used for making estimates of potential evaporation. 

Potential evaporation is an estimate of the evaporation rate if there was a sufficient supply of 

water available (simulates open water evaporation such as from a pond with available energy). 

This allows for an estimate of actual evapotranspiration (ET) because we know actual ET is 

lower due to the varying amount of available water.

The evaporation pan must be used in areas where there is an open fetch or an area that is flat 

with no objects reaching above the level of the pan (Figure 4). The evaporation pan is slightly 

elevated above the ground and has a reflectance that is different from that of the surrounding 

soil and vegetation, causing the measurement to be a closer estimate of potential ET. Pans 

must be maintained because the albedo can affect the accuracy of the measurements. 

Evaporation can increase by as much as 10% in dirty pans with lower albedos (Hickox, 1944). 

Also, natural system ET takes place in an energy environment that is much different than what 

is happening around the evaporation pan. Transpiration occurs at the leaf surface where 

conditions can be much different in terms of energy fluxes when compared to that of the 

elevated evaporation pan. Yet, pan coefficients can be used to account for the soil temperature 

and climatic characteristics of the area (Kane et al., 1990). Pan coefficients are also used with 

the potential ET measurements to estimate the actual ET results when using the evaporation 

pan.

The standard American Class A evaporation pan was used (25.4 cm deep, 120.65 cm in 

diameter (Kane and Yang, 2004)) during this study. It has been located on the eastern ridge of 

the Imnavait Creek Basin (Figure 2) on the North Slope of Alaska (Figure 1) (Kane et al., 1990) 

since 1986. The evaporation pan measurements were taken hourly for 22 years during the 

summer months (warm season) in concert with precipitation and other meteorological 

variables. The evaporation pan is used as an index of potential ET over an area where the 

surface energy balance is uniform. Evaporation pan results deviate from actual ET, due to the 

impact of variation in soil moisture, vegetation, radiation, etc. Generally results are reported 

daily, but with updated electronics, sub-daily results can be obtained.
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Evaporation rates depend on the supply of water and energy and the vapor pressure gradient, 

which all depend on meteorological variables such as air and soil temperature, solar radiation, 

wind speed, atmospheric pressure, and surface area (Xu and Singh, 1998) (Figure 5). Most 

techniques of estimating evaporation use more than one of these variables in the model, and 

allow for a close approximation with pan evaporation measurements (Chen et al., 2005). 

Different models suitable for estimating evaporation use temperature, relative humidity, and 

both mass-transfer and radiation methods. These methods have been compared with pan 

evaporation and the dominating variables that affect evaporation were shown to be solar 

radiation, maximum air temperature, and vapor pressure deficit (Gundalia and Dholakia, 2013). 

Using these different variables to estimate potential ET, comparisons with the evaporation pan 

results can be made.

Figure 4: Evaporation pan (Type A) used at Imnavait Creek Basin.
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1.4 Potential and Actual Evapotranspiration

Actual ET (AET) is the true amount of combined transpiration and evaporation from a surface; it 

can range from all transpiration (heavily vegetated) to all evaporation (a lake) (Figure 5). The 

combination of these two, potential evapotranspiration (PET) and actual evapotranspiration 

(AET) can be used to estimate an evaporation pan coefficient. The evaporation pan coefficient 

is defined as:

Actual ET
Pan Coeff ic ient  =

Poten tia l ET

Equation 1- Pan Coefficient equation

Once the pan coefficient is determined it can be used to get estimates of AET using 

measurements of evaporation pan PET. The coefficient is calculated from the relationship 

above by dividing the estimated Priestley-Taylor ET (or some other estimate or measurement of 

ET like the water balance equation) by the measured pan evaporation. Pan coefficients can be 

used to compensate for the spatial differences such as soil water availability, soil temperature 

characteristics, and climate variability (Kane et al., 1990). The Priestley-Taylor method of 

estimating ET over the summer always has a lower summer total than the measured PET from 

the evaporation pan. The variables necessary for the Priestley-Taylor equation are recorded at 

the nearby meteorological station located next to the evaporation pan in Imnavait Creek Basin 

(Figure 2).

Priestley-Taylor is a reliable method to estimate ET. This method uses a coefficient (a) to 

account for the effects of surface moisture, temperature and vegetation conditions:

ET=a*(A/(A+V))ER 

Equation 2- Priestley-Taylor equation

(Reid and Faria, 2004). Where:

A = 4098*eas/(237.3 + T)2

Equation 3- Slope of the temperature-saturated vapor pressure curve in Pa°C-1
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Y = C p*Pa/0.622*/v

Equation 4- psychometric constant in Pa°C

Er  = (Rn-H-G//v *Pw) x  (8.67x107)

Equation 5- Energy balance component

Where:

ET = evapotranspiration (mm/day)

Er  = energy balance component (mm/day)

Y = psychometric constant in Pa°C

eas = saturated vapour pressure (Pa) at the air temperature (°C)

T = air temperature in Celsius (°C)

C p = specific heat of air (J kg-1 °C)

PA=atmospheric pressure at 20°C (Pa)

Rn = net solar radiation (W m-2)

H = sensible heat flux (W m-2)

G = ground heat flux (W m-2) 

lv = latent heat of vaporization (J kg-1) 

pw = water density at 10°C (kg m-3) 

a  = constant

The coefficient a  is usually 1.26 in the sub-Arctic but it has been found to vary in the Arctic 

(Priestley and Taylor, 1972). It was determined that surface control factors for several different 

kinds of tundra and woodland surfaces in the Canadian sub-Arctic produced a lower coefficient 

of a  = 0.95 (Rouse and Stewart, 1976). It has been found that the value of a  is linked to the
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Bowen ratio method, which depends on moisture from the evaporated surface (Shutov et al., 

2006). Wet surfaces have a higher coefficient than dry surfaces (Eaton et al., 2000) since the 

Arctic is generally drier than the sub-Arctic, it is understandable to have a lower coefficient. 

The Priestley-Taylor method is commonly used when meteorological data are not abundant. 

Also, it doesn't require as much input data as other models (Mendez et al., 1998). The 

Priestley-Taylor method is used due to it being simpler than the Penman and being more 

comparable to other methods (Mendez et al., 1998); yet the a  coefficient causes problems. For 

a better idea on what the coefficient should be for use in the equation, it can be produced by 

back calculating the coefficient from measured latent heat (measured pan evaporation) (Young 

et al., 1997).

The 22 years of data will allow many different looks at cumulative warm season (summer) and 

monthly pan evaporation. The comparison between the many different summer data curves 

will focus on cumulative summer plots. Cumulative ET curves allow for more of a visual means 

of comparing trends (Mendez et al., 1998). How different factors such as air temperature, 

radiation, and vapor pressure deficit affect the potential and actual ET can be seen through 

visual trends.

Figure 5: Arctic Hydrologic Cycle (Kane and Yang, 2004)
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1.5 Spatial Scale Measurements

ET can be measured at different scales, ranging from point scale to regional scale. ET 

measurements can become more difficult to attain at increasing spatial scales because of 

increasing heterogeneity of soils, vegetation, topography and atmospheric variables. At larger 

scales, there is the additional challenge of the lack of innovative equipment suitable for 

measuring ET. The evaporation pan is a point measurement of potential ET which only reflects 

the micro-climate around the evaporation pan. These point estimates of ET are often utilized 

as the average over the surrounding area (small catchment); the question is how reliable is this 

procedure in catchments with considerable heterogeneity. The evaporation pan may only be a 

point measurement but so is the Priestley-Taylor method of calculated ET, which uses the 

variables from a meteorological station (in this case the one located on the eastern ridge of the 

Imnavait basin (Figure 2)). Other instruments such as the Large Aperture Scintillometer (LAS) or 

Sonic Anem om eter (Eddy covariance towers) (Figure 6) both have larger measurement 

footprints than the point measurement of the evaporation pan and they both make actual ET 

estimates, but they still don't account for the entire large basins.

Figure 6: Instruments used in the Imnaviat Creek Basin during the 
summer of 2009.
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The LAS can measure the differences between vegetation and the soil moisture differences due 

to the sensible heat measurements in the path of the laser. The LAS allows for the 

measurement of ET at the small basin scale with more accuracy than the water balance 

equation (Hartogensis et al., 2003). The largest problem with the LAS is when it can be used 

and how it only covers a single path. The path can stretch across a basin but the soil moisture 

and sensible heat fluxes are different for other paths, so it is necessary to move the LAS 

throughout the basin, or have a few instrument sets (Chehbouni et al., 2000).

Eddy Covariance (EC) flux towers determine sensible and latent heat fluxes at 3 m above the 

canopy height. It has a larger footprint (approximately size of the upwind area which can range 

up to 400 meters distance from the tower) than meteorological stations (essentially point 

measurement), but is much smaller than the LAS (which can be up to two km in length). EC flux 

towers are equipped with a sonic anemometer, water vapor open-path sensor, and high-speed 

temperature sensor (Persson et al., 2002). The EC flux towers estimate water vapor fluxes and 

can be used to back calculate to see if the calculated methods such as Priestley-Taylor are 

coming up with reasonable estimates. It also can be used to determine constants in 

evaporation equations. The advantage of the EC flux towers to determine ET is having both the 

latent heat and sensible heat fluxes (Liu et al., 2009). The results can then be compared to 

variables that can be measured at larger scales such as surface temperature, net radiation, and 

vapor pressure deficit. By measuring both the relative humidity and the air temperature, the 

saturated vapor pressure and the actual vapor pressure can be calculated.

The use of satellite imagery to make an estimate of the potential ET is possible if there is some 

relevant measurement of a physical variable such as surface temperature. The use of remotely 

sensed imagery has the potential of estimating ET at larger scales using the simple idea of the 

close relationship between the potential ET from an evaporation pan and some characteristic of 

the imagery. The use of remote sensing at high latitude locations, especially up on the North 

Slope of Alaska, has many challenges. High latitudes have fewer satellites to provide data. 

Also, for locations with heavy cloud cover, the challenge of cloudless days can cause large 

periods where estimates need to be adjusted. The unique lengths of daylight in Alaska during
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the summer and winter, also causes challenges with calculations that are commonly used in the 

contiguous United States (Bindschadler, 2003). Still, the challenges that come with using 

remote sensing at high latitudes (limited amounts of data and cloud coverage) can be partially 

corrected and ET can be predicted fairly accurately. Atmospheric corrections can be performed 

with the use of an algorithm that accounts for the percent of clouds in the air or a prediction of 

the soil moisture (Cristobal et al., 2009). Remote sensing using Landsat has been used for ET 

estimates for over 30 years. The advantage of remote sensing is the ability to measure 

parameters at scales that can't be covered by field instruments or where access to remote 

areas is a challenge. Landsat orbits overlap at high latitudes, thus increasing the amount of data 

coverage available. The largest challenge of using remote sensing is having cloudless days.

21



22



Chapter 2-Methods

2.1 Data Collection: Evaporation Pan and Met Station

Historically, evapotranspiration (ET) has been estimated on the North Slope of Alaska using 

many different methods such as: water balance, energy balance, Priestley-Taylor, Penman, and 

Thornwaite approaches using meteorological station data and hydrological data (Mendez et al., 

1998). These different methods of calculation produce estimates that don't accurately account 

for spatial and temporal variability of soil moisture, topography, surface temperature, or 

heterogeneity of surface vegetation (Zhang et al., 2009). These calculations yield estimates of 

the actual ET that has occurred; while the evaporation pan method is an estimate of potential 

ET (Shutov et al., 2006).

The data collection occurred at one main location on the ridge of the west-facing slope known 

as B site (Figure 2). The meteorological station and evaporation pan are located both at B site 

which has been operational since 1985 (Figures 7 and 8). The meteorological station measures 

air temperature and relative humidity at heights of 1, 3, and 10 meters. Also measured is wind 

speed and direction at heights of 1 and 10 meters. Over time there have been a variety of 

other sensors used; currently the measurements are made using air temperature probes, 

humidity probes, and an anemometer. Soil temperature is measured using a thermistor along 

with a data logger. Radiation is measured using a net radiometer. Also, the use of multiple 

pyrgeometers, that measured the longwave and shortwave radiation both, incoming and 

outgoing are used.
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Figure 7: Meteorological Station at B site in Imnaviat Creek Basin

The evaporation pan was a class A evaporation pan that makes measurements from May till 

September (warm season) using a pressure transducer that measured water levels. An 

observer checked on the evaporation pan occasionally during the summer. Precipitation was 

measured using a tipping bucket at intervals of 0.3 mm with the gauge having an Alter shield. A 

W yoming snow gauge was also located at B site to measure total precipitation, but mainly 

intended for cold season solid precipitation.

At Imnaviat Creek (Figure 2) there was a trapezoidal/v-notch weir that was used to measure the 

basin discharge. Before spring of 2011, stream-flow measurements were made twice a day 

during the spring break-up using either a cup type current meter or an Acoustic Doppler current 

meter to gather stream data for the water balance equation. Stream stage data was recorded 

at the weir using a pressure transducer, and this data was combined with the discharge data 

collected using the current meters to establish a rating curve.
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Measuring ET from land surfaces in high latitude locations poses significant challenges in 

determining accurate estimates due to the remoteness of the measuring sites, difficulties of 

continuous measurements throughout the year and even summer measurements are not 

always possible, and instruments are powered by batteries or small generators that are not 

always reliable. ET is dependent on the variability of weather, soils, and vegetation. Therefore 

studies of long duration are preferred (Kane et al., 1990). Past studies by Kane et al. (1990 and 

2004) in the Arctic have shown that using different methods (Priestley-Taylor, water balance 

equation, etc.) produce ET estimates that are not accurate at the basin scale. Instrumental 

error is common in high latitude environments due to extreme weather conditions and 

disturbances by animals.
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2.2 Data Processing

The main data processed was the evaporation pan data that was collected for 22 years at B site 

in Imnaviat Creek Basin (Figure 2). The evaporation pan data was plotted as cumulative 

evaporation for the warm season each year. Since each year started and ended at different 

times due to variability of when break-up occurs and when winter is reinstated, the "summer" 

months were broken down into just June, July, and August. The lack of full months in May and 

September when temperatures were above freezing (evaporation pan with an ice cover) 

resulted in monthly estimates that were outliers.

Data was cleaned of breaks and negative evaporation pan measurements; meaning either there 

was an increase in water in the pan or fluctuations on the water level in the evaporation pan 

caused by wind, animal disturbance, precipitation, or some other error. Since these errors 

caused problems with cumulative evaporation totals for both summer total and monthly time 

amounts, negative numbers were zeroed and breaks were linearly interpolated. Missing data 

up to 12 hours were corrected by linear interpolation. The data were measured at an hourly 

rate over 22 years (during warm season for evaporation pan) of data collection; each day was 

converted into mean daily pan evaporation. Each day started at the 12:01 am and had a final 

measurement at midnight.

M onthly pan evaporation for 22 years is shown in Figure 9. Total warm season (June, July, and 

August) pan evaporation and Priestley-Taylor ET is shown in Figure 10. The Priestley-Taylor was 

used in this study as the method to calculate actual ET (Kane et al., 1990).

Once the evaporation pan data was set up for cumulative monthly and summer graphs and 

Priestley-Taylor comparisons, additional comparisons against variables were made. This 

additional data were also measured at the B site meteorological station. The different variables 

that the evaporation pan data were compared against were precipitation, thawing degree days 

(TDD), net radiation (RNet), and vapor pressure deficit (VPD). All data was from the 1 m height 

measurements at the meteorological station. Thawing degree days (air temperature) and net 

radiation are measured, while vapor pressure deficit is calculated from other variables 

measured. Air temperature and relative humidity are measured to calculate what the
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saturated vapor pressure and the actual vapor pressure are. Vapor pressure deficit is 

calculated as the difference between the actual vapor pressure minus the saturated vapor 

pressure. The different variable data sets had more errors/missing data than the evaporation 

pan data. Missing data and erroneous data over 12 hours in duration wasn't corrected by using 

linear interpolation. First the 3 meter height was checked to see if that data was available, and 

then checked to see if there was a good correlation between the two heights. If data couldn't 

be used from the B site meteorological station, the Upper Kuparuk has a nearby meteorological 

station that collects similar data and this was substituted.

Correlations between the variables and the evaporation pan data were calculated to see how 

strong of a relationship there was between them. The variables that had high correlations for 

all 22 years (net radiation, thawing degree days, and vapor pressure deficit) against pan 

evaporation were examined (best fit) to see if that variable had a high probability of predicting 

potential ET assuming no evaporation pan is available.

The best regression fit line associated with the n points (xi, yi), (x2, y2),...(xn, yn) has the form

y = mx + b

Equation 6- Best fit line equation

where

y= potential evaporation (mm) 

x= variable data (thawing degree days, net radiation, vapor pressure deficit)

n E(x2) - (E x >
Equation 7- Slope of line equation
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= b = E v - m (  E x )Intercept = b = Z^y- 

n

Equation 8- Line Intercept equation

(Waner, c2000-2008).

The regression line equation was used with the data variables listed above and compared 

against the cumulative evaporation pan data of each warm season.
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Chapter 3-Results

3.1 Evaporation Pan

The evaporation pan results focused on monthly and total warm season cumulative potential 

evaporation (Figure 9 and 10). The results included data from 1986 to 2008 (1989 missing), 

June through August. The summer cumulative maximum, average, minimum and standard 

deviation of pan evaporation are 34.9 cm, 29.9 cm, 19.7 cm and 9.3 cm respectively.

Monthly pan evaporation totals

Years

June pan evaporation B  July pan evaporation A August pan evaporation

Figure 9- Cumulative Monthly (June, July, August) pan evaporation (cm).

June and July had the highest amounts of monthly evaporation (Figure 9). It varied over the 22 

years of record which specific month had more pan evaporation, but overall June had the 

highest (Figure 9). Evaporation also has shown an increase over the last 22 years (Figure 10).
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Total warm season pan evaporation and 
Priestley-Taylor ET

Years

pan evaporation Priestley-Taylor

Figure 10- Total Summer summation of evaporation pan and Priestley-Taylor estimates.

Tables 1 - 3 show the cumulative pan evaporation monthly, daily average for that month and 

monthly daily maximum and minimum for each year throughout the summer. The warm 

season pan evaporation totals are shown in Table 4 which shows the cumulative warm season 

(June, July, and August) total, warm season daily average, daily maximum, and daily minimum 

measurements of pan evaporation.
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Table 1- June cumulative monthly pan evaporation, average daily pan evaporation, maximum daily pan evaporation, and
minimum daily pan evaporation for 22 years at Imnavait Creek, North Slope, Alaska.

years
June Monthly 

evaporation pan (cm)
June Daily Average 

(cm/day)
June Daily Max 

(cm/day)
June Daily Min. 

(cm/day)
1986 7.1 0.29 0.72 0.00
1987 12.2 0.41 1.27 0.00
1988 13.4 0.45 2.67 0.00
1990 10.0 0.33 0.65 0.00
1991 10.0 0.33 0.87 0.00
1992 9.6 0.42 0.99 0.00
1993 11.5 0.38 1.20 0.00
1994 10.2 0.34 0.98 0.00
1995 9.7 0.32 0.76 0.01
1996 12.2 0.41 1.08 0.00
1997 11.6 0.41 0.83 0.00
1998 9.8 0.33 1.00 0.00
1999 12.6 0.42 1.17 0.00
2000 12.5 0.45 0.91 0.00
2001 10.8 0.37 0.76 0.00
2002 10.3 0.34 0.86 0.00
2003 9.1 0.43 0.67 0.00
2004 14.5 0.48 0.73 0.02
2005 13.8 0.46 1.25 0.00
2006 13.9 0.46 1.19 0.00
2007 16.9 0.56 1.99 0.01
2008 12.8 0.43 1.39 0.00

Average 11.6 0.40 1.09 0.00
Standard
Deviation 2.2 0.06 0.47 0.01
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Table 2- July cumulative monthly pan evaporation, average daily pan evaporation, maximum daily pan evaporation, and
minimum daily pan evaporation for 22 years at Imnavait Creek, North Slope, Alaska.

years
July Monthly 

evaporation pan (cm)
July Daily Average 

(cm/day)
July Daily Max 

(cm/day)
July Daily Min. 

(cm/day)
1986 7.1 0.23 0.83 0.00
1987 11.2 0.36 1.05 0.00
1988 13.4 0.43 1.48 0.00
1990 11.1 0.36 0.90 0.00
1991 9.0 0.29 0.77 0.00
1992 13.2 0.43 1.07 0.01
1993 14.4 0.46 0.99 0.00
1994 13.9 0.45 0.92 0.06
1995 8.3 0.27 0.72 0.00
1996 10.7 0.35 0.85 0.08
1997 12.1 0.39 0.73 0.00
1998 11.1 0.36 0.63 0.01
1999 12.4 0.40 0.76 0.01
2000 10.0 0.32 0.88 0.00
2001 10.7 0.35 1.20 0.00
2002 10.9 0.35 0.76 0.00
2003 12.5 0.40 0.97 0.00
2004 9.4 0.30 0.87 0.00
2005 8.7 0.28 1.29 0.00
2006 9.1 0.29 1.20 0.00
2007 13.3 0.43 1.27 0.00
2008 12.4 0.40 1.63 0.00

Average 11.1 0.36 0.99 0.01
Standard
Deviation 2.0 0.06 0.26 0.02
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Table 3- August cumulative monthly pan evaporation, average daily pan evaporation, maximum daily pan evaporation, and
minimum daily pan evaporation for 22 years at Imnavait Creek, North Slope, Alaska.

years
August Monthly 

evaporation pan (cm)
August Daily Average 

(cm/day)
August Daily Max 

(cm/day)
August Daily Min 

(cm/day)
1986 5.5 0.22 0.77 0.03
1987 5.1 0.18 0.50 0.00
1988 5.2 0.21 0.81 0.00
1990 8.4 0.27 0.88 0.00
1991 5.8 0.19 0.53 0.00
1992 9.9 0.32 1.62 0.00
1993 2.8 0.17 0.69 0.00
1994 8.6 0.28 0.65 0.00
1995 6.5 0.21 0.55 0.00
1996 5.0 0.18 0.46 0.00
1997 6.8 0.22 0.72 0.00
1998 7.3 0.24 0.54 0.03
1999 9.3 0.30 0.59 0.04
2000 9.4 0.30 0.81 0.00
2001 5.8 0.19 1.23 0.00
2002 8.6 0.28 1.81 0.00
2003 8.4 0.27 0.67 0.00
2004 9.8 0.33 1.07 0.00
2005 9.9 0.32 0.84 0.00
2006 9.2 0.30 1.13 0.00
2007 4.8 0.15 0.68 0.00
2008 6.7 0.22 0.94 0.00

Average 7.2 0.24 0.84 0.00
Standard
Deviation 2.0 0.06 0.35 0.01
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Table 4- Total cumulative warm season pan evaporation, average daily pan evaporation, maximum daily pan evaporation,
and minimum daily pan evaporation for 22 years at Imnavait Creek, North Slope, Alaska.

years
Total Warm Season evaporation 

pan (cm)
evaporation pan Daily 

Average (cm)
Max Daily 

(cm)
Min Daily 

(cm)
1986 19.7 0.25 0.83 0.00
1987 28.5 0.32 1.27 0.00
1988 32.1 0.37 2.67 0.00
1990 29.5 0.32 0.90 0.00
1991 24.7 0.27 0.87 0.00
1992 32.7 0.38 1.62 0.00
1993 28.7 0.37 1.20 0.00
1994 32.7 0.36 0.98 0.00
1995 24.5 0.27 0.76 0.00
1996 27.9 0.32 1.08 0.00
1997 30.4 0.34 0.83 0.00
1998 28.2 0.31 1.00 0.00
1999 34.3 0.37 1.17 0.00
2000 31.9 0.35 0.91 0.00
2001 27.3 0.30 1.23 0.00
2002 29.9 0.32 1.81 0.00
2003 30.0 0.36 0.97 0.00
2004 33.7 0.37 1.07 0.00
2005 32.3 0.35 1.29 0.00
2006 32.2 0.35 1.20 0.00
2007 34.9 0.38 1.99 0.00
2008 31.9 0.35 1.63 0.00
Total

Average 29.9 0.34 1.24 0.00
Total

Standard
Deviation 3.6 0.04 0.46 5.64E-05
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The graph of summer 2008 cumulative pan evaporation (Figure 11) is used as an illustrated 

example graph for the 22 years of data. The remainder of the cumulative evaporation pan 

graphs can be found in the Appendix A.
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3.2 Priestley-Taylor and Coefficient

As explained earlier, the potential evaporation cumulative warm season total was higher than 

the actual evapotranspiration (AET) cumulative summer total (Figures 10 and 12). The 

remainder of the cumulative Priestley-Taylor and Priestley-Taylor vs evaporation pan graphs for 

other years can be found in the Appendices A, B, and C. The June, July, and August AET 

monthly cumulative totals and ET pan coefficient are published in Table 5. Table 6 is the 

summer cumulative yearly totals for the Priestley-Taylor calculated AET, measured evaporation 

pan potential evaporation, and the calculated pan coefficient. High pan coefficients result from 

high evaporation rates relative to the potential ET, and the low evaporation pan coefficient was 

when the Priestley-Taylor estimated ET was low relative to potential ET. The ET coefficient 

average over the 22 years is 0.58 (Table 6).

2008 evaporation pan and Priestley-Taylor

Evaporation Pan 

Priestley-Taylor

Dates

Figure 12- Potential evaporation measured with the evaporation pan vs. actual evapotranspiration calculated using Priestly-
Taylor equation.
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There were outliers (a value that is outside, much smaller or larger, than the rest of the data 

set) found in monthly and warm season total pan coefficients caused by instrumental error 

which is common in high latitude environments due to extreme weather conditions and 

disturbances by animals. Outliers were found in the 1986 June (Table 1), 1986 July (Table 2), 

and 1986 total ET pan coefficient (Table 6), 1990 August (Table 3) and 1990 total ET pan 

coefficient (Table 6), 1993 August (Table 3) and 1993 total ET pan coefficient (Table 6), and 

2007 August monthly ET pan coefficient (Table 5).

Table 5- Yearly June, July, and August Priestley-Taylor Actual ET and the ET pan coefficient for 22 years at Imnavait Creek,
North Slope, Alaska, 1989 missing.

years

June 
Priestley- 

Taylor (cm)
June ET pan 
coefficient

July Priestley- 
Taylor (cm)

July ET pan 
coefficient

August
Priestley-Taylor

(cm)
August ET pan 

coefficient
1986 7.2 1.02 6.4 0.89 3.1 0.55
1987 7.0 0.57 6.0 0.54 1.9 0.38
1988 7.0 0.52 6.4 0.47 2.8 0.53
1990 5.3 0.53 4.7 0.42 1.9 0.23
1991 7.5 0.75 6.0 0.66 3.2 0.56
1992 4.7 0.49 7.3 0.55 3.4 0.34
1993 8.2 0.72 9.2 0.64 2.8 1.01
1994 6.4 0.63 7.5 0.54 3.7 0.43
1995 6.0 0.61 5.9 0.70 3.2 0.50
1996 6.2 0.51 6.0 0.56 2.9 0.58
1997 7.6 0.65 6.7 0.55 3.8 0.56
1998 6.3 0.64 7.3 0.65 3.6 0.50
1999 7.9 0.62 7.3 0.59 4.6 0.50
2000 6.8 0.54 6.3 0.63 2.8 0.30
2001 6.8 0.64 6.3 0.58 4.0 0.69
2002 7.5 0.72 7.5 0.68 3.3 0.38
2003 7.4 0.81 5.6 0.45 3.6 0.43
2004 9.1 0.63 5.8 0.62 5.0 0.51
2005 6.1 0.44 5.1 0.58 3.4 0.34
2006 5.8 0.42 6.4 0.70 3.6 0.39
2007 8.8 0.52 8.5 0.64 4.9 1.03
2008 8.4 0.66 8.1 0.65 4.3 0.64

22 year 
Average 7.0 0.62 6.6 0.60 3.4 0.52
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Table 6- Total cumulative warm season (June, July, August) potential evaporation, actual evaporation, and ET pan coefficient
for 22 years at Imnavait Creek, North Slope, Alaska.

years Total evaporation pan (cm) Total Priestly-Taylor (cm) ET coefficient
1986 19.7 16.6 0.84
1987 28.5 15.0 0.53
1988 32.1 16.1 0.50
1990 29.5 11.9 0.40
1991 24.7 16.7 0.67
1992 32.7 15.3 0.47
1993 28.7 20.3 0.71
1994 32.7 17.7 0.54
1995 24.5 15.0 0.61
1996 27.9 15.0 0.54
1997 30.4 18.1 0.59
1998 28.2 17.1 0.61
1999 34.3 19.8 0.58
2000 31.9 15.9 0.50
2001 27.3 17.1 0.63
2002 29.9 18.2 0.61
2003 30.0 16.6 0.55
2004 33.7 19.9 0.59
2005 32.3 14.6 0.45
2006 32.2 15.8 0.49
2007 34.9 22.2 0.64
2008 31.9 20.8 0.65

Total Average 29.9 17.1 0.58
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3.3 Variable Comparison

The comparison between different individual environmental variables and pan evaporation 

produced strong relationships. Potential evaporation was estimated using individual 

environmental variables that could possibly estimate potential pan evaporation in areas that 

only have instruments to measure the different environmental variables but not an evaporation 

pan. Measured pan evaporation total cumulative average was compared to the total 

cumulative average estimated potential evaporation that was calculated using each of the 

environmental variables (thawing degree days, net radiation, and vapor pressure deficit) to 

produce a percent difference between the measured and calculated potential evaporation. The 

strongest relationship was between thawing degree days (TDD) and pan evaporation. Net 

radiation has a moderate relationship with pan evaporation, and vapor pressure deficit (VPD) 

has a moderately strong relationship with pan evaporation. The highest percent in summer 

cumulative total averages comparison between the calculated potential evaporation and 

measured potential evaporation was the thawing degree days (Table 7).

Table 7- Total warm season (June, July, August) 22 year average potential ET calculated using TDD and Rnet. Total warm 
season (June, July, August) 2 year average potential ET calculated using VPD. The percent difference between the summer 

(June, July, August) total pan evaporation and the calculated variable potential ET.

Total
average
potential

evaporation
(cm)

Total average 
evaporation 

pan (cm)

Percent Difference between the measured 
pan evaporation and calculated variable 

potential ET (%)
Total averag e calculated 

TDD potential ET (cm) 29.3 29.9 2
Total average calculated 
RNET potential ET (cm) 21.2 29.9 29

Total average calculated 
VPD potential ET (cm) 32.6 33.4 3
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Figures 13 and 14 show the rise in both thawing degree days and net radiation over the last 22 

years at Imnaviat Creek basin.

Figures 15 and 16 show the strong correlation between cumulative pan evaporation and 

cumulative TDD, while Figure 17 shows the 2008 comparison of the calculated potential 

evaporation using TDD and the measured potential evaporation using pan evaporation. The 

calculated potential evaporation was based on the best fit equation set from 22 years of data.

Total warm season net radiation

Total warm season net 
radiation

Years

Figure 13- Yearly summation of summer (June, July, August) months of net radiation for 22 years at Imnaviat Creek, North
Slope, Alaska.
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Total warm season thawing degree days

Total warm season TDD

Years

Figure 14- Yearly summation of summer (June, July, August) months of thawing degree days for 22 years at Imnaviat Creek,
North Slope, Alaska.

The three different variables (thawing degree days r2=0.91, net radiation r2=0.90, and VPD 

r2=0.95) had strong relationships with potential evaporation for the 22 years of data. Using the 

three equations generated from the three variables, estimates of potential evapotranspiration 

were made that could be compared with the measured pan evaporation. The rationale is that 

estimates of pan evaporation could be made for areas where the variables are measured, but 

evaporation pan data is lacking. The figures (Figures 15-21) only show the 2008 results, the rest 

of the 22 years of charts can be found in the Appendices (thawing degree days: Appendices D,

E, F, G, H, and S; net radiation: Appendices I, J, K, L, M, and S; and vapor pressure deficit: 

Appendices N, O, P, Q, R, and S). The Appendices are arranged in this order:
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1) Variable of interest (TDD, net radiation, and VPD) versus time each year.

2) Cumulative plot of variable of interest (TDD, net radiation, and VPD) versus pan 

evaporation for each year with best fit linear equation.

3) Estimate of potential evapotranspiration using variable of interest (TDD, net radiation, 

and VPD) versus time for each year.

4) Estimate of potential evapotranspiration using variable of interest (TDD, net radiation, 

and VPD) and pan evaporation versus time for each year.

5) Estimate of potential evapotranspiration using variable of interest (TDD, net radiation, 

and VPD) versus pan evaporation with best fit linear equation each year.

6) Estimate of potential evapotranspiration using variable of interest (TDD, net radiation, 

and VPD) cumulative warm season total and pan evaporation cumulative warm season 

total for the entire 22 years

The correlation between TDD and pan evaporation is extremely high with all 22 years summer 

total correlations being r2>0.91 (see Figure 16 for an example; also refer to results in the 

Appendices D through H and S). The best fit equation between TDD and pan evaporation 

applied to all years' results averaged is:

y= 0.0348x + 2.5903

Equation 9- Best fit equation between TDD and pan evaporation

Where: Y = estimated potential evaporation (cm)

X = Cumulative thawing degree days

The correlation between Rnet and pan evaporation is also very high with r2>0.90 (see Figure 18 

for an example; refer to results in the Appendices I thru M, and S). The best fit equation 

between Rnet and pan evaporation applied to all years' results averaged is:

y= 0.0001x + 0.1021

Equation 10- Best fit equation between Rnet and pan evaporation
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Where: Y = estimated potential evaporation (cm)

X = Cumulative net radiation (W/m2)

Pan evaporation has a moderately strong linear relationship with VPD of r2 > 0.95 for only two 

years (see Figure 20 for an example; refer to results in the Appendices N thru R, and S). The 

best fit equation used between VPD and pan evaporation is:

y= 0.0003x + 2.7337

Equation 11- Best fit equation between VPD and pan evaporation

Where: Y = estimated potential evaporation (cm)

X = Cumulative vapor pressure deficit (Pa)

Each equation was set up by compiling all 22 years of cumulative pan evaporation compared to 

22 years of cumulative TDD and Rnet, and 2 years (2007 and 2008) of VPD, producing a graph of 

all the data and setting up a linear trend line that produced a best-fit equation (Figures 22-24).

Figure 15- Comparison of Monthly thawing degree days vs. Monthly Sum of evaporation pan measurements.
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2008 thawing degree days vs pan evaporation

2008 TDD vs PET 

Linear (2008 TDD vs PET)

y = 21.806x + 5.1527 
R2 = 0.9903

cumulation of pan evaporation (cm)

Figure 16- Relationship between the 2008 thawing degree days vs Cumulative pan evaporation.

2008 TDD:pet and pan evaporation

TDD:pet 

pan evaporation

Dates

Figure 17- The thawing degree days was used to produce a potential evaporation that is calculated. This shows the close
relationship between the measured potential and calculated potential using only TDD.
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Figure 18- Comparison between the 2008 Warm Season Cumulative net radiation vs. the Cumulative evaporation pan
measurements.

2008 Rnet:pet and pan evaporation

Rnet:pet 

pan evaporation

4/22/2008 6/1/2008 7/11/2008 8/20/2008 9/29/2008
Dates

Figure 19- The net radiation was used to produce a potential evaporation that is calculated. This shows the close
relationship between the measured potential and Calculated potential only using Rnet.
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2008 VPD:pet vs pan evaporation

2008 VPD:pet vs pan 
evaporation

Linear (2008 VPD:pet vs pan 
evaporation)

y = 0.8077x + 2.8238 
R2 = 0.991

pan evaporation (cm)

Figure 20- Comparison between the 2008 Warm Season cumulative vapor pressure deficit vs. the cumulative evaporation
pan measurements.

2008 VPD:pet and pan evaporation

VPD:pet 

pan evaporation

Dates

Figure 21- The vapor pressure deficit (VPD) was used to produce potential evaporation that is calculated. This figure shows
the close relationship between the measured potential and Calculated potential evapotranspiration using only VPD.
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TDD vs pan evaporation
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cumulation of thawing degree days

♦  TDD vs PET 

 Linear (TDD vs PET)

y = 0.0348x + 2.5903 
R2 = 0.9113

Figure 22- 22 Years of relationship between cumulative pan evaporation and cumulative thawing degree days, producing
linear best-fit equation.
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evaporation
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pan evaporation
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evaporation)

y = 0.0001x + 0.1021 
R2 = 0.9066

Figure 23- 22 Years of relationship between cumulative pan evaporation and cumulative net radiation, producing linear best-
fit equation.

0

47



Total VPD vs pan evaporation

♦  Total VPD vs pan 
evaporation

 Linear (Total VPD vs
pan evaporation)

50000 100000 150000 y _ ° .°003x + 2.7337
R2 = 0.9469vapor pressure deficit (pa)

0

Figure 24- 2 Years of relationship between cumulative pan evaporation and cumulative vapor pressure deficit, producing
linear best-fit equation.

For two years (2007 and 2008) vapor pressure deficit had a strong and close relationship and 

cumulative comparison between the measured and calculated potential evaporation (Figures 

16, 18, 20). In Tables 8, 9, and 10, the monthly cumulative totals are listed for each year and 

Table 11 is the cumulative warm season totals. Due to large amounts of missing data there 

were only two summers of useable VPD data for the comparison of measured pan evaporation 

and calculated estimates based on VPD.
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Table 8- June yearly potential evaporation measured and calculated totals using TDD, RNET, and VPD.

years

June 
evaporation 

pan (cm)
June calculated 

potential ET TDD (cm)
June calculated potential 

ET RNET (cm)
June calculated 

potential ET VPD (cm)
1986 7.1 10.7 8.0
1987 12.2 11.4 8.5
1988 13.4 11.4 8.5
1990 10.0 11.4 6.4
1991 10.0 11.2 9.3
1992 9.6 10.6 6.6
1993 11.5 11.0 10.2
1994 10.2 8.9 8.6
1995 9.7 9.7 7.9
1996 12.2 9.2 8.1
1997 11.6 12.2 9.4
1998 9.8 11.6 8.0
1999 12.6 12.6 9.6
2000 12.5 9.3 7.7
2001 10.8 11.2 8.7
2002 10.3 8.7 9.9
2003 9.1 9.4 7.8
2004 14.5 14.7 10.8
2005 13.8 12.7 10.0
2006 13.9 11.7 7.5
2007 16.9 14.7 10.5 13 .3
2008 12.8 12.2 10.7 12.6
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Table 9- July yearly potential evaporation measured and calculated totals using TDD, RNET, and VPD.

years

July 
evaporation 

pan (cm)
July calculated potential 

ET TDD (cm)
July calculated potential 

ET RNET (cm)
July calculated potential 

ET VPD (cm)
1986 7.1 12.0 7.8
1987 11.2 11.5 8.0
1988 13.4 12.3 7.7
1990 11.1 13.2 3.6

1991 9.0 9.2 8.9
1992 13.2 12.3 6.7
1993 14.4 14.2 12.3
1994 13.9 11.6 9.1
1995 8.3 9.7 7.3
1996 10.7 7.5 7.5
1997 12.1 12.3 9.5
1998 11.1 15.2 8.1
1999 12.4 12.7 10.1
2000 10.0 7.8 7.4
2001 10.7 9.9 8.2
2002 10.9 7.7 11.0
2003 12.5 6.6 6.6
2004 9.4 16.1 9.5
2005 8.7 10.7 10.2
2006 9.1 12.3 7.6
2007 13.3 18.8 12.2 12 .0
2008 12.4 11.6 12.9 9.8
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Table 10- August yearly potential evaporation measured and calculated totals using TDD, RNET, and VPD.

years

August 
evaporation 

pan (cm)
August calculated 

potential ET TDD (cm)
August calculated 

potential ET RNET (cm)
August calculated 

potential ET VPD (cm)
1986 5.5 5.7 4.3
1987 5.1 7.0 3.8
1988 5.2 5.8 3.6
1990 8.4 9.1 2.3
1991 5.8 5.0 4.0
1992 9.9 7.3 3.5
1993 2.8 2.8 3.9
1994 8.6 9.3 4.3
1995 6.5 5.8 4.4
1996 5.0 3.4 3.9
1997 6.8 8.5 4.7
1998 7.3 6.9 4.8
1999 9.3 9.1 5.6
2000 9.4 8.8 3.4
2001 5.8 7.1 5.1
2002 8.6 4.2 4.1
2003 8.4 5.3 4.8
2004 9.8 10.5 5.7
2005 9.9 9.6 5.3
2006 9.2 8.3 4.7
2007 4.8 10.8 5.9 10 .3
2008 6.7 3.7 6.0 7.3
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Table 11- Yearly Summer Totals for yearly potential evaporation measured and calculated totals using TDD, RNET, and VPD.

years

Total 
evaporation 

pan (cm)
Total calculated 

potential ET TDD (cm)
Total calculated 

potential ET RNET (cm)
Total calculated 

potential ET VPD (cm)
1986 19.7 28.3 20.1
1987 28.5 29.2 19.8
1988 32.1 28.8 19.3
1990 29.5 32.9 14.0
1991 24.7 24.8 21.0
1992 32.7 30.3 18.2
1993 28.7 27.7 24.2
1994 32.7 31.6 21.4
1995 24.5 26.2 19.7
1996 27.9 21.6 19.4
1997 30.4 31.5 22.2
1998 28.2 32.8 20.9
1999 34.3 32.4 23.8
2000 31.9 27.3 18.2
2001 27.3 27.6 21.3
2002 29.9 22.6 23.1
2003 30.0 22.5 19.5
2004 33.7 37.2 23.3
2005 32.3 31.0 23.5
2006 32.2 31.2 20.3
2007 34.9 40.3 26.2 35 .6
2008 31.9 25.9 26.9 29.7
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Figures 25 and 26 show the relationship between evaporation pan measured potential ET and 

Priestley-Taylor calculated AET. In Figure 10 and Figure 12 potential ET always has a higher 

summer total to the Priestley-Taylor calculated actual ET. Yet with the use of the pan 

coefficient, evaporation pan measured potential evaporation can be reduced to the actual ET, 

resulting in a close relationship between measured pan evaporation and calculated Priestley- 

Taylor ET.
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Figure 25- 22 years of summer cumulative pan ET vs. Priestley-Taylor calculated ET.

2008 Priestley-Taylor vs pan evaporation

0J

Q.
pan evaporation (cm)

2008 Priestley-Taylor vs 
pan evaporation

-Linear (2008 Priestley- 
Taylor vs pan 
evaporation)

y = 0.6372x + 1.0175 
R2 = 0.9938

Figure 26- 2008 relationship between potential ET and actual ET.
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Chapter 4-Analysis

4.1 Evaporation Pan

Pan evaporation was measured from break up, until the initiation of snowfall and temperatures 

dropped to freezing or below. Measurements typically started in May and concluded in 

September; however, there was never a full month of data in May or September. To make the 

yearly data sets uniform, comparisons were based on the period from June 1 to August 31. It 

did change warm season totals since the evaporation pan data presented here does not cover 

May or September, yet it was more consistent year to year when trying to compare all summer 

data to other variables for the period of June, July and August. June and July had the highest 

amounts of monthly evaporation. It varied over the 22 years which specific month had more 

evaporation, but overall June had the highest (Figure 9). This high June evaporation happens 

since a large amount of water is available from snowmelt, plus the high air temperatures and 

high solar radiation near solstice provide the energy necessary to drive evaporation (Rouse and 

Stewart, 1976). It is important to look at June as the month with the highest amounts of 

monthly evaporation and July a close second, due to the energy available to produce pan 

evaporation. Energy can come from many sources such as high air temperatures, sensible 

heat, and long and short wave radiation on the longer days. In early summer the 

air/surface temperatures increases to annual highs, and then starts to decrease through July 

and August. Radiation is at its highest near the June 21 solstice, the longest day of the year. 

Vapor pressure starts to decrease into June after the break-up driving a higher evaporation 

rate, August is on average the rainiest month on the North Slope of Alaska (Kane et al., 1990) 

followed closely by July where the evaporation rates are lower than June.

The summer cumulative pan evaporation totals for the maximum year is 34.9 cm, minimum 

year is 19.7 cm, and the average year cumulative total over the 22 years is 29.9 cm for the June 

through August period being studied here. As mentioned earlier I focused only on the 

complete months of June, July, and August in order to have data for the same time period each 

year (also allowing for a better chance of developing statistically significant relationships, and 

decreasing outliers). Although there is year-to-year variation, evaporation has slightly
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increased over the last 22 years (Figure 10 and Table 4). This increase of evaporation from the 

pan is caused by an increase of available energy (higher air/surface temperatures and net 

radiation) since the pan doesn't lack water for evaporation. Figures 13 and 14 (net radiation 

and thawing degree days) show the increase during the summer months over the 22 year study 

(1986 thru 2008, missing 1989). Yet there are many other variables that could be causing this 

increase of evaporation such as an increase of the vapor pressure deficit (VPD).
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4.2 Priestly-Taylor/Coefficient

Actual evapotranspiration (ET) was calculated from the data collected from the meteorological 

station next to the evaporation pan. The Priestley-Taylor equation was used to calculate the 

actual estimate of ET for the summer months (which should always be lower than the 

measured potential evaporation). If you take the actual ET/potential ET ratio you end up with 

an ET pan coefficient which is another simple way to estimate of actual ET (by multiplying the 

pan coefficient times the measured pan evaporation). The evaporation pan coefficient for the 

22years of warm season evaporation average ended up being 0.58. This is a slight increase 

from the 2003 evaporation coefficient of 0.55 by Kane and Yang (2004); this can be due to not 

including the outliers from the months of May and September in the calculations here. Overall, 

the average pan coefficient reported here and the one by Kane and Yang (2004) are very close 

over the 22 year period.
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4.3 Variable Comparison/Calculated Potential Evaporation

The evaporation pan data has a strong linear relationship with the three meteorological 

variables: thawing degree days, net radiation, and vapor pressure deficit. Thawing degree days 

(TDD) and net radiation (Rnet) are both good proxies for the surface energy balance (the 

warmer the atmosphere the more energy available for latent energy fluxes), therefore highly 

correlated with pan evaporation. Both had best fit equations where the measured TDD and 

Rnet data can be used to successfully calculate estimates of potential evaporation. The 

correlation between TDD and pan evaporation is extremely high with all 22 years summer total 

correlations being r2 > 0.91 (see Figure 16 for an example, refer also to results in the appendices 

D thru H, and S). Equation 9 was produced from the 22 years of summer data, having a 

correlation of slightly less than 1.0 means there will be a small amount of variations between 

potential evaporation that is calculated through this equation (using TDD as x) and measured 

potential evaporation through pan evaporation.

Net radiation had the lowest linear relationship statistically between the three variables used to 

predict PET (which is measured pan evaporation). This is because of the amount of net 

radiation it takes to provide the energy for latent fluxes are not consistent with the amount of 

variations in net radiation due to cloud cover; while the air temperature and the PET rate 

increase while net radiation does not (Priestley and Taylor, 1972). Also, higher net radiation 

doesn't exactly result in more pan evaporation due to increases of both precipitation and water 

vapor in the atmosphere causing lower rates of evaporation. Net radiation and thawing degree 

days data were compiled through 22 years while vapor pressure deficit data was compiled only 

for two years since there were large amounts of missing data.

VPD also appears to be an excellent proxy for estimating potential pan evaporation and the 

higher the VPD the higher will be the ET. VPD is the difference between the saturated vapor 

pressure at the ground surface minus the vapor pressure in the atmosphere above the ground 

surface. The lower the moisture level in the atmosphere the greater the amount of potential 

evaporation. Pan evaporation has an extremely strong linear relationship with VPD of r2 > 0.95 

for only two years. There were only two summers (defined as June, July, and August) that had
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complete summers of data for determining VPD without having large windows of missing data. 

Thus, this correlation has some uncertainty. Overall, the results of calculating potential 

evaporation using the variable VPD had the best correlation results to the measured pan 

evaporation (Figure 20), and therefore show potential use in estimating pan evaporation.

The results in Tables 8, 9, 10, and 11 cover the monthly (June, July, August) and entire warm 

season totals for the calculated potential evaporation using variables and the measured pan 

evaporation. Tables 8, 9, and 10 cover the monthly totals for June, July, and August and 

thawing degree days had the closest results with the measured pan evaporation. Net radiation 

underestimated the results with the measured pan evaporation with August being its poorest 

month. Vapor pressure deficit had close results with the measured pan evaporation over the 

three months for the two years. Table 11 shows the warm season totals for the calculated 

potential evaporation. Thawing degree days had the closest total warm season totals of the 

three variables while net radiation had the largest percent difference between calculated 

potential evaporation warms season totals (Table 7). Vapor pressure deficit has good potential 

with having a close total warm season totals of two years (2007 and 2008). Graphs of the 

entire warm season totals for the calculated potential evaporation using environmental 

variables and the measured pan evaporation are located in Appendix S.

Overall thawing degree days had the highest correlated relationship, causing it to produce the 

best percent difference between the measured pan evaporation and the calculated potential 

evaporation. Net radiation had the largest percent difference of the three environmental 

variables which was mostly caused by inconsistency of net radiation (being affected by cloud 

cover over the warm season). This was evident when air temperature and evaporation rates 

continued to increase while cumulative net radiation didn't. August being the lowest 

correlated month for net radiation could be due to the inconsistency of low cloud cover and the 

decreasing amount of net radiation caused by the low amount of time of sunlight.

Vapor pressure deficit, having two complete warm season years of data, only allowed me to 

investigate its potential for calculating potential evaporation. The two years of observation
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produced good comparison between the measured pan evaporation and the calculated 

potential evaporation.

One thing that may increase the strength of the relationships between these variables and pan 

evaporation is to combine two or three different variables, and produce more complicated 

equations that would calculate more accurate potential evaporation. Most evapotranspiration 

equations require more than one variable to produce accurate estimates. Using two or more 

environmental variables could possibly result in a better fit equation also for the 22 year period, 

between predicted and measured pan evaporation. But this means the quality of the data 

needs to be preserved; this is not an easy thing to accomplish in these remote Arctic 

environments. It is also possible to break warm season totals down to monthly totals and 

setting up a monthly best fit equation for June, July, and August since the time of year affects 

the amount of sunlight, moisture availability, and air temperatures. Also trying a non-linear 

relationship equation to calculate the potential evaporation using the environmental variables 

could prevent the under and over calculating of potential evaporation. Overall it seemed that 

the measured pan evaporation difficulty with the relationships and equations was due to small 

human and nature errors caused by animals, wind, and missing data. These small errors could 

lower the predictability of the potential evaporation produced by the environmental variables.
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Chapter 5-Discussion

The results of this study have many interesting comparisons with past studies. Over the 22 

years of measurements made with the evaporation pan the best correlation was in June, and 

generally decreased over the summer months. This was demonstrated in past studies as in 

Kane and Yang (2004), Rovansek et al. (1996), Kane et al. (1990), and Hinzman et al. (1996). 

They all noted that the highest evaporation occurs right after the snowmelt runoff which occurs 

in late May and early June in the Imnavait Creek Basin. Also with the high solar radiation in 

June, more energy is available to potentially cause higher evaporation rates. Ohmura (1982) 

observed that most of the daily evaporation occurred during the periods of higher solar 

elevation at mid-day. This is especially true around the June solstice.

The summer cumulative pan evaporation totals for the maximum year is 34.9 cm, minimum 

year is 19.7 cm, and the average year cumulative total over the 22 years is 29.9 cm for the June 

through August period being studied here. It was also mentioned by W eller and Holmgren 

(1974) that an energy balance method shouldn't be used during the snow melt period unless 

one accounts for the latent energy used for snow ablation. Also in May the start of spring 

break-up varies, and in September the beginning of winter varies when it begins; both not 

allowing for full month of pan evaporation data.

The daily average evaporation pan rate for June was 4 mm/d, in July the daily average was 3.6 

mm/d and in August the daily average was 2.4 mm/d. The daily average for the 22 years of pan 

data was 3.3 mm/d. In past studies (Mendez et al., 1998) evaporation rates after the snowmelt 

averaged 3.11 mm/day using the water balance method near the coast. Also Kane and Carlson 

(1973) had an evaporation pan near the Putuligayuk River basin near Prudhoe Bay, Alaska; the 

pan evaporation rate in this area was 2.4 mm/d which is lower than what was measured at 

Imnavait Creek basin which is located south of Prudhoe Bay, Alaska at lower latitude, but higher 

elevation. Kane and Yang (2004) and Shutov et al. (2006) both observed that 

evapotranspiration decreases with higher latitudes, due to lack of energy and lack of moisture.

The net radiation and air temperature also have increased during the summer months over the 

22 past years (Figures 13 and 14). Pan evaporation also has slightly increased over the last 22
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years (Figure 10). This increase of evaporation from the pan is caused by an increase of energy 

(air/surface temperatures, sensible heat, net radiation) while the evaporation pan has 

unlimited water. It was noted by Shutov et al. (2006) that actual evapotranspiration is strongly 

controlled by soil moisture levels and incoming solar radiation. Incoming solar radiation is 

closely related to net radiation and air temperature. Increasing both of these environmental 

variables means this could increase evapotranspiration.

Using the Priestley-Taylor method to calculate actual evapotranspiration over the 22 years was 

pursued due to its simplicity (minimal amount of data required) and its consistent estimates for 

tundra uplands in the Arctic. Mendez et al. (1998) noted that Priestley-Taylor model is best 

used to estimate ET from wetland tundra, if you don't want to investigate different variables 

such as vapor pressure or wind speed. Kane et al. (1990) and Hinzman et al. (1996) observed 

that the Priestley-Taylor method with a constant 0 of 0.95 produced good estimates of 

evapotranspiration with small amounts of data. Also Rovansek et al. (1996) noted that the 0 

was consistent in the drier uplands using a constant of 0 = 0.95.

The evaporation pan coefficient was the lowest when the Priestley-Taylor calculated ET was at 

its lowest. The ET pan coefficient average over 22 years is 0.58 (Table 6). Kane et al. (1990) and 

Hinzman et al. (1996) measured that the evaporation pan predicted sufficient total 

evapotranspiration amounts over the summer while using a pan coefficient of 0.49. Also Kane 

and Yang (2004) noted with additional data that the pan coefficient averaged out as 0.55. The 

increase was partially due to not including the outliers from the months of May and September 

in the calculations, but overall the two pan coefficients were very similar.

Three different variables (thawing degree days, net radiation, and VPD) had strong relationships 

with potential evaporation from the 22 years of evaporation pan data. Shutov et al. (2006) 

observed that evaporation is strongly controlled by incoming solar radiation which affects 

thawing degree days, and net radiation. Thawing degree days had the best percent difference 

between its calculated potential evaporation and the measured pan evaporation, while net 

radiation had the lowest percent difference of the three variables. It seemed that the 

evaporation was strongly controlled by the incoming solar radiation for the air temperatures
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but the limited measured net radiation due to cloud cover could have caused for the lower 

comparison. Pan evaporation had a strong linear relationship with VPD of r2 > 0.95 for the two 

years of vapor pressure deficit data. It also had a close percent difference between the vapor 

pressure deficit warm season totals and the measured pan evaporation warm season totals for 

those two years (2007 and 2008). This showed good potential as a proxy for future studies. 

Lafleur and Rouse (1988) observed that evapotranspiration increased during the higher canopy 

resistance due to the large vapor pressure deficit. Though near the northern Alaska coast, 

Liljedahl et al. (2011) observed over a multi-year study using eddy covariance method that 

variations in the near-surface soil moisture and atmospheric vapor pressure deficit were found 

to have nonlinear effects on evapotranspiration rates. Also they observed that dry soils 

increased surface resistance, while wet soils favored ground heat flux which limited the 

available energy (latent and sensible heat flux) for evaporation. It might be very possible that 

the drier environment and the inland climate at Imnavait Creek basin might have allowed for 

such a close relationship between VPD and pan evaporation. It may also explains why July was 

its best calculated month of the three month with the lowest amount of moisture available of 

the three months.

Air temperature is measured at lots of places around the Arctic. Therefore, there are more 

opportunity to determine thawing degree days, and a less likelihood of measuring net radiation 

and vapor pressure deficit at the remote meteorological stations. This could allow for further 

look at stations in other basins such as the Upper Kuparuk, and using the air temperature 

measured in the basin could allow for a good estimate of potential evaporation for the Upper 

Kuparuk basin.
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An evaporation pan that was in place over a 22 year span, located on the North Slope of Alaska 

at Imnavait Creek Basin, was used to measure summer potential evaporation. The warm 

season evaporation pan coefficient for the North Slope in a foothills tundra environment was 

0.58; this is slightly higher than the 2003 coefficient of 0.55 found by Kane et al (2004). This is 

partially due to 2007 and 2008 experiencing high pan coefficients and also only including June, 

July, and August data in this analysis. Yet overall, they are very similar and show the 

consistence of the 22 years of data. The summer cumulative maximum, average, minimum and 

standard deviation of potential evaporation from the pan are 34.9 cm, 29.9 cm, 19.7 cm and

9.3 cm respectively. The strongest relationships found between meteorological variables and 

pan evaporation over the 22 years was thawing degree days (TDD) r2 > 0.91 and net radiation 

(Rnet) r2 > 0.90. Vapor pressure deficit is also a good proxy with a strong relationship (VPD) r2 > 

0.95 for two years (2007 and 2008). Through analysis, it is possible to get quality estimates of 

potential ET using an evaporation pan to gain a general idea of the range of possible amounts 

of ET over the summer months and what environmental variables affect the rate of ET.

The measured environmental variables that have strong relationships with the evaporation pan 

can be used to estimate potential evaporation accurately at other locations where the 

environmental variables are measured (thus not requiring an evaporation pan). All three 

variables can be used to estimate potential evaporation by using the linear relationship 

between the variable and pan evaporation. Thus, one can generate highly correlated estimates 

of potential evaporation using measured environmental variables. Yet, to increase the accuracy 

of the predicted potential ET estimates additional steps could be taken. This could require 

more data collection. Also using a combination of using two to three different environmental 

variables to produce more complicated equations might produce better estimates of potential 

evaporation. The use of non-linear equations could possibly also increase the accuracy of the 

calculated potential evaporation.

Potential evaporation can be measured by the evaporation pan which has a strong relationship 

with environmental variables that can be measured with satellites, such as land surface

Chapter 6-Conclusions
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temperature. The variables can be measured by satellites yet not enough images were 

processed in this study to fully find out at how accurate and how well the potential evaporation 

can be estimated at the watershed scale. This needs further research to reach better 

conclusions. Once the ability to measure more high resolution images using land surface 

temperature data and meteorological variables such as VPD and Rnet data are just around the 

corner, and we should be able to measure potential evaporation at watershed scale using 

remote imagery. In the future, the usage of meteorological stations at locations that don't 

have an evaporation pan or the usage of satellites to collect data for measuring the variables 

that have a strong linear relationship with evaporation pan measurements will produce large 

scale estimates of the variability of potential evaporation on the North Slope of Alaska. For this 

to happen, there will need to be an increase in ground collected data from meteorological 

stations or in basins of interest, and an increase of summer imagery using Landsat imagery and 

higher resolution satellites.
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APPENDICES

Appendix A: Warm Season Cumulative pan evaporation 1986-2008.
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Appendix B: Warm Season Cumulative Priestley-Taylor calculated evapotranspiration 1986-2008.
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Appendix C: Warm Season Cumulative pan evaporation and Priestley-Taylor evapotranspiration 1986
2008.
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Appendix D: Warm Season thawing degree days versus times, 1986-2008.
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Appendix E: Warm Season Comparison (relationship) between thawing degree days and pan 
evaporation (potential evaporation) 1986-2008.
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Appendix F: Warm Season Cumulative Calculated potential evaporation using thawing degree days 
measurements 1986-2008.
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Appendix G: Warm Season Cumulative measured pan evaporation (potential evaporation) and 
Calculated potential evaporation using thawing degree days 1986-2008.
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Appendix H: Warm Season Comparison between measured and calculated potential evaporation 
using thawing degree days and pan evaporation 1986-2008.
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Appendix I: Warm Season Cumulative net radiation 1986-2008.
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Appendix J: Warm Season Comparison (relationship) between net radiation and pan evaporation 
(potential evaporation) 1986-2008.
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Appendix K: Warm Season Cumulative Calculated potential evaporation using net radiation 
measurements 1986-2008.
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Appendix L: Warm Season Cumulative measured pan evaporation (potential evaporation) and 
Calculated potential evaporation using net radiation 1986-2008.
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Appendix M: Warm Season Comparison between measured and calculated potential evaporation 
using net radiation and pan evaporation 1986-2008.
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Appendix N: Warm Season Cumulative vapor pressure deficit 2007-2008.
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Appendix O: Warm Season Comparison (relationship) between vapor pressure deficit and pan
evaporation (potential evaporation) 2007-2008.
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Appendix P: Warm Season Cumulative Calculated potential evaporation using vapor pressure deficit
measurements 2007-2008.
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Appendix Q: Warm Season Cumulative measured pan evaporation (potential evaporation) and 
Calculated potential evaporation using vapor pressure deficit 2007-2008.
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Appendix R: Warm Season Comparison between measured and calculated potential evaporation
using vapor pressure deficit and pan evaporation 2007-2008.
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Appendix S: Total warm season calculated potential evaporation using an environmental 
variable (TDD, Rnet, VPD) and measured pan evaporation
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