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1. Introduction

SUMMARY

Some studies that investigate the climate change and hydrologic balance relationships utilize reference
(potential) evapotranspiration (ETef) to either calculate the changes in trends and magnitude of actual
ET or to determine changes in atmospheric demand. In such cases, it is important to acquire robust ETer
estimates to correctly assess the impact of changes in meteorological variables on atmospheric evapora-
tive demand, hydrologic balances, response of vegetation to climate, and their interactions. Despite its
crucial importance, unfortunately, ET.f is sometimes poorly addressed in climate change studies as some
studies utilize temperature or radiation-based empirical equations due to various reasons (unavailability
of climate data to solve combination-based energy balance equations, etc.). Since many climate variables
that affect ET,.r rates have been changing and are expected to change in the future, single-variable equa-
tions for estimating the trend in ET,.f should be avoided due to the inherent nature of the trend passed to
ET,ef from the variable. Here, we showed an integrated approach of practical and robust procedures that
are already exist to estimate necessary climate variables [incoming shortwave radiation (R;), net radia-
tion (R,), wind speed at 2-m (u,), relative humidity (RH), and vapor pressure deficit (VPD)] only from
observed maximum and minimum air temperatures (Tmax and Ty,in) and precipitation (P) data to be used
in Penman-Monteith-type combination-based energy balance equations to predict grass-and alfalfa-ref-
erence evapotranspiration (ET, and ET,, respectively). We analyzed the trends and magnitudes of change
in meteorological variables for a 116-yr period from 1893 to 2008 in the agro-ecosystem-dominated
Platte River Basin in central Nebraska, USA. Although we found a significant (P < 0.05) increase in Tpin
and T,y at a rate 0.038 °C yr~! and 0.0187 °Cyr~, respectively, and insignificant increase in u, and
VPD, we observed a significant (P < 0.05) decline in ET,er (—0.3596 mm yr~! for ET, and —0.3586 mm yr~'
for ET,). We present data, analyses, and interpretation that the decrease in ET,cf is most likely due to sig-
nificant (P < 0.05) increase in precipitation (0.87 mmyr~') that results in significant reduction in R,
(=0.0223 MJm~2yr ') and, in turn in R, (—0.0032 MJm~2yr~!), which resulted in reduction in ETef
because increase in P decreases available energy, which is primary driver of ET,.r. There was approxi-
mately 100 mm of increase in precipitation from 1893 to 2008 in the study location at a rate of about
0.90 mm yr—'. Also, there was a significant increase in maximum daily precipitation, especially in the
very high events (i.e., >70 mm d~'). We present detailed analyses of relationships between ETe and all
meteorological variables. On an annual time step ET,.f significantly (P <0.05) and inversely correlated
to precipitation and RH, and significantly and positively correlated to Trax, Tavg, VPD, Rs, and R,. We
observed a higher degree of responsiveness of ET, to changes in meteorological variables than ET,, which
may indicate that ET, may be more apposite to better detect the impact of changes in meteorological vari-
ables on ET, in climate change studies.

© 2011 Elsevier B.V. All rights reserved.

functioning of agro-ecosystems are crucial variables. Changes in
climate variables interact with and impact agro-ecosystem produc-

The long-term trends and magnitude of changes in climate and
environmental parameters such as air temperature, solar and net
radiation, cloud cover and precipitation, CO, concentration, and
their potential consequences that impact the behavior and
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tivity and land surface-atmosphere interactions through various
direct and indirect processes. Direct processes include increased
air temperature and/or CO, concentration, storm surges that cause
changes in hydrologic parameters such as precipitation, run-off
and stream flow while indirect processes include changing the
intensity and frequency of disturbances of wild fires, pests and dis-
eases (IPCC, 2007). The varying magnitude of global temperature
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increase has been well-documented by many scientists. The IPCC
(1996) reported warming of the earth’s atmosphere by between
about 0.3 and 0.6 °C since the late 19th century. The global mean
land-surface-air temperature has risen by about 0.74 °C over the
past 100 yr (1906-2005) and is predicted to increase by 1.1-
6.4 °C by 2100 (IPCC, 2007). Houghton et al. (2001) reported a
mean annual temperature increase of 1.4-5.8 °C during 20th cen-
tury. With the increase in temperature, other climatic variables
that have strong direct and/or implicit links to temperature such
as vapor pressure deficit, incoming shortwave radiation, evapora-
tion from the surface and transpiration from vegetation surfaces,
and evapotranspiration (ET) from coupled plant/soil interface can
be significantly affected. On a large scale, many other climatic vari-
ables such as precipitation, wind speed and direction, and relative
humidity are also directly or indirectly impacted by changes in
atmospheric temperature due to its effect on atmospheric circula-
tion. Among all these variables, perhaps one of the most important
ones is the ET, which can be the largest component of the hydro-
logic cycle. Since ET is directly linked to these climatic variables,
any changes in the variables in conjunction with warmer air tem-
peratures are expected to influence the trends and magnitudes of
ET.

Studies that investigate changes in climate variables have
yielded a mixture of results and conclusions about the trends of cli-
matic variables, especially ET, for specific locations. For Pisa Italy,
Moonen et al. (2002) found that over a 122-yr period there was a
decreasing minimum temperature, decreasing maximum tempera-
ture, decreasing precipitation, and decreasing ET trend. The ET vol-
umes were calculated using the method of Hargreaves and Samani
(1982), which is a temperature-based empirical equation. In India,
Chattopadhyay and Hulme (1997) calculated ET using the Penman
method and revealed a decreasing trend over a period of 15yr
(1976-1990) while temperature showed an increasing trend over
50 yr (1940-1990). In the USA, Grundstein (2009) used a modified
form of Thornthwaite’s moisture index to evaluate climate change.
Results reveal statistically significant trends, both positive and
negative, for moisture index, temperature and precipitation for
geographically cohesive clusters. Zhang et al. (2007) showed a sig-
nificant decrease in ET and pan evaporation for 47 (38%) of the
weather station locations they studied, though they observed sig-
nificant increase in temperature, and decrease in wind speed and
sunshine hours on the Tibetan Plateau. Gao et al. (2007) reported
a decreasing trend in actual ET in most areas east of 100° and an
increasing trend in the western and northern part of northeast Chi-
na. Contrary to the general expectations that increase in tempera-
ture would increase the actual evaporation, pan evaporation and
potential ET have been shown to decline in different regions of
the world since the 1950s (Chattopadhyay and Hulme, 1997; Chen
et al., 2005; Golubev et al., 2001; Hobbins et al., 2004; Lawrimore
and Peterson, 2000; Liu et al., 2004; Liu and Zheng, 2004; Peterson
et al.,, 1995; Brutsaert and Parlange, 1998; Thomas, 2000; Roderick
and Farquhar, 2002, 2004; Xu et al., 2006). One of the reasons for
inconsistent findings in ET.r trends is due to the fact that some cli-
mate change studies utilize temperature or radiation-based empir-
ical equations that do not account for other critical climatic
parameters such as incoming shortwave or net radiation, wind
speed and vapor pressure deficit, potentially providing incomplete
or artificial trends and magnitudes in ET. The trend in neither ET
nor evaporation is determined solely by air temperature or solar
radiation alone. But, temperature or radiation-based empirical
equations treat them as such. Commonly used temperature and
radiation-based simplified empirical equations in climate change
studies include Thornthwaite (1948), Blaney and Criddle (1950),
Makkink (1957), Hamon (1961), Turc (1961), Jensen and Haise
(1963), Priestley and Taylor (1972), Linacre (1977), Hargreaves
and Samani (1982), and Hargreaves and Samani (1985), which all

are deficient in accounting for at least one or more of the key
parameters that play a crucial role in determining the trend and
magnitude of ET.

Since ET accounts for over 90% of the total water use in agro-
ecosystems (e.g., Nebraska, USA) and accounts for a significant per-
centage of water use in other ecosystems, accurate estimates of ET
in studies that investigate the impact of changes in meteorological
variables on hydrologic balances is crucial because robust ET esti-
mates will play a critical role in better understanding and accu-
rately projecting these impacts on water resources. Despite its
crucial importance, unfortunately, ET.¢ is sometimes poorly ad-
dressed in such studies. While physically-based, accurate and ro-
bust combination-based energy balance equations such as the
Penman or Penman-Monteith, PM (Penman, 1948, 1963; Monteith,
1965), or their derivatives, are available, many models utilize tem-
perature or radiation-based equations to predict potential (refer-
ence) ET (ETf). Empirical equations, rather than physically based
ones, are often only valid for specific locations, surfaces, or climates
and, in a changing climate, for specific time periods. Therefore in
trend analysis, empirical equations may need to be recalibrated
throughout the period. Using physically-based equations that have
been verified in a range of climates should provide more confi-
dence in calculating accurate ET,es values in a changing climate sce-
nario since they have proven accurate in climate conditions similar
to those that a location may have. One of the most robust and
physically-based equations to estimate ET..r is the Penman-Mon-
teith (PM) reference ET equation, which requires net radiation,
maximum and minimum air temperature, wind speed, vapor pres-
sure deficit, and maximum and minimum relative humidity to
solve for grass- or alfalfa-reference ET (ET, and ET,, respectively).
One common reason for past utilization of temperature or radia-
tion-based empirical equations to estimate ET..s in long-term cli-
mate models is the lack of availability of the required input data
to solve the combination-based energy balance equations. This
practice, however, can introduce significant error and uncertainty
in assessing the potential implications of the change in climate
parameters on changes in atmospheric evaporative demand, vege-
tation response, and water balance estimates. Since many climate
variables that affect ET,.f rates have been changing and are ex-
pected to change in the future, single variable equations for esti-
mating the trend in ET.r should be avoided due to the inherent
nature of the trend passed to ET. from the variable. Tempera-
ture-based equations provide poor estimates of ET..r because they
do not account for net radiation, vapor pressure deficit, or sunshine
percentage which can play an important role when calculating
ET,ef, especially in humid/sub-humid regions where the variations
in ET.ef are more often due to variations in these factors than to
variations in temperature. Similarly, the radiation-based equa-
tions, including the Priestley and Taylor (1972), do not account
for the impact of the aerodynamic term of the energy balance on
ET.r. The lack of ability of the radiation-based equations in
accounting for especially the wind speed and relative humidity
can impede the performance of these models in windy and rap-
idly-changing vapor pressure deficit conditions. Thus, effort should
be made to integrate methods to be able to solve the combination-
based energy balance equations for more accurate ET,. predictions
in climate change studies.

This paper presents an integrated approach to solve the combi-
nation-based energy balance Penman-Monteith equation for
grass- and alfalfa-reference ET for a daily time step for a 116-yr
period in the Platte River Basin in central Nebraska, USA. Our spe-
cific objectives were to demonstrate an approach to estimate key
climate parameters (for the period where measurements were
not available) such as incoming shortwave radiation, net radiation,
relative humidity, saturation vapor pressure, actual vapor pressure,
and wind speed on a daily time step to solve the PM equation for
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ET, and ET, using long-term limited climate data comprising only
measured maximum and minimum air temperatures and precipi-
tation. In addition, based on 116-yr of daily data, we attempt to
analyze potential changes in climatic parameters and in grass-
and alfalfa-reference ET on a monthly and annual time steps from
1893 to 2008. We investigate the relationship between ETs and
various climate variables to identify the potential cause(s) of po-
tential changes in trends and magnitude.

2. Materials and methods
2.1. Study location and climate data

Nebraska is one of the leading agricultural states in the USA
with over 3.4 million ha of irrigated land and about 5 million ha
of natural grassland. The long-term annual (January 1-December
31) statewide average precipitation is about 550 mm. The long-
term statewide average growing season (May 1-September 30)
rainfall is about 360 mm. The maximum long-term average grow-
ing season precipitation occurs in the southeast part of the state
and the minimum occurs on the western edge. While a majority
of precipitation occurs in spring, the distribution exhibits signifi-
cant fluctuations within the calendar year. The annual ET, ranges
from about 1400 mm in the southeastern part to 1520 mm in the
south central and 1700 mm in the western part of the state. The
Central Platte River Basin in Nebraska is one of the largest agro-
ecosystem regions with extensive field maize, soybean, seed maize,
and irrigated and rainfed grasslands. The dominant cropping sys-
tem in the region is field maize-soybean rotation with increasing
continuous maize production as the demand for ethanol produc-
tion has been increasing. Most of the croplands in the region are
irrigated with center pivots with ground water pumped from the
Ogallala aquifer that is the main water supply for irrigation. Irriga-
tion from a shallow ground water supply that is not linked directly
to the aquifer is also commonly practiced. Additional vegetation
surfaces include a riparian corridor along the Platte River and rain-
fed croplands. The study location is in a transition zone between
sub-humid and semi-arid climatic zones with cold and windy
winters and warm and humid summers (Irmak, 2010; Irmak and
Mutiibwa, 2010). The wind speed is usually highest during the
spring months (March to late May/early June) and in the fall. The
long-term (1893-2008) average precipitation is 649 mm, with
significant fluctuations between years ranging from 356 mm in
1966 to 999 mm in 2008.

High quality climate data from a weather station located at lat-
itude 41.15°N; longitude 97.97°W; 517 m above mean sea level
were used. The station has operated in manual mode from Janu-
ary 1893 to 1987 and in automatic mode since 1987. The High
Plains Regional Climate Center (HPRCC, http://www.hprcc.unl.
edu) (Hubbard, 1992) serves as a data archive center for the
weather stations that were operated by the National Weather
Service until 1987. The measured climate data for Tmax, Tmin,
and precipitation were available on a daily time step from 1893
to 1987. Since 1987, the climate data measured by the HPRCC
for the weather station include Tyax, Tmin, incoming shortwave
radiation, wind speed and direction at 3 m, precipitation, and rel-
ative humidity. The instrumentation type and height/depth de-
tails of the weather station are given at http://www.hprcc.unl.
edu/awdn/instruments/. The HPRCC has a vigorous automatic
and routine procedure in place for data quality and integrity
checks for days with erroneous and/or missing data (Hubbard
et al., 2007). In the trend analyses, linear regression statistics
are used to test the statistical significance of the increasing or
decreasing trends in the climatic variables and ET, and ET. at
the 5% significance level.

2.2. The Penman-Monteith grass and alfalfa-reference
evapotranspiration equation

We solved the PM equation on a daily time step for grass and al-
falfa-reference surfaces. The PM ET,.f equation is intended to sim-
plify the presentation and application of the method and
associated equations for computing aerodynamic and surface resis-
tance terms where these equations have been combined into a sin-
gle equation for a daily time step (Irmak et al., 2006, 2008). The PM
ET.r equation is essentially same as the original Penman-Monteith
equation (Monteith, 1965) with fixed surface resistance values and
constant plant height for grass- and alfalfa-reference surfaces (i.e.,
the surface resistance is 70 s m~' for a grass surface and 45sm™!
for alfalfa). The reference vegetation heights for grass and alfalfa
surfaces are considered to be 0.12 and 0.50 m, respectively. The
PM ET,ef equation as used in this research for daily time step is:

T _ 0.408A(R, — G) + VTf%uz(es —€q) 1)

e A+ 9(T+Cati)]

where ET,¢= standardized grass or alfalfa-reference ET (mmd™!),
A = slope of saturation vapor pressure versus air temperature curve
(kPa °C1), R, = net radiation (M] m—2d~!), G = heat flux density at
the soil surface (zero for daily time step), T = mean daily air temper-
ature (°C), u, = mean daily wind speed at 2-m (ms™!), e, = satura-
tion vapor pressure (kPa), e, =actual vapor pressure (kPa), es -
e, =vapor pressure deficit (VPD), 7y =psychrometric constant
(kPa °C™1), C, and C,4 are numerator and denominator constants that
change with reference surface and calculation time step, and 0.408
is a constant in m? mm M]J~! (1/4, where /. is latent heat of vapori-
zation (2.45 MJ m~2 mm')]. Because of this constant, both R, and G
are in MJm~2d~! for daily calculations. The C, value accounts for
the time step and aerodynamic resistance of the reference surface.
The C; accounts for the time step, bulk surface resistance, and aero-
dynamic resistance of the reference surface. The C, and C; coeffi-
cients, respectively, are 900 and 0.34 for ET, and 1600 and 0.38
for ET; for daily time step (Irmak et al., 2006). The next section pro-
vides detailed description of assumptions, equations, and proce-
dures used to calculate each climate variable to solve the PM
equation for ET, and ET,.

2.3. Calculation ofunknown meteorological variables for the Penman-
Monteith model

2.3.1. Incoming shortwave and net radiation

Measured incoming shortwave radiation (R) data were available
starting from January 1, 1987 and the R, values before that date were
predicted on a daily basis using the approach proposed by Har-
greaves and Samani (1982) and Samani (2000) from Tyax and Tipin:

Rs = (KT)(Ra)(TD)"* (2)

where TD = Trnax — Tmin (°C) and KT is an empirical coefficient (0.162),
R, is daily extraterrestrial radiation (MJ m—2 d~!). The estimated R,
values were used in the analyses without local calibration. Daily R,
and other associated variables and parameters were calculated as a
function of day of the year, solar constant and declination, and lati-
tude using the procedures presented by (Duffie and Beckman, 1980):

R, = % Gscd;[ws Sin(¢) sin(d) + cos(¢) cos(d) sin(ws)] 3)

Gy = solar constant (0.0820 M] m~2 min ™)

d, = inverse relative distance from earth-to-sun
w; = sunset hour angle (rad)

¢ = latitude (rad)

d = solar declination (rad)
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6=0.4093sin <%> (J=day of the year,1—365 or 366) (4)
21

d,=1+0.033cos (ﬁ) (5)

(s =arccos(y) (6)

Y =tan(g)tan(s) (7)

We used the following sets of equations to calculate R,:

Rn = Rns l _Rnl T (8)

R, = net radiation (M] m 2d 1)
Rys = incoming net shortwave radiation (M] m—2d~1)
R, = outgoing net long-wave radiation (Mjm—2d~1).

The R, is a result of the balance between incoming shortwave
and reflected solar radiation as a function of surface albedo or can-
opy reflection coefficient (o), which is fixed at 0.23 for green refer-
ence surface:

Rns = (1 - “)RS i (9)

Net long-wave radiation is the difference between outgoing long-
wave radiation from the earth surface and incident atmospheric
long-wave counter-radiation and the rate of R, is proportional to
the fourth power of the absolute temperature of the surface:

TK4 | K4

max min

Ru=0 (0.34 — 0.14//e;) (1 .3554 - o.35) (10)

S0

o = Stefan-Boltzmann constant (4.903 x 10°°MJ K4 m=2d1)
Tmax» k = daily maximum absolute air temperature (K=°C+
273.16)

Tmin» x =daily minimum absolute air temperature (K=°C+
273.16)

e, = actual vapor pressure of the air (kPa)

R, = calculated clear sky solar radiation (MJ m~2d™!).

Doorenbos and Pruitt (1977) developed an equation to calculate
daily values of Ry, as a function of station elevation, (z=517 m for
this study), and the extraterrestrial radiation, R, (M] m~2d™!) as:

Ry = (0.75+2 x 107°2)R, | (11)
The actual vapor pressure is calculated as:

B 17 27T gew
e, = 0.6108 exp m} (12)

where Ty, is the dew point temperature (°C). Depending on the
availability of data, e, can be calculated using RH and/or Tayg. In
the absence of Tg4ew, Observations have shown that nightly mini-
mum temperatures tend to be in equilibrium with Tgew, thus
Tdgew =~ Tmin in humid and sub-humid climates. However, this
assumption may not always be valid in regions where dew point
is not reached regularly (i.e., transitional zones). We computed Tge
as (Murray, 1967):

T — 237.3 .
[1/([n% 17.27)) + (1,/2373 4 7] |

where RH; = mean relative humidity (%) for period i, and T; = mean
air temperature (Tmax + Tmin/2; °C) for period i.

2.3.2. Relative humidity and actual and saturation vapor pressure
Relative humidity from January 1, 1893 to December 31, 1986
was computed as the ratio of the actual vapor pressure (e, kPa)

to the saturation vapor pressure (es, kPa) at the same air
temperature:

RH = 100(e, /e;) (14)

The saturation vapor pressure deficit is calculated from measured
Tmax and Tmin:

ea(Tmax) + e° (Tmin)

es = 3 (15)
17.27T,
0 = el fmax
€°(Tmax) = 0.6108 exp |:Tmax i 237.3} (16)
17.27T i
0 Y — min
€°(Tmin) = 0.6108 exp {7““ T 237.3} (17)

Finally, the only term remaining in Eq. (1) is the slope of the satu-
ration vapor pressure vs. air temperature (A), which was calculated
as a function of average air temperature as:

4098 [0.6108 exp ( 1727 avg )]

Tovg 12373

A= :
(Tavg +237.3)

(18)

The PM equation requires wind speed measurements at 2-m height
(u, ms™1). The wind speed measured at 3 m from January 1, 1987
to December 31, 2008 was converted to u, using the following log-
arithmic function:

4.87

U2 = U167 82— 5.42) (19)

where u, is measured wind speed at z meter above the ground
(ms™') and z is the measurement height (m).

2.3.3. Modeling daily wind speed

Wind speed was estimated for the period from January 1, 1893 to
December 31, 1986 following the procedures proposed and de-
scribed by Curtis and Eagleson (1982), in which frequency distribu-
tions of wind speeds are considered to be positively skewed and
wind speed is treated as a lag-1 Markov process, independent from
other climatic variables. The Markov process considers that the va-
lue of an event (u;) at one time is correlated with the value of the
event at an earlier period (Gupta, 2008). Similar to approaches pre-
sented by Ivanov et al. (2007), in this study the mean and variance of
the observed wind speed data (1987-2008) were not allowed to vary
with time of the day when estimating wind speed, which would
have ensured that the generated values approximate the property
of atmospheric stability following a characteristic diurnal curve
(Curtis and Eagleson, 1982). The general Markov procedure as out-
lined by Gupta (2008) comprises: (i) determining statistical param-
eters from the analysis of historical records, (ii) identifying the
frequency distribution of the historical data, and (iii) generating ran-
dom numbers of the same distribution and statistical characteris-
tics, and constituting the deterministic part considering the
persistence (influence of previous u, values) and combining the ran-
dom distribution. To predict daily wind speed data, while preserving
the previous distribution of the wind speed, Curtis and Eagleson
(1982) suggested that the random term to force skewness on the
estimates of the autoregressive model leads to a gamma-type distri-
bution of wind speed. The equation we adopted from Curtis and
Eagleson (1982)and Ivanov et al. (2007) for a lag-1 Markov model is:

Ws(e_1) = W5 + p(Wsio) — W5) + &-2,05/1 — p? (20)

where Ws(_1)=daily wind speed; Ws=mean daily wind speed;
ps=lag-1 serial correlation coefficient; os=wind speed standard
deviation. The random variable &;_1y was defined as:

2 VeWe-1 yﬁr 2

S 36 (21)

Ee-1) =
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where ), = skew coefficient of the random variable; ¥, 1)= stan-
dard normal deviate. The skew coefficient of the random variable
was defined as:

(1 — p?)ys
(1-p2)'* 22

where ), = skew coefficient determined, just like the other parame-
ters (Ws, p,, and y;) are calculated by the traditional methods, from
available observed daily wind speed data for 22-yr period (1987-
2008). The standard normal deviate (1)) was calculated from
standardizing a set of computer generated random numbers using
a conventional random number generation algorithm. The daily u,
was then predicted for the period January 1, 1893 to December
31, 1986.

Ve =

3. Results and discussion
3.1. Analysis of climate variables: monthly time step

3.1.1. Maximum, minimum, and average air temperature and relative
humidity

In this section, the monthly trends of climatic variables (obtained
from daily values) that are used in the ET,ef calculations are dis-
cussed. The trend analyses presented in this study do not account
for seasonality in any of the variables. A general change in air tem-
perature can be expected to cause changes in ET,.ras well as in other
climatic variables; therefore we start our discussions with the trends
in temperature. Distribution of Tmax, Tmin, and Tavg, respectively,
from 1893 to 2008 is presented in Fig. 1a-c, respectively. In addition
to the trend line, the 10-month moving-average line is also included
in the figures. The decadal changes in various meteorological vari-
ables from 1893 to 2008 are summarized in Table 1. The decadal
trends for each variable in Table were calculated for each 10-yr per-
iod to evaluate the decadal changes in variables. The slope of the
regression line was multiplied by 10-yr to quantify the magnitude
of the change. The 116-yr average trends were also included in
Table 1. There is a significant (P < 0.05) increasing trend in Ty,
and T,y and increasing, but not significant, trend in Tpax. The total
changes in Tyax, Tmin, and T,y over the last 116-yr period were
1.69, 2.84, and 2.26 °C, respectively, with a rate of 0.0136, 0.0236,
and 0.0186 °C yr~! (Table 1). Increase in Tmax and Tmin usually occurs
in the minimum values. The lowest Ty, occurred on January 12,
1912 as —37.96 °C. The largest warming trend in temperature oc-
curred during 1930s Dust Bowl era when temperatures steadily in-
creased. The greatest Tp,.x occurred on July 24 and 25, 1936 as
46.7 °C. The largest decadal increase in T,ax occurred from 1981 to
1990 and also from 1991 to 2000 as 1.9 °C decade'. The recent
warming trend (1980-2000) is much stronger than during the Dust
Bowl era because in the 1930s the sharp increase in air temperature
occurred only for 3 yr (1934, 1936, and 1939) whereas the recent
warming is steady, especially for the minimum values of Ty, and
Tmax- The 116-yr average Trmax, Tmin, and Tayg were 17.14, 3.88, and
10.51 °C, respectively. The largest decadal decrease was observed
from 2001 to 2008 as —1.54 °C (slope of Tp,.x in Table 1 multiplied
by 8 yr, period from 2001 to 2008) when both T« and Ty, had
decreasing trends. The 116-yr average standard deviations for Tp,p,
Tmax and Tayg are 11.4, 12.6, and 11.6 °C, respectively.

3.1.2. Relative humidity and vapor pressure deficit

Distribution of monthly average RH and VPD for 116-yr period is
presented in Fig. 1d and Fig. 2a. RH and VPD for the period from
1893 to December 31, 1986 were estimated using Eqs. (14)—(18)
and VPD was determined as the difference between e and e,. Mea-
sured RH data from January 1, 1987 to December 31, 2008 were
used in the analyses. Monthly average RH showed relatively narrow

fluctuations in the low (45-55%) range. The monthly average min-
imum RH is usually around 50-55%. A significant upward shift of
the magnitude in RH was observed starting in 1929-1930. There
was a 1.84%, and a significant (P < 0.05), increase in RH in the last
116-yr period with a rate at 0.0159% yr—!. The largest decline in
RH occurred between 1981 and 1990 as 4.71%. The greatest magni-
tude of increase (2.9%) occurred in three different decades; 1911-
1920, 1961-1970, and 2001-2008. The lowest monthly average
RH was recorded on September 29, 1952 42.2% and the highest
monthly average RH occurred on January 30, 1940 as 80%. The
116-yr monthly average RH is 57.8% and the 116-yr standard devi-
ation is 13.3%. On a 116-yr average, VPD exhibited a relatively con-
stant trend, based on the slope of the regression line (0.000039;
Table 1), although there were noticeable upward and downward
trends. The greatest VPD values were observed during the Dust
Bowl era when annual maximum VPDs were above 4.0 kPa. From
1930s until around 1997, the maximum values of VPD showed a
steady decline with some fluctuations, although the average values
remained relatively constant, indicating that there were fewer
months per year with high VPD values (i.e., higher than 2.0 kPa).
VPD had a gradual decline from around 1954 to 2008. The 116-yr
average VPD is 0.82 kPa and the 116-yr standard deviation is
0.63 kPa.

3.1.3. Wind speed, incoming shortwave radiation, and net radiation

While we show the trend line in u, in Fig. 2b, the trend in u; is
not expected because in modeling wind speed, the mean u, from
the whole measured period (1987-2008) was used as the input
and the mean value was not varied with season. The modeled (Jan-
uary 1, 1893-December 31, 1986) and measured (January 1, 1987-
December 31, 2008) monthly average wind speed is presented in
Fig. 2b. Simulated wind speed values for the years 1893-1986
had maximum and minimum daily values of 6.018 and
0.572 m s~! while observed maximum and minimum wind speed
values during 1987-2008 were 5.87ms ' and 0.589ms .
Although the algorithm we used simulated wind speed indepen-
dently of other weather variables, the output values are compara-
ble to the available observed wind speed data of 22 yr (1987-2008)
as depicted in Fig. 2b. Although derived independently of other cli-
matic variables, the trends in modeled wind speed values did not
exhibit an obvious bias, validating the soundness of the algorithms
used in the process. The result indicated that the assumption of
autocorrelation affected by the model lag-1 component does exist
with day to day variations in wind speed. The wind speed did not
exhibit any noticeable trend of increase or decrease. The 116-yr
average wind speed is 2.6 m s~! with maximum and minimum val-
ues as 8.6 and 0.34 m s !. The standard deviation of the 116-yr
average wind speed is 1.09 m s~'. Based on the slope of the regres-
sion line reported on Fig. 2b (0.0002), there was only a slight in-
crease in u, as 0.023 m s~ ! in the last 116 yr.

Overall, there is a significant (P < 0.05) decline in R; and non-
significant decline in R, (Fig. 2c and d). Rs; declined with a magnitude
0f2.54 M] m~2 mo~! with arate at —0.0219 M] m 2 mo~'. Decrease
in R, is mainly due to decrease in R, which will be discussed in the
annual trend analyses section. The maximum monthly average R,
occurred on June 1936 as 16.25 MJ m~2 mo~! when the monthly
average R, was 27.28 MJ m~2 mo~! with Tmax close to 39 °C with
an RH of 45.6%. The extraterrestrial radiation (R;) on that month
was about 40 Mjm 2 mo~'. The minimum monthly average R,
occurred on November 1957 as 0.89 M] m~2 mo~! when the extra-
terrestrial radiation was one of the minimum values of the year as
about 10 MJ m 2 mo~! with the R, value of 8.2 M m 2 mo~!. The
116-yr average R, is 791 MJm 2 mo~' and the average R, is
15.9 M m~2 mo ™. The 1930s drought period is usually associated
with maximum values of R, with values above 14-15 M] m 2 mo .
The 116-yr standard deviation for daily R, and Ry, respectively, are
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Fig. 1. Monthly average distribution of daily maximum (a), minimum (b), and average (c) air temperature (Tmax, Tmin, and Tayg), and daily average relative humidity, RH (d)
from 1893 to 2008 in the Platte River Basin in central Nebraska, USA (5 and ™ indicate that the slope of the regression line is either significant or not significant at the 95%

confidence level, P < 0.05).

5.02and 7.5 MJ m~2 d~'. It is worth to note that R, in our study is cal-
culated for a reference surface using albedo = 0.23. Albedo can
slightly affect the R, via its impact on net shortwave radiation. As
albedo increases, net shortwave radiation decreases (Eq. (9)) or vice
versa. The impact of albedo on ET, and ET, is subsidiary as even as

high as 20% difference in albedo from 0.23 can cause only 4% and
3% difference in ET, and ET,, respectively (Irmak et al., 2010).
Incoming shortwave radiation is one of the key variables used in
this study to model R, and ET.r. As is the case in all modeling studies,
modeling Ry from air temperature and R, has some error that can
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Table 1

Trends (unit per 10-yr period) of daily minimum, maximum, and average air temperature (°C), Tmin, Tmax» and Tayg; precipitation, P (mm); incoming shortwave radiation, R,
(MJ m~2); net radiation, R, (M] m~2); wind speed at 2-m, u, (m s~!); relative humidity, RH (%); vapor pressure deficit, VPD (kPa); grass-reference evapotranspiration, ET, (mm);
and alfalfa-reference evapotranspiration, ET, (mm) from 1893 to 2008 in the Central Platte River Basin, Nebraska. The total change in each variable from 1893 to 2008 is included

in the last column.

Variable 1893- 1901- 1911- 1921- 1931- 1941- 1951- 1961- 1971- 1981- 1991- 2001- 116-yr(1893-
1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2008 2008)
Tinin 0.0568 —0.0018 0.0084 -0.0783 -0.0906 —-0.2797 —-0.0428 0.1041  -0.0877 0.0165 0.0741  -0.0873 0.0236
Tnax —0.0272 0.0773 -0.1058 —0.0861 —0.0432 0.0403 -0.0935 -0.0137 —0.0004 0.1964 0.1992 -0.193 0.0136
Tavg 0.0149 0.0377 -0.0487 -0.0822 -0.0669 -0.1197 -0.0682 0.0452 -0.044 0.1064 0.1366  —0.1402 0.0186
P 0.017 —0.0405 0.0372 -0.0208 -0.0453 —-0.0225 —-0.0607 0.0283 -0.0333 -0.0869 —0.0009 0.1254 0.0097
R —-0.0735 0.0603 —0.0762 0.0006 0.0223 0.189 —0.0307 —-0.0431 0.0385 —-0.0546 —0.022 —0.0449 -0.0223
R, —0.0367 0.022 —0.0266 0.0043 0.0065 0.0362 —-0.0072 0.0045 0.0052 -0.0197 -0.0089 —0.0263 —0.0074
up —0.0054 0.0032 -0.0084 —0.023 —-0.0157 -0.0043 -0.0082 —0.0005 0.0192  -0.0084 0.0146 0.0031 0.0002
RH 0.0687 —0.1375 0.2905 0.0718 -0.0515 —0.8035 0.1282 0.2898 —0.201 —0.4708 —-0.3451 0.2898 0.0164
VPD —-0.0116 0.0071 -0.0094 -0.0011 0.0041 0.0057 -0.0051 —0.0009 0.0053 0.0123 0.0129 -0.0122 0.000039
ET, —-0.0271 0.0185 -0.0283 -0.0149 -0.0018 0.0211 -0.012 —0.004 0.0127 0.0219 0.0255 -0.0292 -0.001
ET; —0.0384 0.0284 —-0.0433 -0.0274 —0.0052 0.0349 -0.0172 —0.0099 0.022 0.0382 0.0418 —0.0419 —0.001

impact the trend and magnitude of changes in ET. In Fig. 3, we
graphed measured and estimated R; on a daily basis from January
1, 1987 to December 31, 2008. While the scatter around the 1:1 line
is large, the procedures used in this study to estimate R; on a daily
time step is moderate with 1 of 0.75 with a reasonable root mean
square difference (RMSD) of 4.05 MJ m~2 d~'. As mentioned earlier,
the R; data were used without any calibration in the R, and ET,¢ cal-
culations. The model overestimated considerably in the lower R
range (i.e., zero to 12-14MJm~2d~') and underestimated at the
high R range. Most of the large deviations from the 1:1 line are
due to the winter (dormant) season R estimates that deviated lar-
gely from the unity. When monthly average R; is considered, the
relationship between the estimated and measured R is stronger
(r> =0.95) and RMSD is lower (1.94 MJ m—2 mo~') (data not shown).
Overall, the estimates were within 8% (overestimation) of the mea-
sured values. On an annual average basis, the estimates were also
about 8% greater than the measured values (RMSD =1.47
MJ] m~2 yr~1). Overestimation of the R; would have an impact on
the ET,ef, but when daily time step is considered, 2% overestimation
in R; would result in only 1% increase in ET,.r, when all other meteo-
rological variables remain constant. As mentioned earlier, the error
in Ry model estimates was about 8% on a monthly and annual average
basis. An 8% increase in R, (e.g., from 24.6MJm2d' to
26.568 M m~2d~!), while assuming other variables remain the
same, results in 2% increase in ET, and 6.4% increase in R, . While
the Ry model error will have a greater impact on R,,, its impact on ET ¢
would be subsidiary. Thus, we suggest that while error (overestima-
tion) in the R; model we used would have an impact on the trends
and magnitude of changes in R, and ET,., the impact is not expected
to be large enough to influence the results of this study considerably
when monthly and annual average analyses are considered.

3.2. Analysis of climate variables: annual time step

3.2.1. Precipitation

In the annual trend analyses section, we examine the climatic and
environmental factors and variables affecting ET, and ET;, and we fi-
nally discuss the annual trends in ET, and ET; and their relationships
with climate variables. In each figure we present the 5-yr-running
average as complementary to the slope of the regression line.
Decreasing and increasing trends in all variables are more visible
on an annual time step as compared with the monthly time step.
The annual (January 1-December 31) precipitation varied greatly
from year to year. On a long-term average basis (1893-2008) there
was a clear and significant (P < 0.05) increase in annual precipitation
as presented in Fig. 4a. Increase in precipitation can have significant
consequences on many other climatic parameters and on ET;r. There

was approximately 100 mm of increase in annual precipitation from
1893 to 2008 in the study location at a rate of about 0.90 mm yr'.
Also, there was a significant increase in maximum daily precipita-
tion (the value for the day with the largest amount of precipitation)
and a noticeable increase in very heavy or extreme events (i.e.,
>70 mm d~') (Fig. 4b). The increase in intense of the rainfall means
that there is an increase in precipitation events that may not be
beneficial to recharging soil profile due to increase in potential for
run-off and flooding. The pattern exhibited by the maximum daily
precipitation is generally in-synch (in phase) with the one revealed
by the annual total precipitation values. The maximum daily precip-
itation has increased by about 45 mm between 1893 and 2008 with
a rate about 0.40 mm yr .

It is clear in Fig. 4a and the 5-yr running averages that from
1893 to 1956 there is a decreasing trend in precipitation and then
from 1956 to 2008 the trend become increasing. Daily maximum
precipitation events were low from 1893 to 1931 ranging between
about 30 to 40 mm d~! and exhibited a sharp increase afterwards.
The maximum daily precipitation occurred in 1967 as 123 mm.
The 116-yr average precipitation for the study site is 650 mm
and 64 out of 116 yrs had above-average precipitation and 50% of
the years that had above average precipitation were between
1967 and 2008. The year 2008 had the record high precipitation
as 1000 mm. The 116-yr low annual precipitation was in 1966 as
356 mm. Similar to the trends observed in our study other studies
have noted the increasing trend, with varying magnitudes, in pre-
cipitation and precipitation intensity as well as in stream flow over
several North American regions (Lettenmaier et al., 1994; Lins and
Michaels, 1994; Karl et al., 1996; Dai et al., 1997; Hulme et al.,
1998; Karl and Knight, 1998; Hamelet and Lettenmaier, 1999;
Kunkel et al., 1999; Neal et al., 2002; McCabe and Wolock, 2002;
Groisman et al., 2004; Gedney et al., 2006; Qian et al., 2007).

3.2.2. Air temperature, incoming shortwave radiation, and net radiation

Maximum air temperature had a non-significant decreasing
trend (P>0.05) on an annual time step with a rate of
—0.0089 °C yr~! or a total decrease of 1.03 °C for the 116 yr period
(Fig. 5a) while T, had a significant (P < 0.05) increase with a rate
of 0.0382°Cyr~! and a total increase as 4.43 °C for the 116 yr
(Fig. 5b). The residuals of average change in all climate variables
are presented in Fig. 6. The greatest T,,,x was in 1936 as 46.7 °C
and annual average Tpi, was in 1912 as —38 °C. T,y (Fig. 5¢) had
an increasing trend due to increase in Tyy;,, although the rate of in-
crease in T,y is significant and almost 50% less than the rate in
Tmin. Our results are in a very close agreement with those observed
by Zheng et al. (2009) who reported an increasing trend in Tpp,
and T, with a change rate of 0.033 and 0.025 °C yr~! in Haihe
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Fig. 2. Monthly average distribution of daily vapor pressure deficit (a), wind speed at 2-m (b), incoming shortwave radiation (c), and net radiation (d) from 1893 to 2008 in
the Platte River Basin in central Nebraska, USA (° and ™ indicate that the slope of the regression line is either significant or not significant at the 95% confidence level,

P <0.05).

River Basin in China, interestingly with a very similar latitude as
our study location.

As expected, R, followed an opposite trend with precipitation by
decreasing significantly with a total amount of —2.59 M] m~2 116-
yr~! or with arate of —0.022 MJ m 2 yr~'. Net radiation (Fig. 5e) fol-
lowed a similar trend as R; with a lesser magnitude of decrease.
Zheng et al. (2009) found similar results as decrease in Rs at a rate

of —0.023 MJm~2d~!yr~!. The maximum annual average R; oc-
curred in 1956 as 17.5 MJ m 2 d~! (almost the same value as ob-
served in 1894). Although 2008 had the record high precipitation
in the last 116-yr period, the minimum R, occurred in 1995. R, also
decreased significantly with a rate of —0.0032 MJm 2 yr~!. The
maximum and minimum Rs and R, did not always follow each
other. For instance, while maximum R; was in 1956 the maximum
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R, occurred in 1988. Increases in T, and decreases in Ty,.x along
with increasing precipitation are consistent with the reduction in
daily temperature ranges observed on cloudy days. Minimum tem-
peratures usually occur during the nighttime, and cloudy nights are
characterized by greater net longwave radiation near the surface
resulting in greater minimum temperatures (greenhouse effect).
Maximum temperatures typically occur during the daylight hours,
and cloudy skies reduce R, resulting in lower T,a. This can be char-
acterized by asymmetric warming of a climate influenced by
increased cloudiness (Balling and Idso, 1990; Moot et al., 1996;
Moonen et al., 2002) and precipitation as shown in Fig. 4a and b.
The opposite trends found in T;,.x from daily values versus annual
averages may be indicative of a change in the number of days that
have maximum and minimum T, values (similar to the opposite
trends in VPD,yg VS. VPDay, Fig. 6h vs. i). Just as the distribution of
precipitation events has changed, the distribution of Ty,.x has chan-
ged. It is important to note that climate change may not always be
characterized by changes in the means of the climate variables,
rather other climate descriptors, such as the standard deviations,
skewness, or medians and modes of a variable, may also change.
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3.2.3. Wind speed, relative humidity, and vapor pressure deficit
Wind speed (Fig. 5f) remained relatively constant throughout

the 116-yr period with a slight, and insignificant (P> 0.05),

increase at a rate of 0.0002m s 'yr~! or 0.023 ms~! 116-yr~.

The two sharpest decreases in u, are clearly visible between
1923 and 1928 as 0.3 m s~ ! and from 1969 to 1971 with the same
magnitude. While our analyses of wind speed do not consider sea-
sonal trends, Cohen et al. (2002) reported an increase in wind
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step from 1893 to 2008 in the Platte River Basin in central Nebraska, USA.

in the afternoon hours wind speeds. They also reported significant
wind direction changes during the same months as wind directions
veered clockwise by about 1° annually. Yin et al. (2010) observed a

speed for Bet Dagan, Israel, which usually occurred in the summer
and autumn months. They reported that between May and Novem-
ber wind speeds increased by up to 0.025 m s~! each year, mainly
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significant decline in wind speed at a rate of —0.09 ms~! per dec-
ade in China with a relative change of —23.74%. Zheng et al. (2009)
observed a considerable decrease in u, at a rate of
—0.014 m s~ ! yr~'. It can be expected that a decrease in u, would
induce ET;f to decline under the assumption that the other mete-
orological variables that drive ET,.s remain constant, which is al-
most never the case. Impact of u, on ETf can easily be offset by
changes in other variables, especially changes in R;.

As a result of increase in precipitation, RH (Fig. 5g) decreased
significantly by 1.9% 116-yr~! with a rate of 0.0165% yr~!, which
is close to the value found by Yin et al. (2010) who observed an
insignificant decreasing trend in RH at a rate of only —0.34% per
decade with a relative change of —2.25%, which was the smallest
change within the five meteorological variables (wind speed, sun-
shine hour duration, Tmax, Tmin, and RH) they evaluated. In general,
the annually average VPD (Fig. 5h) followed an opposite trend to
RH and remained relatively constant, although with large fluctua-
tions in the 1930s, 1950s, and 1980s, with a slight increasing trend
at a rate 0.00004 kPa yr~! or 0.005 kPa 116-yr~'. On an annual time
step, the correlation between RH and VPD is not strong (1% = 0.30,
data are not shown) because the same meteorological and surface
parameters influence both variables differently. For instance, in-
creased precipitation can increase RH, but reduces VPD. Annual
average maximum VPD (Fig. 5i) had a significant decreasing trend
at a rate of —0.0025 kPa. The maximum annual average VPD oc-
curred in 1936 as 4.35kPa when T,,x was at its maximum
(46.7 °C) in the 116-yr period.

3.3. Analysis of grass and alfalfa-reference evapotranspiration

Daily distribution of ET, and ET, is presented in Fig. 7a and b.
The annual total values are presented in Fig. 8a and b. The P value,
slope and the 5-yr running average are included in Fig. 8a and b.
Both ET, and ET; had significant (P < 0.05) decrease on a daily time
step. The maximum daily ET, and ET; occurred on the same day
(July 17, 1936) as 11.9 mm and 16.9 mm. Daily ET, and ET, de-
creased at a rate of —0.001 mmd~'. On an annul time step both
ET, and ET, declined, but only the decline in ET, was significant
(P < 0.05). Both ET, and ET; decreased at a rate 0.36 mm yr—'. ET;
had much larger fluctuations than ET, and this may be the reason
for a non-significant decline in ET;. Annual total ET, ranged from
1003 mm in 1993 to 1377 mm in 1934. ET, ranged from
1351 mm in 1993 to 1885 mm in 1934. Year 1993 was a very
wet year [774 mm precipitation with one of the lowest annual
average Tpnax Rs, With a second highest annual average RH
(63.5%), with a lowest annual average VPD (0.65 kPa) and the low-
est maximum VPD (1.95 kPa)] (Fig. 5). Year 1934 had the highest
annual average u,, second highest Tr,ax, highest T, highest aver-
age and maximum VPD (Fig. 5). The observed decreasing rate in
ET.r (0.36 mmyr~!) is less than those reported in the western
and eastern USA, (Peterson et al., 1995), Australia (Roderick and
Farquhar, 2004); the Tibetan Plateau in China (Zhang et al.,
2007), the Yangtze River Basin (Xu et al., 2006), and the Haihe River
Basin in China (Zheng et al., 2009). Chattopadhyay and Hulme
(1997) observed that the potential ET decreased up to a maximum
of 0.30 mm d~! decade™! over west-central India in the monsoon
and post-monsoon seasons. The lower magnitude of rate of de-
crease in ET.er in our study is largely due to considering a point
scale ET,.f whereas the aforementioned studies mostly considered
the trends in ET..r rates on a basin and/or regional scale. Differ-
ences are also due to using different approaches to compute ET;r.

While both ET, and ET; are very powerful indicators of collective
changes in climate variables on atmospheric evaporative demand
as integrated by the Penman-Montieth model, worldwide, ET, is
more commonly used than ET.. In theory and in practical applica-
tion, there is no difference in choosing one reference surface over

the other. Ideally, using ET, or ET, to quantify evaporative demand
and actual ET should result in similar conclusions as to the magni-
tudes and trends. There is no consensus on which reference surface
should be chosen for a particular region, but the choice could be a
function of climate characteristics of a local region or location. For
example, ET; may be preferable for semi-arid or arid climates be-
cause alfalfa tends to transpire water at potential rates even under
advective environments. Also, alfalfa has a vigorous and deeper
root structure and is, therefore, less likely to suffer water stress
compared with a shallow-rooted grass. In places such as humid,
sub-tropical climates where alfalfa is not commonly grown the
grass-reference may be preferable (Irmak et al., 2008). More vigor-
ous root structure and higher rate of transpiration attributes of al-
falfa-reference, which are implicitly embedded in the calibration
parameters in Eq. (1) as compared with the grass-reference surface,
may be the likely reasons for the larger fluctuations and insignifi-
cant decline in ET; in Fig. 8a. Also alfalfa has greater aerodynamic
and lower surface resistance than a grass surface (70sm™' for
grass and 40 s m~! for alfalfa). Thus, while using ET, or ET; would
result in similar or same actual ET values for a specific vegetation
surface, given the fact that grass is slightly more sensitive to
changes in meteorological variables, its use may be preferred in
evaluating the impact of changes in climate variables on ET.

Since both reference surfaces can be used in climate studies in
determining atmospheric evaporative demand and in estimating
actual ET (ET,) rates of vegetation surfaces using a one-step ap-
proach of adjusting ET,.r with crop coefficients (K.), in some cases
ET, needs to be converted to ET,, or vice versa, so that the K. values
developed for one surface can be used with the other surface to
estimate ET, for a specific plant surface (i.e., ET, = ET,er x K.). This
approach is a very commonly used approach in estimating ET,
rates of agronomical vegetation and has the potential to be used
in climate change and hydrologic studies because as climate
changes, land use (i.e., the type and nature of the vegetation) could
change as well and ET,.r can be linked to surface via K. to estimate
ET, on large scales. Since grass or alfalfa-based K. values are not
interchangeable [i.e.,, K. values that were developed using ET,
(K¢o) cannot be used with ET; to estimate ET,] the conversion factor
between ET, and ET; is needed. While changes with the season and
other factors can vary between the locations, we found that on a
calendar year basis, the long-term average ET; to ET, ratio is 1.35
(Fig. 9). Irmak et al. (2008) found that the ET,/ET, ratio varies less
during the growing season (May-September) than the non-grow-
ing (dormant) season. They also reported that the average standard
deviation between long-term average data was a maximum of only
0.13 for the calendar year and a maximum of 0.10 for the growing
season when using Eq. (1) to develop the ratios. Irmak et al. (2008)
reported long-term monthly average ET,/ET, ratios and their stan-
dard deviations for several locations. Regardless of the reference
surface used, the ratio (1.35) reported in this study is useful to
make conversions between ET. and ET, in the climate change
studies.

3.4. Relationships between reference evapotranspiration and meteoro-
logical variables

Contrary to the expected increasing trend in ET,er due to well-
established increasing trends in air temperature, many studies
(Peterson et al., 1995; Chattopadhyay and Hulme, 1997; Brutsaert
and Parlange, 1998; Lawrimore and Peterson, 2000; Roderick and
Farquhar, 2002, 2004; Chen et al.,, 2005; Xu et al., 2006) have
shown that ET;f as well as pan evaporation, which is strongly cor-
related to ET,.r, have decreased in many regions of the world. As
reported by Yin et al. (2010) several studies attributed decreasing
trends to decreased sunshine duration or Ry in Russia and USA
(Peterson et al., 1995), China (Thomas, 2000; Liu et al., 2004; Gao
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Fig. 7. Distribution of daily grass (ET,) (a) and alfalfa (ET;) (b) reference evapotranspiration from 1893 to 2008 in the Platte River Basin in central Nebraska, USA.

et al., 2006; Wang et al., 2007), Israel (Cohen et al., 2002), and, in
general, in the Northern Hemisphere (Roderick and Farquhar,
2002). The decrease in ET.s was attributed to wind speed in
Australia (Rayner, 2007; Roderick et al., 2007), the Tibetan Plateau
(Chen et al., 2006; Zhang et al., 2007), and Canada (Burn and Hesch,
2007). Chattopadhyay and Hulme (1997) attributed the decrease in
ET.c¢ in India to an increase in RH. Cong and Yang (2009), Ohmura
and Wild (2002), and Xu et al. (2006) attributed the decrease in
ET.s to air temperature. Ren and Guo (2006), Gao et al. (2006),
and Xu et al. (2006) attributed the decrease in ETef to a combina-
tion of changes in R; and u,. There is no consensus among scientists

as to what meteorological variable(s) have caused decreases in
ET.e, which is expected because the impact of individual meteoro-
logical variable(s), especially the impact of their interactions on
ET.er, can change substantially from one region to another and even
in the same region can change temporally and spatially. Thus, the
sensitivity of ET,ef to climate variables can show significant varia-
tion between the locations as well as between the years within
the same location. This is especially true when ET.s is calculated
using a combination-based energy balance method (i.e., Penman-
Monteith) that integrates the effect of various climate variables
on ETer.
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Fig. 9. Daily alfalfa-reference evapotranspiration (ET;) vs. grass-reference evapo-
transpiration (ET,) from 1893 to 2008 in the Platte River Basin in central Nebraska,
USA.

On an annual time step, we analyzed the relationships between
ET.s and climate variables to potentially determine the main
parameters that caused decrease in ET..r. We correlated only ET,
to various climate variables as the relationships would be either
the same or very similar for ET,. The relationships between ET,
and precipitation (P), Tmax, Tmin, Taves RH, VPD,yg, Uz, Rs, and R,
are presented in Fig. 10a-i. On an annual time step, ET, signifi-
cantly (P <0.05) correlated to P, Tmax, Tavg, RH, VPDayg, Rs, and R,
ET, did not respond to changes in T, or u, (Fig. 10c and g). The
ET, most highly correlated to VPD,g (r> = 0.84). Change in ET, is
also strongly correlated to R, with ? = 0.52, which is higher than
the r? of any other variable, except VPD. This can have a significant
implication in terms of empirical equations that are commonly
used in climate change studies that do not account for R,. Espe-
cially temperature-based equations will provide poor estimates
of ET;ef mostly because they do not account for R, and VPD, which
play crucial role when calculating ET,f, especially under humid re-
gions where the variations in ET, are more often due to variations
in these factors than to variations in temperature.

Decline in ET, with increasing P (Fig. 10a) is expected as an
increase in P is usually associated with increase in cloudiness and
decrease in Ry, R, Tnax and, VPD. Precipitation is significantly
(P<0.05) correlated to VPD,yg (r*=0.42), Tmax (*=027), R,
(r? =0.24), and RH (r? = 0.21) (data are not shown). The increasing
air temperature causes a simultaneous increase in both VPD and
outgoing long-wave radiation (Eq. (10)). The increase in VPD in-
creases advective water transfer; while the decrease in R reduces
R;. In our study, RH increased significantly and VPD decreased due
to increases in air temperature and precipitation, contributing to
atmospheric moisture, and a decrease in Rs. As indicated in Fig. 5
Timin» Tavg, U2, and VPD all had an increasing trend and contributions
toincreasing ET..r. However, the affect of increases in these variables
have been offset by the decrease mainly in R, due to increases in pre-
cipitation and cloudiness. One variable is not solely responsible in
driving the trend and magnitude of ET,. For instance, while ET, did
not respond to changes in Ty, alone, a significant increase in Ty
causes a significant increasing trend in T,yg, which ultimately in-
creases VPD. While the correlation between ET, and VPD is much
stronger than correlation between ET, and RH, significant increase
in RH resulted in marginal increase in VPD that would have been
much greater otherwise due to a significant increase in air temper-
ature. Although it was not significant, the reduction in u, may be
an indication of weakening of regional atmospheric circulation,
thereby decreasing ET,.r. However, this may not always be the case
because, mechanistically, the impact of u; on ET, is also a strong
function of the moisture content of the air that is carried over the
surface with wind. If the air that is saturated above the surface is re-
placed with a drier air carried by wind this would increase the atmo-
spheric demand and increase ET,e, which can be a usual case in arid
and semi-arid climates. If the saturated air above the surface is re-
placed with more humid air, the impact of u, on ET,ef may be mar-
ginal, which is usually the case in humid climates. In our study,
although the trend in u, was not significant it implicitly impacts
the ET.er and is accounted for in the Penman-Monteith equation.
In addition, there is an impact of these variables on the length of
the growing season which is an important consideration when
assessing the trends in annual ET, totals. For example, greater ET,¢
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rates may occur during parts of the growing season but if the length
of the growing season decreases, yearly ET,e totals may decrease.
Follow up work by the authors is currently investigating seasonal
changes in ETr and thermal units (growing degree days) and their
implications on ET, and agricultural productivity at five locations
in the Great Plains of the United States.

Higher sensitivity of ET, to VPD and R, (Fig. 10f and i) than to
other variables, in these study conditions, is consistent with previ-
ous research. In a study that investigated the sensitivity of the PM
equation (Eq. (1)) to various climate variables in a semi-arid, Med-
iterranean-type climate, coastal humid, inland humid, semi-hu-
mid, and an island regions, Irmak et al. (2006) found that, in
general, ET, was most sensitive to VPD at all locations [Scottsbluff,
NE (semi-arid); Bushland, TX (arid/semi-arid); Santa Barbara, CA
(Mediterranean climate); Fort Pierce, FL (humid coastal); Rockport,
MO (humid inland); Clay Center, NE (sub-humid); and Twitchell
Island, CA (island)). However, sensitivity of ET, to the same variable
showed significant variation from one location to another and at
the same location within the year. After VPD, ET, was most sensi-
tive to u, at semi-arid regions with strong winds. The R; was the
dominant driving force of ET, at humid locations. At semi-arid
and island locations ET, was more sensitive to Tp.x than Ry in
summer months, whereas it was equally sensitive to Tax and Ry
at semi-humid locations. The ET, was not sensitive to Ty, at any
of the locations. Increase in ET, with respect to increase in climate
variable varied temporally. These findings indicate that each cli-

mate variable has an important role to play in the trend and mag-
nitude and their roles change with regional characteristics. Thus,
only one or two meteorological variables cannot be responsible
for the trend and magnitude of ET..f and they all need be collec-
tively accounted for in a combination-based energy balance equa-
tions, rather than temperature or radiation-based simplified
empirical equations, when used in climate change studies.

While it is not our intention to extrapolate the decline in ET,ef
found at this location to other locations or to actual ET of non-ref-
erence surfaces, we find it important to compare our trends to
trends in actual ET found in other studies, particularly in regard
to the “pan-evaporation paradox”, which was first introduced by
Brutsaert and Parlange (1998). The paradox describes the seeming
contradiction of decreases in pan-evaporation alongside increases
in air temperature. Several studies explain this paradox and con-
clude increasing trends in actual ET by citing a complementary
relationship between pan or potential ET and actual ET, where in-
creases in actual ET follow increases in temperature which result
in decreases in VPD and increases in cloudiness leading to declines
in pan and potential ET (Lawrimore and Peterson, 2000; Golubev
et al., 2001; Kahler and Brusaert, 2006). Brutsaert and Parlange
(1998) limit this explanation to locations that are water limited,
i.e., water availability rather than energy availability controls ac-
tual ET rates. For this study, we do not believe that the decreasing
trend for ET,.r, which is an estimation of the actual evapotranspira-
tion from a non-water-limited reference surface, is contradictory
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to the increasing ET trends found in other studies. Qian et al. (2007)
found that simulated evapotranspiration rates increased at
32.4 mm century ! over the Mississippi River Basin, with a sensi-
tivity analysis suggesting that the majority of the increase was
due to an increase in precipitation which was partially offset
(—23.5 mm century ') by a reduction in solar radiation due to
cloud cover. The increase in ET in their study could be related to
the higher level of moisture provided by increase in precipitation,
however. The difference in our study is that we have quantified
that trend at a single non-water limited location in the Platte River
Basin, so our results are consistent with this result in that increases
in precipitation to a reference surface would not necessarily in-
crease actual evapotranspiration rates. Rather evapotranspiration
rates from a non-water limited surface may be hindered by in-
creases in precipitation at the same time as available energy is
decreasing, as we found in this study. In addition, a large amount
of increase in precipitation found here was in heavy precipitation
events which may not remain at that location to be effectively used
for actual ET due to potential increases in run-off events. We sug-
gest that trends in actual evapotranspiration rates are not just re-
gional, as shown in other studies (Trenberth et al., 2007;
Huntington, 2006), but have a highly local dependency. ET;. de-
clines will depend on many factors, including regional and surface
characteristics, and interactions of climatic and vegetation param-
eters. Furthermore, ET,er and actual ET are driven primarily by sim-
ilar energy terms of the atmospheric factors that determine
evaporative demand. Since actual ET will be impacted more by
the surface (e.g., soil, topography, and hydrology), and perhaps
more importantly by the vegetation characteristics, the trend and
magnitude of change in actual ET will be a strong function of local
surface characteristics. Thus, the local characteristics will primarily
dictate the direction of change in ET;.r and actual ET and their rela-
tionship to pan evaporation.

4. Summary and conclusions

Here, although we found a significant (P < 0.05) increasing trend
in both Tpin and Ty at a rate 0.038 °Cyr~! and 0.0187 °Cyr},
respectively, and insignificant increasing trend in u, and VPD, we
observed a significant (P<0.05) decline in estimated ET,er
(—0.3596 mm yr~! for ET, and —0.3586 mm yr~! for ET,). We pre-
sented analyses that suggest the decrease in ETef is most likely
due to significant increase in precipitation that results in signifi-
cant reduction in Rs and R, as available energy is the primary driver
of ET.er. Since VPD and u, remained relatively constant in the last
116-yr period, we attribute the decrease in ET..s to the decrease
in Rs and, in turn, decrease in R,, at our study location. There was
approximately 100 mm of increase in precipitation from 1893 to
2008 in the study location at a rate of about 0.90 mm yr—'. Also,
there was a significant increase in maximum daily precipitation,
especially in the very high events (i.e., >70 mm d~'). We present
detailed analyses of relationships between ET.er and all meteoro-
logical variables and sensitivity of ET, to the variables. On an an-
nual time step ET.s significantly (P<0.05) and inversely
correlated to precipitation and RH, and significantly and positively
correlated to Tmax, Tavg, VPD, Ry, and Rj,.

In some studies that investigate the relationships between
changes in climate variables and hydrologic balances and their im-
pact on water resources, ET,.r is calculated using mean air temper-
ature- or radiation-based empirical equations. For example,
temperature-based equations have been predicting increases in
ET.er in locations where temperatures have been increasing, by de-
fault. However, temperature-based equations provide poor esti-
mates of ET..r because they do not account for net radiation or
sunshine percentage, vapor pressure deficit, or wind speed, which

can play important roles when calculating ET,., especially under
humid/sub-humid regions where the variations in ET,.f are more
often due to variations in these factors than to variations in tem-
perature. Similarly, the radiation-based equations, including the
Priestley-Taylor model, do not account for the impact of the aero-
dynamic term on ET,., which can impede the performance of these
models in windy and rapidly-changing vapor pressure deficit con-
ditions. These notions can have serious consequences for the way
in which ETef is calculated in climate change models because it
has been shown by others and our study that increase in air tem-
perature dos not necessarily result in increasing ET,er rates. The
trend and magnitude of ETf is not a function of temperature, radi-
ation, or any other meteorological parameter alone. Most datasets
that are involved in climate change studies are limited only to ob-
served Tmax, Tmin, and precipitation, preventing researchers from
utilizing energy balance equations. However, it is well-established
that estimating ET.r using temperature-based equations can lead
to more errors than estimating it using combination-based equa-
tions from predicted primary climatic variables. Further, in trend
analysis, single variable equations for ET,ef inherently pass on the
trend of the original variable which can be misleading if several
other variables are responsible for changes in ET.s. Here we inte-
grated previously developed practical and robust procedures to
estimate necessary climate variables (R;, Ry, Uy, and VPD) only from
observed Tpax and Ty, to be used in the Penman-Monteith-type
combination-based energy balance equations to predict ET, and
ET,, which provides more robust assessments of integrated effect
of change in meteorological parameters on atmospheric evapora-
tive demand. Thus, it is suggested that effort to be made to utilize
combination-based energy balance equations in climate change
studies to estimate ET.f to more accurately assess the effect of
change in meteorological variables on evapotranspiration and
water resources.
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