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Abstract. Under simplifying conditions catchment-scale va- 1 Introduction
por pressure at the drying land surface can be calculated as a

function of its watershed-representative temperatuff ¢) Evapotranspiration plays a central role in hydrologic and

by the_: We_t-surface equation (WSE, §imilar to the Wet'bUIbecologicaI modeling since it is a very effective vehicle for
equation in meteorology for calculating the dry-bulb thgr- mass and energy (due to the high latent heat of vaporiza-
mometer vapor .pressure) of the Complementary Relationsiop, yajye of water) transfer between the land/vegetation sur-
ship of evaporation. The corresponding v.vater.shed ET rateace and the ambient atmosphere, and thus the energy and
<ET>’ s obtained from .the Bowen ratio W't_h the he'P mass-balances of the involved surface cannot be closed with-
of air temperaturg, humidity and perpent pOSSIb|e' SunShIn%ut. Recently there has been a rapid progress in the devel-
data. The result|ng;(Ts>,<ET>) pair tOQEthe; with the o) ment of spatially distributed evapotranspiration (ET) es-
wet-environment surface temperatureli,;>) and ET rate  4aiion algorithms using remotely sensed data. For a re-

(ET,), obtained by the Priestley-Taylor equation, define a,ja\, of the current approaches see Gowda et al. (2008) or
linear transformation on a monthly basis by which spatially ourault et al. (2005). Common to all these approaches is

distributed E,T raltes can fbe estimated as a S|0|e fupﬁyon %he necessity to calibrate the varying number of parameters
MODIS daytime and_ surlace temperaturg, values within ;e rent in them. The same is true of all distributed hydro-
the watershed. The linear transformation preserves the megg i models, where often the relatively large number of pa-
which is highly desirable<T7,,>, in the lack of significant 5 eters may lead to the well-documented phenomenon of
Opin WI?ter surfage; W'(;h'n tr?e study \;v?]tershelcli (Elkhorn g, e harameterization leading to equifinality of the parame-
Ne r?s a), Wﬁs 0 tarllne hast elmean of tde sma es; N;OD@er values, meaning that a wide selection of parameter values
T; values each month. The resulting perio -average (2000aq 1t in almost identical model outputs. Consequently any
2007) catchment-scale ET rate of 624 mm/yr is very Close 0, £T estimation algorithm that is able to reduce the num-

;che wgter-balanci derived ET ratle of dabout ?\17 r?fm/ yr. ;rheger of parameters it requires or itself is calibration-free, such
atter is a somewhat uncertain value due to the effects of (@) oy proposed method below, may prove to be useful in dis-

obgerved grounawater de.plet?on of.about 1m over the studyp, ;ieq watershed modeling and certainly worthy of further
period caused by extensive irrigation, and; (b) the uncer-

. , considerations in our opinion.
tain rate of net regional groundwater supply toward the wa- . ) )
tershed. The spatially distributed ET rates correspond well SZllagyi and Jozsa (20092) recently published an ET es-

with soil/aquifer properties and the resulting land use typelimation method based on an analytical solution of the cou-
(i.e. rangeland versus center-pivot irrigated crops). pled Z—Qturbulgnt hea}t a_nd vapor transport egua‘uons written
for a moisture discontinuity at the surface (Laikhtman, 1964;

Yeh and Brutsaert, 1971). Under a temporally constant en-
ergy term,Q,, (from here on expressed in water-depth equiv-

Correspondence tal. Szilagyi alent [LT~1]) available for sensible and latent heat fluxes
BY (iszilagyil@unl.edu) at the surface as well as unchanging profiles of wind and
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turbulent diffusivity for both drying and a constantly wet ho- same magnitude as the sensible heat flux does over the dry-
mogeneous land surface, the analytical solutions for the teming and warming surface. For a more detailed discussion of
peratureT, [K] and vapor pressure, [ML 172 terms at  this energy exchange, see Szilagyi and Jozsa (2009b). Note
the drying surface can be combined into what Szilagyi andthat while the AA and WREVAP models require the specifi-
Jozsa (2009a) termed as the wet-surface equation (WSE) cation of the potential ET rate and also a so-called reference
evaporation rate, EJ, traditionally chosen to be defined by
es —eys =Y (Tys — T) (1) the Priestley-Taylor (1972) equation in order to obtain the
actual drying environment ET as 2EFPET (Brutsaert and
after its identical form applied in meteorology to calcu- Stricker, 1979), the WSE-based does not. Instead the lat-
late the vapor pressure at the dry-bulb thermometer fromter requires the temperature at the drying and the wet sur-
measuring the wet-bulb temperature and which is calledface. Both WREVAP and the WSE-based ET calculation ap-
the wet-bulb equation. Her&,; ande, are temperature proaches require air temperature and humidity as well as net
and (saturated) vapor pressure at the wet surface,yand radiation at the surface which can be practically take®as
[ML ~17-2K~1] the psychrometric constant. By knowing for averaging time periods equal or longer than a day. Addi-
the temperature of the drying and the wet land surface theionally, the AA model also needs wind measurements for its
typically unknown value of the vapor pressure at the non-Penman equation.
saturated, drying surface can be obtained from Eq. 1. The Below our WSE-based ET estimation approach is ex-
method is based on the assumption that the land-air system tended to disaggregate the watershed-representative ET val-
in a dynamic equilibrium, meaning that air humidity is influ- ues into spatially distributed values over the roughly 1-km
enced predominantly by the moisture condition of the landresolution MODIS data grid via a time-dependent linear
surface (under the give@, and atmospheric profiles) and transformation of thg cell values.
any external latent or sensible heat transfer to the area is neg-
ligible. Obviously this tenet is ever more true with the extent
of the area growing, therefore the ET rate fl{Tthe method 2 Model description
yields with a constan@,, as
The Complementary Relationship (CR) of evaporation re-
ET=0,(Bo+ 171! 2 quires a dynamic equilibrium to be attained between the sur-
face moisture status and the ambient air so that air humid-
from the definition of the Bowen ratio Bo], can be con- ity is predominantly controlled by the soil moisture. Since
sidered as a regional or watershed-representative value.  any passing weather front can tip this balance, Morton (1983,
For the summer-fall season (June—November) of thel985) suggested not to apply the CR for periods shorter than
2000-2006 period Szilagyi and Jozsa (2009a) compared thabout a week, unless the climate is such that weather fronts
WSE-derived (i.e. Egs. 1 and 2) monthly ET rates usingare absent in certain seasons or the whole of the year. See
8-day composited Moderate Resolution Imaging Spectrorathe application of the CR under the latter conditions for sub-
diometer (MODIS) daytime land surface temperature datadaily periods with adjustments to the changing energy avail-
averaged over the month with similar estimates of Morton'sable at the surface by Parlange and Katul (1992). We chose
WREVAP program (1983, 1985) for five rectangular regions a monthly time-step for our calculations because (a) most
across the US and obtained a very high correlation not onlywatershed models employ the same time-step; (b) by aver-
on a monthly but also on an annual basis (iR¥=0.95) aging over a longer period assures that the alternating pro-
between the ET estimates of the two methods. This how-cesses of drying and rewetting of the land occur in a larger
ever is not surprising because both approaches are basd@uimber expected to yield an overall mean behavior of the
on the Complementary Relationship (CR) of evaporationland-atmosphere system according to Eq. 1 and (c) the pos-
(Bouchet, 1963). The CR, as formulated by Brutsaert andsibility of a cloud-corrupted mean monthly cell value Bf
Stricker (1979) in their Advection Aridity (AA) model, is is dramatically reduced if the cell value is averaged over the
based on the assumption that under minimal energy adveononth in such a way that any suspicious value out of the 3—4
tion and a constan®,, term the increase in the sensible heat 8-day composited MODIS daytime values within the month
over the drying land is fully transferred into potential evapo- is left out from the averaging.
transpiration (PET), the latter expressed by the Penman equa- The WSE-based ET estimation model (Szilagyi and Jozsa,
tion (1948). Note that it is the same as saying tBat is 2009a) employs the Bowen ratio in Eq. (2) to calculate
constant at both the drying and the constantly wet surfacethe watershed representative ET valueET>, from the
since then the sensible heat transferred from the drying anevatershed-representative surface temperatfes (i.e. the
hotter surface over the cooler wet patch must fully convertmean monthly7; cell values averaged over the watershed)
into latent heat in order to leavg,, intact there too. Thus and surface water vapor valuee, > (obtained from Eg. 1
the mean latent heat flux from the wet patch, having a fetchevaluated by<7;>) plus the corresponding air temperature
compatible with the Penman equation, will increase by theand water vapor value at a given elevation (typically 2 m)
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from the ground. Since ET predominantly takes place dur-timated as the mean of the lowegtvalues,<T,,; >, within
ing the day, the Bowen ratio must be evaluated with daytimethe study region since these values can be expected to corre-
values. The daytime mean air temperattg, can be cal- spond to the wettest condition in the area. Taking a mean of
culated from the typically available daily mean vallieas  several values rather than picking the lowgstvalue is rec-
Ty =Ta+k(Tmax—T4), whereTyayx is the reported mean daily ommended because some cloud effects may still be present
maximum temperature of the month, ah@—] is an adjust-  even in the monthly averaged cell values. In our study catch-
ment factor, a function of latituded) and season. ment, the Elkhorn River in north-eastern Nebraska, USA, we
To determine, first the length of the daytime (in radian) set this number to be 100 out of the more than 15 thousand
is calculated as twice the sunset angle(radian, relative = MODIS cells comprising the catchment.
to noon). The latter is defined as-arc cosf-tan(®)tan()] Disaggregation of the watershed-representative monthly
with §=0.4093 sin(2 J/365-1.405) where/ is the Julian  ET values into MODIS cell values were guided by the fol-
date of the middle day of the month (e.g. Maidment, 1993).lowing consideration. As it was stated above, Eq. (1) is valid
Considering the daily temperature signdl) (sinusoid with  for extensive areas that provide for negligible energy advec-
an amplitude ofA (=Tmax—7,) and peak around 3p.m., it tion therefore its application on a cell-by-cell basis is not at-
can be expressed dsAsin(—3r/4) with the time of the  tempted here. Rather, a linear transformation approach of ET
day, ¢, given in radian. The value df then results as the vs. Ty is sought for on the premise that the colder a MODIS
mean of this signal (i.e. its integral divided by the integration cell the larger is the cooling effect of ET, thus ET itself. This
interval) over the daytime period of w, 7+w) divided by  requires tha,, is roughly constant among the cells (i.e. the
A. albedo of the cells is not very different, and slope aspects
The daytime air vapor pressukgy,, values for the Bowen are random within a cell). The linear transformation requires
ratio were obtained from the mean, RH—], of the reported  two points to be specified in the Elf-plane, one of them
(typically at 6 a.m., noon, and 6 p.m.) daytime relative hu-is the (<7;>, <ET>) value pair. The other point is rep-
midity values multiplied by the saturated vapor pressure atesented by T,,;> and the corresponding wet-environment
T4:. Note that (a) no such transformations were necessar§gT rate, ET,, which is generally specified by the Priestley-
for the surface values since they are daytime values alreadyfaylor equation (1972) as
(b) RH; is typically very close to the daily mean relative hu-

midity value, so in the lack of several measurements duringeT,, = ¢ A(A + )10, 4)
the day, the latter, most frequently available average value
can be employed. where @ [—] is the Priestley-Taylor parameter, the most

By inserting the daytime values into Eq. (2) the monthly typical value being 1.26 (employed here) within a fre-
watershed representative ET rate becomes (Szilagyi anduently cited range of 1.2-1.3 (Brutsaert, 2005), awnd

Jozsa, 2009a) [ML ~17-2K~1] is the slope of the saturated vapor pressure
. curve at the mean air temperatufg;,. Thus the &«T;>,
<ET>=0, [1+)/(<Tx>—Tdt)(<ex>—gdt)_l] ) (3) <ET>) and («Tys>, ET,) value pairs define the necessary

linear transformation of the celf; values into ET rates on

0, was calculated by Morton's (1985) WREVAP program a monthly basis. Note that the roughly 1-km spatial reso-
requiring only percent possible sunshine as input (the prodution of the MODIS data is large enough so that the wet-
gram also accepts global incident radiation in lieu of sun-environment ET should not be specified by the Penman equa-
shine data) additional to air temperature and humidity meation which works well for small wet and open water surfaces
surements. This FORTRAN source code is hard to get bypnly. At the same time the 1-km scale may not be suffi-
therefore we gladly share it upon request. ciently large so that the resulting ET from these wet cells

The wet surface temperatufg,,, can be approximated by could automatically be considered as the wet-environment
the MODIS temperature values over shallow open water surET rate. Therefore the true wet cell ET rates are expected to
faces with negligible mass/energy transfer in the form of in-lie between the values specified by the Penman and Priestley-
and outflow rates, as was done by Szilagyi and Jozsa (2009aJaylor equation. However, when the Penman equation was
However, this may not always be possible when e.g., the waused for our study watershed in place of the Priestley-Taylor
tershed in question or its proximity does not have lakes or wetquation, many cell values transformed into negative cell
meadows large enough to clearly show up in the roughly 1-ET values in several months confirming that the Penman rate
km resolution MODIS image as a separate cell, as is the casis indeed too high for the 1-km resolution. The same problem
with the present study catchment. Naturally, an open watehas not practically occurred with the Priestley-Taylor equa-
body (mostly due to its albedo) would havga term differ-  tion, indicating that the true wet-cell ET rate must indeed be
ent from the rest of the watershed, but this effect may not beclose to this value. The linear transformation has the dis-
detrimental as the results of Szilagyi and Jozsa (2009a) inditinct advantage that it preserves the mean, thus ensuring that
cate. In the lack of clearly identifiable open water surfaces inthe spatial mean of the ET cell values is the same B3>
the MODIS images, the wet surface temperature can be esas long as the number of negative cell ET values (and the
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Fig. 3. Distribution of the roughly 4700 registered center-pivots
Kiometers within the catchment.

Fig. 1. Location of the Elkhorn River watershed and the climate
about 160 km north of Norfolk. Catchment climate is con-
tinental, with warm summers (July mean air temperature is

. ‘“‘q\(é"% is around—3° C), with a long-term mean annual precipita-
%‘;‘% tion of about 650 mm out of which about 350 mm falls in the
s i““%a
?ﬁ}&% & with about 110 mm of precipitation, and the driest is January
‘ﬂ !g‘ with less than 15 mm. Mean relative humidity is typically in
L, o
E Lower Elkhorn I : winds of about 3—4 mst at 2m. Percent possible sunshine
in the summer is typically about 70%.
Upper Elkhiom nor relief changes, most of it occurring in the western, Sand
Hills portion of it (Fig. 2). While this part is made up of
shown is the extent of the Sand Hills within the catchment. glacial till deposits. Depth to the groundwater varies widely
over the watershed from several meters to more than 70 m
necessary replacement of the negative values with zeros) Ia\IDNR, 2006). The specific yield of the water-bearing un-
negligible. In the rare occurrence when the surface temper:
) . ) . 2006).

corresponding ET rate to E;T out of consideration that this ) i i

ought to be the maximum achievable ET rate of the MODIS T he dominant land-cover is range-land grass in the Sand

contamination still present in the MODIS data on ET having Ment is predominantly irrigated crop, mostly corn and soy-

been reduced. bean (Dappen et al., 2007). About 4500%(@5% of the
8400 registered wells (NDNR, 2006), out of which, circa
3 Model application and results 4700 are center pivots (CSD, 1996). Figure 3 displays the

station within. available in Norfolk came from Sioux Falls, South Dakota,
Sy about 23 C) and cold winters (January mean air temperature
~’ {
R .
Z 4{3’&3’5‘%‘&?{.« ) .
aﬂ% oo growing season (NDNR, 2006). The wettest month is June,
the range of 65—75%, accompanied with average sustained
".".7 ] North Fork Elkhorn Kilometers
The watershed, being situated in the Great Plains has mi-
Fig. 2. Stream network and sub-catchments of the Elkhorn. Alsogglian sand, the rest of the watershed sits predominantly on
.and so does the saturated thickness, from 0 to almost 300 m
: SR 0
ature value of a cell is smaller thanT,,;>, we limited the confined aquifer is within the range of 5 to 20% (NDNR,
cellin the given month, thus the effect of any potential cloud Hills portion of the watershed, while the rest of the catch-
drainage area) is irrigated within the watershed from around
distribution of the center pivot irrigation systems.

3.1 Study watershed description

3.2 Results by the WSE-based method
The above model was tested on the Elkhorn River watershed
in north-eastern Nebraska (Fig. 1). The Elkhorn catchmenifThe MODIS data available online start with the year of 2000,
is a medium-sized watershed having an area of 18 160 km therefore the modeling period was chosen as 2000-2007
The climate data the model requires is from Norfolk, just since not all required data were accessible for 2008. Monthly
in the middle of the watershed (Fig. 1) at an elevation of ET was modeled from March to November each year, be-
471 m. The only model input, percent possible sunshine, notause (a) from December till February ET is negligible due
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Land surface and air daytime temperature, Elkhorn, NE, March-November, 2000-2007 Actual and wet-environment ET, Elkhorn, NE, March-November, 2000-2007
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Fig. 4. Monthly watershed-representative (drying) and wet- Fig. 5. Monthly estimates of the watershed-representative ET rates

environment daytime land surface and air temperatures derive@jerived by the current WSE method. Also shown are the Priestley-
from MODIS and shown as a continuous record. Taylor wet-environment ET rates.

to the cold temperatures, and; (b) the possibly patchy snow
cover (due to the snow cover’s vastly different albedo from
that of the land) in the winter may grossly violate the spa-
tially constantQ, requirement of the model. Figure 4 1601
displays the watershed-representative and wet-environmen
daytime surface temperatures by month. The mean differ-
ence between the two types of surface temperatures is abot _
5°C, somewhat larger in the summer months, and smaller in § 1001
the winter. The wet-environment surface temperature is typ- 4!
ically several degrees larger than the corresponding daytime
air temperature measured at 2 m. .
Figure 5 shows the watershed-representative monthly ET “¢¢ ‘ ; | il
rates together with the wet-environment values. Note that xp 1
the two ET rates were derived with different approaches, the
actual ET rates with the present WSE-based method, while
the wet-environment rates directly with the Priestley-Taylor
equation, never employed in the WSE-based method so faFig. 6. Monthly estimates of the watershed-representative ET rates
yet, it never happens that actual ET would be larger than thédy different methods. Here=1.31 in the AA model.
wet-environment ET rate estimated by the Priestley-Taylor
equation, even when they are very close together in the colder
months. Estimated actual ET rates are small in the coldscale as well, the former yielding a period-averaged mean
months (less than 30 mm), while they typically reach 130 mmannual ET rate of 617 mm, while the latter 605 mm, with a
in the warmest months, the largest ET rate being 170 mm ircorrelation coefficient of 0.98 between the two annual val-
July, 2007, the wettest year (PRISM, 2009) within the studyues. Through a simplified water balance, annual watershed
period, having 926 mm of precipitation (Fig. 8). ET can be estimated as the difference between precipitation
The present WSE-based ET estimation approach yield&nd runoff (Fig. 7), resulting in a period-averaged mean of
very similar results to the two other CR-based approache$99 mm. The Elkhorn River at Waterloo, Nebraska has a
(Fig. 6), its cold month ET values typically intermediate period-averaged annual flow rate of 75mm which is well
of the other two, the AA yielding an excessive number of within the range of the inter-annual variability of precipi-
months with zero ET rates, as was already reported by Szitation (Fig. 7), therefore the simplified water-balance ET is
lagyi and Jozsa (2008). Figure 7 compares the differenfighly correlated (0.99) with precipitation.
watershed-scale ET estimates on an annual basis. The Mor- At first sight the period-averaged ET rate of 624 mm by
ton and AA models behaved very similarly at this temporal the present WSE-based model seems to be an overestimation

Actual ET by different methods, Elkhorn, NE, March-November, 2000-2007
200 T

T T T T T P =
- ETyorton
o AA

current

180

OO

120

80
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Precipitation, actual, wet-environment ET, Elkhorn, NE, 2000-2007 Precipitation [mm#Ayr], Elkhorn, NE, 2002
950 ; ‘ : : : ‘ ’ T

Precip

2007

500 g |

450 I I I I I
2000 2001 2002 2003 2004 2005 2006 2007
Year

Fig. 7. Annually aggregated values of precipitation, watershed-
representative, and wet-environment ET. fTis the simplified
water-balanced derived (i.e., the annual difference of precipitation
and runoff) ET rate.

| i i |
. . . 400 500 600 700 800 900 1000
when compared to the 599 mm obtained from a simplified
yvgter_balance: However, so far thg e_ffect of the extensiv ig. 8. Spatial distribution of the PRISM precipitation values for
irrigation practice that takes place within the watershed, and o yriest (2002) and wettest (2007) year.
results in 25% of the drainage area being irrigated, has not
been discussed. While it is true that irrigation should not af-

fect the period-averaged value of ET obtained by the simpli-gjtional source of water for ET is hard to quantify, but most
fied water balance purely because whatever is irrigated angropaply further increases (however certainly not signifi-
thus evaporated from the watershed would show up as degantly) the water-balance derived ET value of 617 mmiyr
pletion in the runoff values, this argument holds as long as
the overall water storage of the watershed is left intact over3 3 Spatially distributed surface temperature-ET trans-
the same period. This is clearly not the case for the study formation results
watershed. The Elkhorn catchment has suffered an overall
1-1.2m drop in groundwater levels between 2000 and 2008 here remains discussing the cell-based transformation of
(CSD, 2007). Calculating with a mean specific yield of 13%, the surface temperature values into ET rates. Figures 9
this groundwater decline translates into 130-156 mm of ad-and 10 display the distribution of the daytime surface tem-
ditional ET over the study period, which means an extra 16-perature values for the driest (2002) and wettest (2007) year
20 mm annually. Thus the water-balance derived mean anef the study period. The land surface temperature differ-
nual ET rate becomes about 617 mm, which is only 1% lessnce between the two years is clearly visible in June through
than what the WSE-based method predicts. From the 8 yearSeptember, just as seen in Fig. 4. In July, 2002 the west-
of the study period, 2002 was the driest (PRISM, 2009) withern, Sand Hills, part of the watershed, with little irrigation,
only 506 mm of rain Fig. 8, and according to Fig. 7, this had experienced surface temperatures well above&4hile in
to be the year when the largest drop in groundwater depletiorr007 such temperatures were absent from almost the entire
due to irrigation must have occurred because simulated ETvatershed.
levels are 100-140 mm over the precipitation rate that year. The result of the monthly linear transformations of the
After 2002, simulated ET levels were always smaller thandaytime surface temperature values into ET rates is displayed
precipitation. in Figs. 11 and 12, again for the two most contrasting years.
Due to a characteristic regional west-to-east head-gradierih June, ET was larger in the dry year of 2002 than in the
within the unconfined groundwater across Nebraska, netvetyear of 2007, while by July it reversed. It is partly so be-
groundwater inflow to the watershed is probably not zero,cause the month of June in 2002 had more precipitation than
meaning that more water flows in across the western bordein 2007, while the month of July in 2002 had very little rain.
of the catchment than what leaves across the eastern side, ridaturally, irrigation is aimed to supplement the missing rain,
gional head gradients being somewhat gentler here. This adhus the largest contrast in ET between the two years can be
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Fig. 9. Spatial distribution of the MODIS daytime land surface tem- Fig. 11. Spatial distribution of the monthly ET rates for 2002, ob-
perature ) values by months for 2002. tained by a month-by-month linear transformation of Thevalues.
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] S ) Fig. 12. Spatial distribution of the monthly ET rates for 2007, ob-
Fig. 10. Spatial distribution of the MODIS daytime land surface 5ineq by a month-by-month linear transformation of Thevalues.
temperatureX;) values by months for 2007.

- . . 4  Summary
observed over the non-irrigated Sand Hills region. The ET

635

contrast between the two years there is the largest in July anfl new monthly, cell-based linear transformation of the
August, simply because by that time the grass in the SanqyODIS daytime land surface temperatures into ET rates is
Hills depleted the available soil moisture due to the fa|||ng proposed in this Study_ The anchor points of the month|y lin-
rains in 2002. Figure 13 displays the obtained linear transforear transformations are the wet-environment and the spatially
mations by months. The lower right end of each line segmengyeraged land surface temperatures with the corresponding

corresponds to the(T, >, <ET>) value pair, while the up-

wet-environment ET, given by Priestley-Taylor equation, and

per left to the &Ty,>, ET,) pairs. Of course, during the the spatially representative actual ET rate. The linear trans-
cell-by-cell transformations the straight lines are extended tGormation conserves the mean, i.e., the arithmetic mean of
the right to reach the highest daytime land surface cell tem+he cell ET values is the same as the spatially-representative
perature observed in the month and produce the lowest EET rate. The obtained linear equations are then employed

rate in that cell within the catchment that month.
temperatures within the study area.

www.hydrol-earth-syst-sci.net/13/629/2009/ Hydrol. Earth Syst. Sci., 13,68202009
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T BT inear ransfometions by month Table 1. Sensitivity of the watershed-representative, period-

averaged annual ET rate to the number of wet cells chosen for aver-
aging. The study-employed values are in bold.

250

200+

% oftotalcells 0.1 03 05 06 07 09 1.1

§ # of cells 16 47 79 94 110 141 173

% ET(mmyrl) 622 637 629 624 627 632 636

73
=)

ET [mm/mo]

o
=

=S
\§ on how many of the cells are actually wet. In this study we
sor e 1 specified this number a constant, i.e. 0.6% of the total num-
\ ?;\\ ber of cells within the study watershed, resulting in about
100 (94 to be exact) cells. In more humid watersheds this
R number may be higher, while in more arid ones lower. The

R overall ET estimates in our case are only slightly sensitive to

Fig. 13. Graphs of the obtained.-ET li transh tions for the exact value of this number within the 0.1%-1.1% range
ig. 13. Graphs of the obtainefl;-ET linear transformations fo o e ) .

each month. The length of the horizontal projection of each line cor-.(-l_able 1). For additional sensitivity analysis of the variables

responds to the difference between wet-environment and watershed Eq.1, see. Szilagyi and Jozsg (2009a).
A convenient way of checking the correctness of the

representative land surface temperatures, the vertical projection : X )
length indicates the difference in the corresponding ET rates. Durinodel is making sure that (a) the spatially- or watershed-

ing the cell-by-cell transformations each line is extended downwardrepresentative ET rate is always smaller than the correspond-
to reach the highest cell temperature in the given month. ing wet-environment ET value; (b) the number of cells with
negative estimated ET rates is minimal.
The present model has been applied over the Elkhorn wa-

The wet-environment daytime surface temperature can beershed in north-eastern Nebraska, and at the watershed-scale
obtained by the MODIS values over shallow open water bod-produced very similar results to other Complementary Re-
ies (or wet meadows) with negligible lateral mass/energylationship based models. Over the 2000-2007 study period
transfer in the form of in- and outflows, as was demonstratedhe present model yielded a period-averaged mean annual ET
by Szilagyi and Jozsa (2009a), or in the lack of them, as inrate (624 mm) only 1% more than the water-balance calcu-
this study, by the mean of a statistically significant number oflated value of 617 mm. With the help of the spatially dis-
cells having the lowest temperatures within the study area inributed ET estimates it was possible to detect the vastly dif-
the given month. This latter approach assumes the existendering moisture dynamics of the grass-covered range-lands of
of wet cells each month, which may not be generally true inthe Sand Hills in the western part of the Elkhorn watershed
more arid areas where the first approach is recommended. from that of the rest of the catchment covered by intensively

The spatially representative ET rate is obtainable by theirrigated corn and soybean fields.
simultaneous application of the Bowen ratio and the analyti- The present method is expected to work best on a time-step
cal solution, called wet-surface equation (Szilagyi and Jozsalarger than a week therefore the 8-day composited MODIS
2009a), of the coupled 2-D turbulent heat and moisture transimages are almost ideally suited for the present method. Its
port equations under restrictive conditions, namely, minimalinput data requirement is very modest, beside the daytime
advection, constant net energy at the surface, as well as unand surface temperatures, only daily mean and maximum air
changing atmospheric conditions over the applied time-steptemperature, humidity and percent possible sunshine (or in-
all these the requirements of the existing Complementary-cident global radiation) are needed. The model currently em-
Relationship-based ET estimation methods, such as the Adsloys Morton’s algorithm (1985) for the net surface radiation
vection Aridity model of Brutsaert and Stricker (1979) or value in the Priestley-Taylor equation. The method should
Morton’s (1985) WREVAP program. not be used near sudden discontinuities in land-surface prop-

The proposed method does not have any parameters to carties (Morton, 1983, 1985) such as the sea-land interface be-
ibrate. However, in future applications it may be necessary tacause there the minimal advection requirement of the Com-
adjust the value of the Priestley-Taylor parameter in the wetplementary Relationship is seriously violated since in such
environment ET equation. Here the most widely acceptedareas the land and air moisture dynamics are mostly decou-
value of 1.26 was used for the current ET estimation algo-pled (Szilagyi and Jozsa, 2008).
rithm. Also, the required number of statistically significant
wet cells (in the lack of extensive shallow water bodies or
wet meadows) may vary from study to study, based mostly
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