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DearEditor and Reviewers,

Again,the manuscript faced considerable changes and we think that the manuscript has
improved even rare.We re-arrangedhe manuscripthoroughlyas suggestely reviewer#3
and putall of the descrbing Figures of the Methods the Results sectiokVe also changed
and unifiecthe layout of the Figures slightand also deleted Figure 3, since most
information wasalso appearing in (old) Figute

We alded moreevaluation of the fiml gridded prduct by comparing it to the INCA
nowcasting systeraf the Austian weather servic&Ve think it was really worth the effort,
since it clearly shows the benefit of our method and the added value.

We hope you gree and \ait for yourfeedback.

The authos
Klaus Haslinger
Annett Bartsch
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Reviewer #1

This revision addresses alll my earlier comment s

specific numerical approach taken in the new Figure 13. See below.

0000080000000000080800

New Figure 13 and accompanying discussion: | think you have the right physical idea, but the
mat h you give isndt quite right. Since DTR
elevations, your reasoning would say that a *lower* value of Cadj shaufdund by the

analysis, not a higher value (right?) Since we think of DTR*Cadj as an approximation of

radiation in the HM method. Yet you find a very high value of Cadj at these times and places.

So, instead, | think the key mechanism is that the *abesolalues* of DTR are so much

i s

wel |

*| ess

|l ower in winter and/ or high elevations, compared to

which the HM was developed. That is, for any given value of cloudiness (or sunshine hours or
similar), DTR is much smaller in winter/higilevation than in normal environments (due to

the free tropospheric ventilation / mixing mechanism you describe.) So this small DTR needs
to be multiplied by a much higher value of Cadj to compensate for this and achieve the right

value of radiation relate to Ra.

One way to see this would be to plot the *regression* coefficient of DTR against global
radiation, instead of the correlation coefficient. If my idea above is right, this regression
coefficient should be much smaller in high elevations (esiedia winter) than in low
elevations. Even better would be a zarercept (y=mx) regression of sqrt(DTR) against the
ratio of global to extraterrestrial radiation, since this is the best mathematical match to the

HM. (In the HM, sqrt(DTR) seems to berpmeterizing this ratio.)
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Thank you for your valuable idea of displaying the regression coefficients instead of the
correlations. We deleted the Figure with the correlations and created a new one showing
the linear regression coefficient of the sqrt(DTR) against the ratio between
extraterrestrial and global radiation. The paragraph describing the Figure and
discussing the implications was also changed of courd¥e think that the new approach

is better explaining the physics behind, thanks again for this recommendation.
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Reviewer #3

This manuscript introduces a new approach to construct daily 1 km fields of reference
evaporation. The Hargreaves method is improved and calibrated over space and time against
PenmarMonteith. The methods are applied and analyaeer Austria from 1961 to 2013.

While | find the method and description logic and appealing and the contribution thus
relevant, | am not fully convinced by its presentation in the manuscript. Regarding this | have

two major concerns/suggestions:

1) For the content | would recommend to have a separate part that is reserved for the
evaluation of the product. This starts with including existing similar products (for instance the
maps mentioned by reviewer #2) in the introduction over methods for compafrigenrew
products with the old ones and general plausibility (as done with the correlation between
diurnal temperature range and global radiation in comparison to the Cadj values already) in
the methods to their presentation in the results and discu3$ienwould lead to a clearer

message regarding the novelty and the ability of the introduced method.

Thanks your comment. We now added a further evaluation of the final gridded product
against another ETO dataset. As w also replied to Reviewer #that the intention of this
dataset was not to provide n& long term climatological means of ETO, but rather to
create ETO fields on a daily time step. So we consider a corapson with climatological
mean mapsnot useful and thereforeaimed to compare our ETO estimates with another
high resolution gridded dataset, the ETO of the INCA (Integrated Nowcasting through
Comprehensive Analysis, Haiden et al., 2011) system. This dataset is limited going back

in time, but provides a goodbasis forevaluaing our ETO estimates.

A whole new section was introduced in the results with a comparison of INCA and our

dataset compared to station data.

2) The structure of the paper was not always clear. Often there is a mix between Methods

and Results but also between Discussion and Results (see maifeddedbmments in the
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specific comments below). | would hence recommend revising the structure of the document

substantially.

We changed the whole structure as recommended. We think that the manuscript clearly

improved through these measures, thank you for thisscommendation

Specific comments

P5L28 P6L14 These are Results not Method

Shifted to Results

P6L24 P7L2 Results not Method

Shifted to Results

P7L7-L23 Results not Method

Shifted to Results

P8L3f om fiAs was shownéo to P8L23

For all the above indicated lines, | see that these are meant to be preliminary results that lead

to the further development of the study. However, it disrupted from reading and | had to

check several times which section | wasding actually. | would recommend moving all

these to Results. The Method section then could be structured to 1) which parts of the method

were needed for the development of the method, 2) the application of the method and then

finally 3) the evaluatiorof the method. 1) specifically, could then be structures like this: this

and that was tested toéand then mention that based

taken

As mentioned before, the whole manuscript has been restructure@he methods section
was reordered, not referring to Figures which arein the Results section nhow. We also

added a paragraph on the evaluation with the INCA dataset

PI9L31:P10L10 should be reformulated to stress the benefit more clearly
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This passage was reformulated and text was added:

fiConsidering Austrian topography it comes clear that using a method like HM without
calibration has major impacts on the result. Using norcalibrated HM ETO data for
rainfall -runoff modelling for example would introduce large errors and uncertainties.
Given thefact that gridded ETO based on PM are only available for a rather short time
period from the INCA system, the AET dataset provides a sound alternative for ETO

estimates on a high spatial resolution covering the last 53 yeays.

P10L11 From here would be great to have this evaluation part including the comparison to
existing maps as pointed out by reviewer #2, which could impact the discussion on Cadj, and

add credibility as well as general advantage of the method proposed to existing methods

As mentioned above we extended the manuscript with an evaluation with INCA ETO
fields where we compared different error characteristics against station data (Bias,
RMSE, RE). We added a new Figure which shows exemplarily two fields of INCA and
AET on the same day and the associated station values. We also added a table showing

the monthly and all year round error characteristics of both datasets.

P10L26-27 This sentence is not well connected to this paragraph, it would be linked better
in a paragraph dealing with this relationship, the consequent Caj values per day and grip point
and a comparison to other products and/or the pronounced events teatamydow

exemplary used in the study

Right. This sentence made not much sense at that passage, so we decided to delete it,

since it is not essetmal.

P11L716 this is not Discussion but Results
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We did not move this part of the text to theResults since we think it is better placed in
the Discussion. We think, that this part dealing with the reasons behind this altitude
deperdence is very well suited in the Discussionsinse it is not a Result per se, but
rather a discussionof the result, the implications and the characteristis behind the

Hargreaves method We kindly hope you accept ousuggestion

P12L1016 Results not dicussion

Shifted from Discussion to evaluation part of Results section

Technical comments

There are many formulations that could be expressed easier and more concise, it would be
advisable to have a native Hisp person correct for the language in the manuscript. Some of

these formulations | picked up below. Generally, the own results are presented in past tense.
P1L19in -> over

Done

P1L20 the sole predicter the only predictor

Done

P1L22the statistical> a statiical

Done

P1L24Having-> with these

Done

P1L2629 Reformulate to be clearer

We reformulated in the following manner: fi. This approach is opening opportunities to
create high resolution eference evapotranspiration fields based only temperature
observations, but being closest as possible to the estimates of the Pendamteith

approach0
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P2L2 by the fluxed-> by fluxes

Done

P2L3 the latter-> evapotranspiration

Done

P2Lb Aiagricul tured does this imply science or
Agriculture was changed to agricultural sciences

P2Ll24fiihave been de¥ehapedeédmdgionasanwherestiesnput adata is

not sufficient to used PM. O

Done

P2l25add fone of these simpler methodsodo before

this papero to the end of the sentence
Done
P2L27by -> from

Done

P2L273 0 rewrite to make cetHMis mucH beoader; apphcable fof i k e :

many regions, because temperature observations are dense and easily accessible.
Nevertheless, like most temperature based methods, HM has been developed for distinct

studies and regions representing also distinct tlima condi ti ons. 0

Done

P2l3ladd fte/hmpasrealtourmhef ore met hods

Done

P3L1 to-> i n; add Ain thosed before they

Done

P3L3 add comma after Aln this paper o and Ai s
Done

P3L5 on->in?

Done

he

=13

, t

presentedo

far mei
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P3L8 similar results compared to PM results comparable to PM
Done

P3L12ard the interpolating> followed by an interpolation of
Done

P3L13in this paper> here

Done

P3L22to use the better at using the best

Done

P3L28 The foundation of the ETO calculationssisThe ETO calculations are based on
Done

P3L32 remove fand remtc hd aaygod ;d orwenmdad we trthteh e resnduct i on
Done

P4L2 for->to

Done

P4L3 to ensure> at ensuring

Done

P4L4 whole-> full

Done

P4L6 (DEM). The SRTM DEM was also applied in this study.
Done

P4L9 remove the before HM

Done

P4L1lis-> ar e; change to fito calb®dgiage® @¢thMd was t @l rPeVa doyn

introduced before)
Done

P4L12among the Austrian domain and also comprise rathever Austria and cover

of

a



Done

P4L15covering-> for

Done

P4ALl20Re move fAAs explained abovebo
Done

P4L22they-> these methods

Done

P5L25the original publication of

Done

P6L28removeunderscore

Done

P6L30r emove fAtime of o, change firather higho to Athe higl
Done

POL1 r emove fitheo -bThi$§higheeETBi gher ; it

Done

POL2 higher-> longer?; termee> known?
Done

P9L4 Northwest no capital (also for the other cardinal directions in the manusspitjfy

the Aito not clear I|ike this
Done

POL6 r emove fAthedo before ETO
Done

POL7 again-> also; the higher proportion ef longer

Done

P9L8 enhances indirectly EF8 enhance ETO indirectly

Done

1C
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PIL9 remove exemplary

Done

P9L12bringing-> which brought
Done

POL13This is-> These coditions were
Done

P9L14nearly-> almost

Done

P9Ll24Re move fion the other hando or

Done

PoL28Aiwhi ch i sidi before equival ent

Done

P9L30 remove fitheo before some

Done

replace it with

P910 is generally above the originab has generally a higher value than Haages

original value; in> during
Done

P10L29 add fdwas doneo after

Done

P10L31 will be-> is

Done

P10L32 are dropping> drop

Done

P11L24 Change to #ANumerous studies

radiation (Pané) showed

Done

ecgampder abl e

anal ysi s

investigating

11

t

correl ations.

nst

h e I
Fo
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P11L31 add Athe coefficiento before
Done

P12L24 -25 Split sentence in two

Done

P12L29 may be> is

Done

P12L30 aims to provide> provides; tries to combine combined
Done

Table 1, caption Figure 1: remove underscores

Done

Caption Figure 2 station stations removor before the spread

Done

Figure 15 add July and January at a more pronounced place of the figure not just in the

caption similar to Fig 13

Done

C
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Ceating |l ong term gridded fields

evapotranspiration in &Alpene terrai

cali bHat gdemetetso d

K. Haslinger!, A. Bartsch*

[1{ Central Institute for Meteorology and Geodynamics (ZAMG), Climate Research

Department, Viennaustria;

Correspondence t&. Haslinger(klaus.haslinger@zamg.ag.at

Abstract

A new approach for theconstruction of high resolution griddefields of reference
evapotranspiration for the Austrian domaim a daily time stejs presentedGriddeddata @
minimum and maximum temperaturg® usedo estimateeferenceevapotranspiratiobased

on the formulation of Hargreave3he calibration constant in the Hargreaves equation is
recalibrated to the Penm&sionteith equationin a monthly and statiewise @asessmenihis
ensures on one hand eliminated biases of the Hargreaves approach compared to the
formulation of PenmaiMonteith and on the other hand also reduced root mean square errors
and relative erroroon a daily time scaleThe resulting new calibriain parameters are
interpolatedir-over time to a daily temporal resolution for a standard year of 365 dags.
overall novelty of the approach is thiseof surface elevation ahe seleonly predictor to
estimate the realibrated Hargreaves parameter in space. A third @algnomialis fitted to

the recalibrated parameters against elevation at every statinch yields the-a statistical

model for assessing these new parameters in spagsirity the underlying digital elevation
model of the temperature fieldsavingWith thesenewly calibrated parameters for every day

of year and every grid point, the Hargreaves method is applied to the temperature fields,

yielding reference evapotranspii@n for the entire grid and time period from 198Q213.

Aspiration

{FAO)Y—This approachis opening opportunites to create high resolution reference

13



1 | evapotranspiration fields basedytemperatur@bservationsbutbeing closest as possible to

2 | theestimates of thBenmarnMonteithapproach
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1 Introduction

The water balancén its most general fornis determined bythe-fluxes of precipitation
change in storageand evapotranspiration(Shelton 2009) Particularly for the

lattelevapotranspiratign measurement is rather costly, since it requires sophisticated

techniques like eddy correlation metksamt lysimeters In hydrologyas well as agricultat
sciences the actual evapotranspiratioas part of the water balance equatisnmostly
assessefrom the potential evapotranspiratigRET). PET refers to the maximum moisture

loss from the surface, determined by meteorological conditions and the surface type,
assuming unlimited moisture supply (Lhomme 1997). Since surface conditions determine the
amount of PET, the concept of reference evapotranspirafigi0) was introduced
(Doorenbos and Pruitt, 1977). ETO refers to the evapotranspiration from a standardized
vegetated surface (grass) under unrestricted water supply, making ETO independent of soil
propeties. Numerous methods exist for estimatififQ; differences arise in the complexity

and the amount of necessary input datacalculation

A standard method, recommended byRoed and Agricultural OrganisatioRAO; Allen et

al. 1998) is the Penmaionteith (PM) formulation of£TO. There are of course countless
other methods as thoroughly described in McMahon et al. (2013), but theqBation is
considered the mostliable estimateand serves as a standard for comparisons with other
methods (Allen et al. 1998). PM fully physically based antequiresfour meteorological
parameters (air temperature, wind speed, relative humidity and net radidtianijizes
energy balance calations at the surface to derif€TO and is therefore considered a
radiation based meth@Xu and Singh 2000)

On the contrary, much simpler methods which use air temperature as a proxy for radiation
(Xu and Singh 20015
sufficient—input—datare appliedas alternatives for regions where the input data is not
sufficient to use PMin-this-paperOne of thessimplermethods the method of Hargreaves

(HM, Hargreaves et al. 1985% usedin this paper It requires minimum and maximum air

temperature anéxtraterrestrial radiation, which can be derivieg-from the geographical

location and the day of yeafhough-much-easierto-calculpbs temperature-observations are

climatiesettinddence, HM is much broa&d applicable for many regions, because temperature

15
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observations are dense and easily accessdeertheless, like most temperature based

methods, HM has been developed for distinct studies and regions representing also distinct

climate conditions(Xu ard Singh, 2001). To avoid large errors, thésmperaturdased

methods need to undergo a recalibration procedure to make them apphcabtiifferent
climatic regionsthanin thosethey were originally designed for (Chattopadhyay and Hulme
1997, Xu andChen 2005).

In this paperthe method for constructing a dataset of E3Qresentecbn a daily time
resolution and a 1 km spatial resolution based on the method of HargieavesentedThe
HM is calibrated to the PMbha-in_a statioawise assessmenMany studies describe te
calibration procedurefor ETO estimations in general (Tegos et al., 2@6&din et al. 2005)
ard for the HM in particular(Pandey et al. 2014; Tabari and Talaee, 2@Hltista et al.,
2009- Gavilan et al. 2006) in order to achéesimilar—resuliscompared—toPMresults

comparable to PMThere arealsosome studieslescribingmethods for creating interpolated

ETO estimatege. g. Aguila and Polo,2011; Todorovicet al, 2013). However, two main
methodological frameworks emerged fbe interpolation of ETO (McVicar et al., 2007): (i)
interpolation of the forcing data and then calculating ETO, or (ii) calculating ETO at every
weather statiomnd-the-interpolatirfollowed by an interpolation dETO onto the gridin-this
papeHerewe follow the first approachnd combine it with methods proposed by Tegos et al.

(2015) andMancosu et al. (2014vhich use spatiallynterpolatel ETO model parameters
Gridded data ofminimum and maximum temperaturase used as forcing fields for the
application of the Hargreaves formulation of ETO. The novelty of this study is the application
of elevation as a predictor for the interpolation of thealkbrated HM calibration parameter.
Furthermore, these new catition parameters are also variable in time, by changindggay

day for all days of the yeafhis approach goes a step further than the method of Aguilar and
Polo (2011) which derived one new calibration parameter for the dry and one for the wet

season othe year.An evaluation of the final gridded product is carried out by assessing

different error metrics at grid points next to weather stations whdrBE is available, and
also by comparing the ETO fields with those of diperationaETO estimates ksed on INCA

(Integrated Nowecasting through Comprehensive Analidasden et al2011), thenowcasting

systemof the Austrianweatherservice

The presented dataset aitgsuse-thebetteat using the bestf two worlds ly (i) using a
method for estimatingTO that is calibrated to the standard algorithm as defined by the FAO

1€
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and (i) being applicable to a comprehensive, ldegn forcing datasetrd on a high

temporal and spatial resolution

2 Forcing Data

Fhefoundation-of-th&T0-calculationdsThe ETO alculations are based arhigh resolution

gridded dataset of daily minimum and maximum temperatures calculated for the Austrian

domain (SPARTACUS, see Hiebl and Frei 8)lwhereas the actual data stretches beyond
Austria to entirely cover catchmentise to the bordeSPARTACUSIs an operationally,
daily updated dataset starting 1961-and—reachingdownto—thepresent—dayor the
conduction—ofthe ETO fields the SPARTACUStemperaturdorcing is used for the period
1961-2013.The interpolation algrithm is tailoredfer-to complex, mountainous terrain with
spatially complex temperature distributiof8PARTACUS also aims$e—ensurat ensuring
temporal consistency through fixed station network over thevhele-full time period
providing robust trend estimations space SPARTACUS uses the SRTMsljuttle Radar
Topography MissionFarr and Kobrick 2000yersion 2 Digital Elevation Model (DEM)so
the The SRTM DEM is also applied in the present study.

SPARTACUS provides the input data foalculatingETO following the Hargreavemethod
(HM, Hargreaves and Samani 1982argreaves and Allen 20p3However, aecalibration of
the HM is necessarto avoid considerablestimationerrors This is carried out in a station
wise assessment. Data 42 meteorological stationfprovided by the AustrianMeather
weatherServiceservice ZAMG) is-are used tomenthly—calibrate-the-HM-to-the-Penman
Menteith—Method—{PMjalibrate the HM to PM on a monthly baskigure 1 shows the
location of theestations which are spread homogenelyusmoeng-theover Austrian demain
and-also-comprigmd coverrather different elevations amshvironmentakettings (Table 1).
Data of daily global radiation, wind speed, humidityaximum and minimum temperatures

coveringfor the period 20042013 are used to calculaier0 simultaneously with HM and
PM.

17
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3 Methods

As-explained-abeve;Numerous methods exist for the estimatiofe®D, which is defined as

the maximum moisture losBom a standardized, vegetated surface, determined by the
meteorological forcingShelton, 2009)Fhey-These methodsan roughly be classified as
temperaturdased andadiationbased estimates( and Singh, 2000, Xu and Singh, 2001
Bormann, 201l Following thke recommendations of the FAQAllen et al. 1998) the
radiationbasedPenmarMonteith Method(PM) provides most realistic results and generally
outperforms temperature based methobse overall shortcoming of the PM is the data
intense calculation algorithm which requires daily valuesnef radiation, wind speed,
humidity, maximum and minimum temperatures. Data coverage for these variables is usually
rather sparsearticularly if gridded datés required ETO following the PM is calculated as
displayed in Equation:1

\\ Feldfunktion geéndert

900

0408D(R, - G)+g————u,(e,- &)
_ T +273
ETO p= 1
-P D+g(1+0.34u,) @)

A

whereE is the referenceevapotranspiratiofimm day'], Ry is the net radiation at the crop

surface[MJ m? day'], G is the soil heat flux densitMJ m? day'], T is the mean air

temperature at 2 m height [°C} is the wind speed at 2 m height [fi,ses is the saturation

vapour pressure [kPa], & the actual vapour pressure [kPa]; giving the vapour pressure

deficit by subtractingdfrome; @ i s the sl ope of thelvapdupo psessure
the psychrometric constant [kPaICGiven the time resolution of one day the soil heat flux

term is set to zerd'he calculation of thether individual terms of Equation 1 is described in

Allen et al. (1998). It should be mentioned, that the original Pensvionteith equation

contains a fAsurface resistanced term, expressing

which is set constant for FAO PM, since it uses a standardized vegetditee.su

In contrast to the radiation based PM, the HMb&sedon daily minimum and maximum
temperatures(Tmin, Tmay. Hargreaves(1975) stated from regression analysis between
meteorologcal variables and measur&iO that temperature multiplied by surface global
radiation is able to explain 9% of the variancef ETOfor a five day periodsee Hargreaves

and Allen 2003) Furthermore, wind and relative humidity explained only 10 and 9 %

18
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respectively. Additional invesigations by Hargreaves led to an assessmensuoface

radiation which can be explained éxtraterrestrialradiation at the top of the atmosphere and

the diurnal temperature range as an indicator for the percentage of possible sunshine hours.

The final orm of theHargreaves equation is given by:

ETO_ h= C(Tmean + 177&(Tmax - Tmin )0.5 Ra (2)

A

whereETO_his thereferenceevapotranspiration [mm dd}; Tmean Tmaxand Tnin are the daily

mean, maximum and minimum air temperatures [°C] respectigaty R is the water

equivalent of thextraterrestrialradiationat the top of the atmospheimm day']. C is the
calibration parameter of the HMnd was set to 0.0023 in the originalblication of
Hargreaves et al. (198B):blication

Following these formulions theETO for all stationswasis calculated for the period 2004

[ Feldfunktion geéandert
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In order to achieve a meaningful representationE®® by HM, an adjustment of the
calibration parameter (&) of HM is necessarywith respect t&TO derived from PM. This is

carried out on an average monthly basisdvery station by the following equation, as also

proposed by Bautista et al. (2009):

C.y = 0.0023(E,, / E,)

A

where Ggjrepresents the new calibration parameter of the BMs the originalETO_h from
HM, using a Cof 0.0023 andEp is theETO _p from PM. As a resujta new set of C values for

every month and every statias available An_analysis on the behaviour of,{£in space

®3)

revealedrather strong altitude dependence, particularly in the cold seaBbis. feature

enables to estimate,&in space for every grid point by using the underlying DEM of the

temperature fields as a preiic

[ Feldfunktion
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Standard

first step the monthly Ggj valuesat every statiorarelinearly interpolated to daily value®
avoid stepwise changes and therefore abrupt shifts,gb€tween months. This is carried out
for a standard year with length of 365 daybe result is a time series of daily changing
values of g over the course of the year, available for every statiogiching over different

altitudes and therefore yielding 42 different annual time serieggpf C

Subsequently the daily, statiovise values of G are interpolated in spac&he analysis of
the Cgraltitude relationship indicated ndimear characteriscs, so a third order polynomial
fit was chosenUsing the underlying DEM of the SPARTACUS dataset it is possible to

determine adjusted calibration parameters for every grid point in space by this relationship.

The polynomial fit is applied for every daf the daily interpolated statiemise Ggi values,

since these are changing day by day as well. The result is a gridded datagefaoft@e
SPARTACUS domain for 365 time steps from JanudholDecember 31 Aswas-shewn-in

the—previous—section-(-changes—with—altitude—Figw8-—shows—the—adjusted—ealibration
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Having these gridded & values theeTO_h.c is calculated for every grjgbint and day since

1961 to 2013. In the case of leap yearsGhggrid of February 28is alsousedfor February
29". The final gridded product is termed AET (Austriaeference Evapdranspiration

datasetthroughout the rest of the paper.

The AET fields are finally evaluated against station data and another ETO product.

Unfortunately there is no lorAgrm gridded dataset of ETO for the Austrian domamwe

used the ETO of the nowcasting system INCA (ntegrated Nowcasting through
Comprehesive AnalysisHaiden et al., 2011) which yields daily fields of EB&sed orPM

on 1 kmagrid resolutionINCA uses weather stationgmote sensing dateainfall radar data

as well as DEM informatioto derive nowcasting fields of several meteorological variables.

INCA is operationafor several yearsbut due to constant changesdiata input quality and

other improvements we chose to use only tlye&r period from 2002013

For the skill assessmeaf the AET dataset we calculateeanmonthly values of mean bias,
Root Mean Squared Error (RMSE) and Relative Error (RE) of those grid points in AET as
well as INCA closest to a statiovith PM ETQ
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4 Results

Figure 2a shows, as an example, the daife series of ETO as derived by PM (ETO_p) and

HM (ETO_h) in the year 2004 at the station Grossenzersdorf. The differences between those
two are obvious as ETO p shows clearly higher variability, with ETO h underestimating the
upward peaks in the cold sem and downward peaks in the warm season. This feature is
more noticeable in Figure 2b, which shows the monthly averages over all stations, indicating
the spread among all 42 stations. Here, an underestimation of the ETO _h compared to ETO_p
from October @ April is counteracted by an overestimation between May and September. On
the other hand, ET@h shows higher spread among stations compared tolgTéxcept for

November to January.

summeifigure 4 shows the adjusted C values for three exemplary statigns generally

higher in winter and autumn compared to the original value indicated by the dashed line at

0.0023. It is also obvious dh at station Grossenzersdorf the original value is matching rather

well to the Gg; from April to October, in the other months the adjusted values are clearly

higher. On the contrary, at station Weissensee Gatschadb Ower than 0.0023 except for

the months from November to February. At station Rudolfshdimzentrum the adjusted

values are above the original onesyalar round reaching the highest values in wintertime of

about 0.007. These results clearly underpin the necessity fecadilvmtion of C in order to

receive sound ETO from temperatofgservations

For simplicity forthisa first assessment the monthly values gfj @ere used for all days of
the month, no temporal interpolation was conducted. As a result, the monthly meassbias

was-shown-in-Figure-4ds reduced to zero at every station. Furthermore, the RMSE has also
slightly decreased by 0.1 to 0.2 mm 'dg@s can be seen in Figu4da. The Relative Error

(RE) has also decreased, from aro88d5 % to fewer tha935 % in January for example
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(cf. Figure4sb). The improvements regarding RE in summer are lower due to the higher

absolute values of ETO in the warm season.

The complete monthly mean time series from 2004 to 2013 of ETO p, ETO h and ETO h.c

for three stations arshown in Figuré6. At station Grossenzersdorf the underestimation of
ETO h in winter is reduced as well as the overall underestimation at station Rudolishuette

Alpinzentrum. On the other hand, the overestimation in summer at station Weissensee

Gatschachs considerably reduced with ETO h.c. These features in combination with the
information on the altitude of the given stations provide some information on more general

characteristics of £ and the effects of the calibraticltseems-thatthere, iwhich underpins
an altitudedependence of &, which is displayed in more detail in Figu&. It shows the

monthly average & for stations which where binned to distinct classes of altitude ranging
from 100 to 2300 m in steps of 100 m. As already $edfigure34 as an example for three

stations, Ggiis clearly higher in winter than the unadjusted value. From April to September

Cagiis lower than 0.0023 up to altitudes of 1500 m.a.s.l., lowest values are visible in May to

August between altitudes 00@ to 1000 m.a.s.As-was-shown-in-the-previous-seetiongC
changes—with—altitudeigure 78 showslisplaysthe adjusted calibration parameters plotted

against altitude for the monthly means of;;CFrom this Figure it comes clear that this

relationshipis not linear. Gy is decreasing from the very low situated stations until altitudes

between 500 and 1000 m.a.s.l. Going further wpidtreases and one could say it might be a

linear increase, particularly in winter. On the other hand, looking atutmmer months the
station with the highest elevation (Sonnblick, 3106 m.a.s.l.) shows somewhat lower or at least

equal values of £ compared to the cluster of stations between 2000 and 2400 m.a.sl. This
feature indicates that the relationship above 1f0f)s.l. might not be linear. Taking all this

characteristics into account! a h|gher order polynomial fit was chosen to describgythe C
altitude relationA i

The results of the spatial interpolation ofsGre displayed irFigure 89, whereshews-two
examples of G distribution in spaceare displayedpn January % (a) and July ¥ (b).
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Particularly in January the altitude dependence of the calibration parameter is clearly standing

out, showing rather high values of4fJn the mountainous areas. ¢ontrast to winter the

spatial variations in summer are smaller, only some central Alpine areas between 1000 and

3000 m.a.s.l. are appearing in somewhat different shading than the surrounding low lands.

The climatological mean(19612013) of the final AET fields is displayed inFigure 910a

how he—climatolod mean oR0 of-thedailyv O-fields-overthe-whole-domain

Lowestdaily meanvaluesof below 1.5mm day" are apparent on the highest mountain ridges
of the main Alpine crest. Higlsevalues o2.4 mm day" and abovere foundin the eastern
and southern low land8ther spatial features are visible as well, for exartqdigher ETO

in the valleys in the far western part of AustdiaThis higher HO is driven by thehigher

longer sunshine hours in these areas, which are @esedknownas fAi nner al pine

val |l eyso, because rainfall a p ptheonauathin chagns f r o m
in the Northwesnorthwest In the ETO estimatet—this feature of less clau cover and

therefore longer sunshine duratioissreflected in the higher Diurnal Temperature Range

(DTR), yielding larger values in that particular area. A similar characteristic is apparent in the
very south of Austria. Hertae-ETO is higheras well,compared taopographically similar
regions on the northern rim of the Alps. Thiségairalsoconnected to theigherpropertion
eflongersunshine hours which enhasdedirectly ETO through higher DTR values.

Figure 910b showsexemplarythe ETO field ofAugust &' 2013. For the first time orthat
particular day, temperatures reached above 40 °C in Austria at some stationsEasthend
Seutisouth Values of ETO are particularly high, reaching up to 7 dayi* in some areas in

the Seutheasioutheast That day was also characterized by an approaching cold front,
bringing-which brought rain, dropping temperatures and overcast conditions from the
Wesivest Fhis—isThese conditions weréeaturedas well in the ETO field showing a
considerable gradientdm West-west to Easeasf with nearly-almost zero ETO at the
headwaters of the InRiver in the farSeuthwesisouthwesbf the domainFurthermore, the

implications of overcast conditions in t'gestwestwith lower altitudinal gradients of ETO
compared to thé&asteastwith sunny conditions and distinct gradients along elevation are

visible.

July, the month with the highest absolute values of ETO shows considerable variations in the
last 53 years. As an ample the mean anomaly of ETO in July of 1983 with respect to the

July mean of 1962013 is displayed in Figurg0ila. This month washaracterized by a
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considerable heat wave and mean temperature anomalies of +3.5 °C which also affected ETO.
The absolutenomaly of ETO reaches abotemm day* with respect to the climatological

mean in some areas. The relative anomaly is in a range between 10 {¢-igQi8s Dic). ©n
the—other-handJuly of 1979 was rather coahsteadwith temperatures 1.5 °C below the

climatological mean and accompanied by a strong negative anomaly in sunshine duration,

particularly in the areas north of the main Alpine crest.s€lubaracteristicsmplicated a
distinctly negative anomaly of ETO in this particular month (Figudgb)l The absolute
anomaly stretches between O andre than-1 mm day*, which is equivalent to a relative
anomaly of 0 ta30 % (Figure D1d). The negative signal is stronger in the areas north of the

Alpine crest, zero anomalies are foundhrsome areaseuth-of-the-main-Alpine-cragithe

south

In Figure 12 the overall benefits of the 4@alibration of the HM are revealed. It shows the
mean ETO inJuly 2012 a month accompanied by a considerable heat wahtiee beginning

and an overall temperatureamaly of around +2 °Cln Figure 112b the ETO fieldof the
original HM formulation without calibratioris shown, and Figurel®a displays the results
with re-calibration as described in this study. Overall, the gradient along elevation of ETO is
larger inthe noncalibrated field. Particularly in this time of the year with large absolute
values, the realibration has a considerable impact, althougl i€ July is relatively small
compared to winterAs shown beforécf. Figure34), the ETO estimation usg the original C

is good for July in theery lowlands, since biases tend to be rather small. However, going to

higher elevations, the overestimation of the original HM is rather pronounced. Mean biases

reach +1 mm dayor +30 %over large parts of theochain This signal switches to negative

biases of-0.5 mm day (-25 %) above 1500 m.a.sConsidering Austrian topography it

comes clear that using a method like HM without calibration has major impacts on the result.

Using nonrcalibrated HM ETO data faminfall-runoff modellingfor examplewould introduce

large errors and uncertaintigsiventhe fact that gridded ETO based on PM are only available

for_a rather short time period from the INCA system, the Afafasetprovides a sound

alternative for ET@stimate®n a high spatial resolution covering the last 53 years.

The overall performance dhefinal gridded datas®ET compared to thstation wisePM

estimates is displayed in Figur@5l 125a shows the monthly bias of the original HM ETO
and the calibrated ETO of the nearest grid point. The bias is clearly reduced in nearly all

months. However, in April, as the only exception, the bias of the calibrated grid point values

2€
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is larger than the bBE of the original estimation. The biases concerning different levels of

altitude are reduced as well, as can be seen in Fi@Blevithich shows the biases in July and
Figure P5c displaying the biases in January.

A comparison between AET and INGATO andstation based PM ETi8 given in Figure 3,
showing ETO oriwo different days in summer 201Bhe first exampléFigures Ba and13b)

is June the 42013,a day with mostly overcast conditions, lower than average temperature{ Formatiert:

Hochgestellt

of between 7 to 12 °@nd high relative humidity, it was the time after a big flood event in

northern AustriaAET is clearly overestimating ETO by a median difference oinm day*

across all stations ahownby the boxplot in Figure3c. INCA has a median difference of

nealy zero, although the spread is larger than in AEJhderthe givencircumstances AET

cannot compete with INCA, whickonsiders through using PM, information on relative

humidity, which might hasa strong forcing on ET6n that particular daynformationthat is

not availablein the AET estimateAnother example is July £32013 (Figure 13d and Be) ( Formatiert

Hochgestellt

which characterized bgmperatures ranging between 20 °C in the West and 29 °Céashe

accompaniedy some rainfall in the West and Souffil0 in both AET and INCA range

between 3 and 6 mm dayalthough INCA shows a general overestimation witmedian
difference around +0.5 mm dayFigure 13f) On the other hanthedian differences of AET

compared to stations are around zdieere mightbe some biases in the global radiation in

INCA, which is derived based on sunshine duration estimates (blended remote sensing and

station data) and a simple radiation model.

However, comparing error characteristics in AET and INCA against statiorfiTadike 2)for

the period 2002013reveals only minor difference$he mean bias all year round is lower in
INCA (0.03 mm day) compared to AET (0.12 mm ddy Consideringnonthlymeanvalues

the spread is rather similar spannifg30 t00.66 mm day" in INCA and-0.17 to 0.80mm
day” in AET. The highest monthly mean values are in both dataset found in(AEfI: 0.80
mm day", INCA: 0.66mm day") and May(AET: 0.79mm day", INCA: 0.51mm day"). The
RMSE is slightly lower in AET reaching maximum values in June of 1.42 mm 'day
compared to INCA with 1.80 mm dayThe overall mean RMSE is 0.88m day" in AET

and 1.05mm day" in INCA. Concerning the RE the characteristics are similar to the bias and
the RMSE, with only minor diffrences between AET and INCA. The RE in AET ranges
between +35 % (April) andl5 % (November) and in INCA these aagher similar spanning
+25 % (February) and8 % (November).
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5 Discussion

By comparing the characteristics of ETO based on HM and PM on a daily time stepeit
clearthat a recalibration of C within the formulation of Hargreaves follows distinct patterns.
The values o€,q; showmarkedly variatiosin space and time (over tieeurse of the year)t
turned out, that a monthly@libration of C reveals an annual cycleGaf;, with Caqj being
close to the original value of 0.0023 in the warm season (@mtibber) and low elevations.
Going to higher elevationsC,q decreasesntil roughly 1000 m.a.s.l.Reaching altitudes

above 1700 m.a.s.IC.qj is—generallyabove-the-original-0-002% generally a higher value

than Hargreaw® original value particularlyin-during the cold season (Novembktarch).

This altitude dependency of the calibration parameter in HM is mentioned in Samani (2000),
but the authors also claimed that this relationship may be affected by different latitudes
Aguila and Polo (2011) also found thitae original HM using a C of 0.0023 underestimates
ETO at higher elevations and defined a value of 0.0038 at an elevation of 2500 m.a.s.l.
However, this altitude dependency of C turned out to be momgplex as we are able to
display, showing a distinctaviation throughout the year along with elevatiée—this
relationship-is-used- to-derive g values for every day of year-and-every grid-point-of the
To reveal the sources of this altitude dependence efeGiecomplishecsome additional
analysiswas done In general, the HM utilizes the Diurnal Temperature Range (DFR, T
minus Tyin) to mimic the amount of global radiation at the land surface. Clear sky conditions
are usually associated with higher DTR. Thef-beis more heating duringaytime due to

large proportions of direct solar radiation, whereas at night time temperatpees
dreppinglrop further down since the outgoing lomgave radiation is not reflected by clouds.

he-—conne on-between-PDTR-and-radiation hown-ir-humerededlumerous studies

investigating the relationship between DTR and radigiRam et al.2013; Makowski et al.,

2009; Bindi and Miglietta, 1991; Bristow and Campbell, 1984}-these—investigations
shewed, which showconsiderable correlationgFor example Makowski et al. 2009 reported

a correlation coefficient of 0.87 of the annual means of DTR and solar radiation averaged

over 31 stations across Europe

Figure U3 showsthe-correlation-of DTR-and-glebalradiaiiba linear regression coefficients
of the square root of DTR and Global Tof-Atmosphere(TOA) radiation ratioon a daily
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time scaleat the 42 stations used in this studliie idea is to get a better understanding of the

parameterizatioembeddedn HM, which tries to assess tlnount ofglobal radiation via

the DTR and the TOA radiatianThe coefficients show a distinct altitudinal dependency,

particularly in winter. In Januarihe-correlations—are—-above-0.90-at-some-stationsttand
coefficients arggenerally high at altitudes betweé82-300and16661100m.a.s.l. At higher

elevationsthe—correlationthey are dropping considerably, gettimggativeslightly negative
above 3000 m.a.s.ht station SonnblickThis altitude dependency is also apparent in the

transitional seasoncf. Figure 14; April and October although not as pronounced as in
winter. between-1500-and-2000-m-a-4rl. July the cerrelationscoefficientsare generally
higher_roughly ranging betweei®.15 and 0.30with no change along altitudépartfrem

WO ons-the-aeelations-le-between-0-4 nd-0.98 |k

—but-again-accompanied-by-a-decline

The reasons for theerrelationpatterns in Figurel3-14 seem to be rooted in the lower

atmospheric mixing ratios at the lowest stations, some of them located in, or nearby cities,
which might dampen the DTR, althoughear skyconditions are apparent. At moderate
altitudes between 400 and 1500 m.a.s.l. theydaihperature amplitude is more dominantly

driven by surface energy balance processes which refleetdrigher—correlatioimgher
regression coefficient$soing further up, the proportion of the DTR whictdeterminecdby

large scale air mass changes gjsas the station locations reach alpove the planetary

boundary layeiinto the freeatmosphere,—causing-considerably-tow-correlations—at-higher
elevations;—particularly-in-winte8o for any given value of cloudingd3TR is much smaller

in_winter and high elevations than in low elevation environments where boundary layer

processes are dominaihis means for vielding realistic values of global radiation relative to

TOA radiation a much higher & value is needed twompensate for this.

Although these circumstances seem to be a drawback of the methodology, the overall effect is
only minor. Figuret4-15 shows the HM ETO in dependence of the DTR and the daily mean
temperature. At low daily mean temperatures, betwé&6nand +10 °C, the contour lines

determining the value of ETO are rather steep. Thgiesthat a change in DTR has only
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minor effects on the ETO outcome, whereas a change in daily mean temperature is more

important.

However theprocedure oélteringthe coefficientC has also implications on the variability of

ETO on a daily time scale. As was visible in Figure 2a the variability of ETO based on HM is
lower thanusingPM. The presented +galibration has only little effect on the enhancement of
variability. By scaling C, variability is slightly enhanced in those areas and time of the year
where Ggjis higher than 0.0023. This is the case for most of the time and widespread areas,
but there are regions or altitudinal levels where the opposite is talkiog. \s is visible in
Figure8-6 areas up to 1500 m.a.s.l. show lower than original values®fnCthe summer
months. There are particular areas in June between altitudes of 500 to 1000 m.a.s.l. that show
the largest deviation from the original value. In these areas variability is lower in-the re

calibrated version. On the other hand the benefiarofETO formulation being unbiased

compared to the reference of PM may overcome these shortcomings.

6 Conclusion

In this paper a gridded dataset of ETO for the Austrian domain from2@81on daily time

step is presented. The forcing fields for estimating ETO are daily minimum and maximum
temperatures from the SPARTACUS dataset (Hiebl and Frei 2015). These fields are used to
calculate ETO by the formulation of Hargreaves et al. (1985).HMeis calibrated to the
PenmarMonteith equation, which is the recommended method by the FAO (Allen et al.

1998), afThis is done usin@ set of 42 meteorological stations from 2@®4.3, which have

full data availability for calculating ETO by PM. Thejasted monthly calibration parameters
Caqj are interpolated in time (resulting in dailyfJor a standard year) and space (resulting in
Cag; for every grid point of SPARTACUS and day of year). With these griddgdhe daily
fields of reference evapatnspiratiorarecalculated for the time period from 198013.
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This datasetray-bés highly valuable for users in the field of hydrology, agriculi@enlogy

etc as itaims-toprovidprovidesETOin a high spatial resolution and a long time periata

for calculatingETO by recommended PM is usually not available for such long time spans
and/or with this spatial and temporal resolution. Howether method presented in this study
tries—to—cembineombined both strengths of long time series, high tepaand temporal
resolution provided by the temperature based HM and the physical more realistic radiation
based PM by adjusting HM.

Acknowledgements

The authoravantto thank the Federal Ministry of Science, Research and Ecof@Gnayt
1410K214014B for financial supportWe also like to thank Johann Hiebl for providing the
SPARTACUS data and for fruitful discussions on the manuscFipe Austrian Weather
Service (ZAMG) is acknowledged for providing the data of 42 meteorological staiits.
would alsolike to thank two anonymous reviewers for the valuable comments which

improved the manuscript substantially.

31



10
11

12
13

14
15
16
17
18

19
20

21
22

23
24
25

26
27
28

References

Aguila, C., and Polo, M. J.Generating reference evapotranspiration surfdom® the
Hargreaves equation at watershed sddyelrol. Earth Syst. Sci., 15, 2498508, 2011

Allen, R. G., Pereird.. S., RaesD., and SmithM.: Crop evapotranspiratidnGuidelines for
computing crop water requirements, FAO Irrigatand drainage paper 56, Rome, 15 pp,
1998.

Bautista, F., Bautista, Dand DelgadeCarranza, C.: Calibrating the equations of Hargreaves
and Thornthwaite to estimate the potential evapotranspiration inas@mand subhumid
tropical climates for regional applications, Atmdésfera 22(4);383, 2009.

Bindi, M., and Miglietta,F.: Estimating daily global radiation from air temperature and

rainfall measurements, Clim. Change, 1,-124, 1991.

Bormann, H.:Sensitivity analysis of 18 different potentialapotranspiration models to
observed climatichange at German climate steit§ Clim. Ch., 104, 72953 2011.

Bristow, K. L., and Campbel] G. S: On the relationship between incoming saladiation
and daily maximum and minimum ngerature Agric. Forest Meteorol, 31(2), 159166,
1984Chattopadhyay N. and Hulme M.: Evapooatiand potential evapotranspiration in India
under conditions of recent and future climate changgsic. Forest. Meteorol. 87, 5B4,
1997.

Doorenbros, J., and Pruitt, O. W.: Crop water requirements. FAO Irrigation and Drainage
Paper 24, Rome, 144 pp,7A

Farr, T.G., KobrickM.: Shuttle Radar Topography Mission produces a wealth of data, Amer.
Geophys. Union Eos, 8583585, 2000.

Gavilan,P,, Lorite, I. J, Tornerq S, and Berengenal.: Regional calibration of Hargreaves
equation forestimatingreference ET in a semiareghvironment Agr. Water Manage., 81,
257-281, 2006.

Haiden, T., Kann, A.Wittmann C. Pistotnik,G., Bica, B. and Gruber C.:The Integrated

Nowecasting through Comprehensive Analysis (INCA) Systamd Its Validation over the

Eadern Alpine RegionWeather Forecaskf, 166183, 2011.

32



10

11
12

13
14

15
16

17
18
19

20
21
22

23
24
25

26
27
28

Hargreaves, G. H., and Allen, Rdistory and Evaluation of Hargreas Evapotranspiration
Equation J. Irrig. Drain Eng., 129(1), 583, 2003.

Hargreaves, G. H., and Samani, Z. A.: Estimafiotential evapotranspiratiord. Irrig. Drain
Eng., 108(3), 22230, 1982.

Hargreaves, G. H., and Samani, Z. A.: Reference crop evapotranspiration from temperature
Appl. Eng. Agric., 1, 9809, 1985.

Hargreaves, G. H.: Moisture Availability and Crop Prectitin, Trans. ASABE, 18 (5): 980
984, 1975.

Hargreaves, G. L., Hargreaves, G. H., and Riley, J. P.: Irrigation water requirements for
Senegal River Basjd. Irrig. Drain. Eng., 111(3), 26575, 1985.

Hiebl, J., andFrei, C.: Daily temperature grids for Atria since 1961 concept, creation and

applicability, submitted torheor. Appl. Climatol.

Lhomme, JP.: Towards a rational definition of potential evapotranspiratiyarol. Earth
Sys. Sci., 1(2), 25264, 1997.

Mancosu, N., Snyder, R. L., and Spana, Brocedures to Develop a Standardized Reference
Evapotranspiration Zone Map. Irrig. Drain Eng.140, A4014004 2014.

Makowski, K., JaegeE. B., Chiacchig M., Wild, M., Ewen T., and OhmuraA.: On the
relationship between diurnaemperature range and surface solar radiation in Europe, J.
Geophys. Res., 114, DOOD®@N09Q

McMahon, T. A., Peel, M. C., Lowe, L., Srikanthan, R., and McVicar, T.HRtimating
actual, potential, reference crop and pan evaporaisimg standard metedogical data: a
pragmatic synthesislydrol. Earth Sys. Scil7, 13311363, 2013

McVicar, T. R., Van Niel, T. G., Li, L., Hutchinson, M. F., Mu,-X.., and Liu, Z:H.:
Spatially distributing monthly referen@vapotranspiration and pan evaporatimmsicering
topographic influenced. Hyd., 338, 19€20, 2007.

Pan, T., Wu, S., Dai, E., andu, Y.: Estimating the daily global solar radiation spatial
distributionfrom diurnal temperature ranges over the Tibetan Plateau in ,Glyind&nergy,
107, 384393,2013.



10

11
12
13

14
15

16
17
18

19
20

21
22
23

Pandey, V., Pandey, P. K., and Mahanta, A. P.: Calibration and performance verification of

Hargreaves Samani equation in a humid redioig. and Drain. 63, 659 667, 2014

Samani, Z.: Estimating Solar Radiation and Evapotranspiratibfsing Minimum
Climatological Data(HargreavesSamani equation)J. Irr. Drain. Eng., 126 (4), 26567,
2000.

Shelton, M. L.: Hydroclimatology Cambridge University Press, Cambridge, United
Kingdom, 2009.

Tabari, H. and Talaee,:R.ocal Calibration of the HargreavesdaRriestleyTaylor Equations
for Estimating Reference Evapotranspiration in Arid and Cold Climates of Iran Based on the
PenmarMontedth Model, J. Hydrol. Eng., 16(10), 83845, 2011.

Tegos, A., Malamos, M., andoutsoyiannis D.: A parsimonious regional pametric
evapotranspiration model basedasimplification of the PenméaNonteith formula J. Hyd.,
524, 708714, 2015.

Todorovic, M., Karic, B., and Pereira, L. Reference evapotranspiration estimate with
limited weather data across a rang®lediterranean climated. Hyd., 481, 16476, 2011.

Xu, C-Y., and Chen D.: Comparison of seven models for estimation of evapotranspiration
and groundwater recharge using lysimeter measurement data in GeHydrol. Processes,
19, 37173734, 2005.

Xu, C-Y., and Singh, V. P.: Evaluation and generalization of radidigmed equations for

calculating evaporatigiiydrol. Processes, 14, 3349, 2000.

Xu, C-Y., and Singh, V. P.: Evaluation and generalization of temperaaaged equations for

calculatingevaporationHydrol. Processes, 14, 3349, 2001.

34



1

Table 1.Location, altitude and setting of the 42 meteorological stations usedliforation.

Station Lon (°) Lat(?) Alt(m) Setting
1 Aflenz 15.24  47.55 783 Mountainous
2 Alberschwende 9.85 47.46 715 Mountainous
3 Arriach 13.85 46.73 870 Mountainous
4 Bregenz 9.75 47.50 424 Lakeside
5 Dornbirn 9.73  47.43 407 Valley
6 Feldkirchen 1410 46.72 546 Valley
7 Feuerkogel 13.72  47.82 1618 Summit
8 Fischbach 15.64 47.44 1034 Mountainous
9 Galzig 10.23 47.13 2084 Alpine
10 Graz-Universitaet 15.45 47.08 366 City
11 Grossenzersdorf 16.56  48.20 154 Lowland
12 Gumpoldskirchen 16.28  48.04 219 Lowland
13 Irdning—Gumpenstein 14.10 47.50 702 Valley
14 Ischgl-Idalpe 10.32  46.98 2323 Alpine
15 Jenbach 11.76  47.39 530 Valley
16 Kanzelhoehe 13.90 46.68 1520 Summit
17 Krems 15.62 48.42 203 Lowland
18 Kremsmdinster 14.13  48.06 382 Lowland
19 Langenlois 15.70  48.47 207 Lowland
20 Lilienfeld —Tarschberg 15.59 48.03 696 Mountainous
21 Lofereralm 12.65 47.60 1624 Alpine
22 Lunz—am-See 15.07 47.85 612 Valley
23 Lutzmannsburg 16.65  47.47 201 Lowland



24

25

26

27

28

29

30

31

32

33

34

35

36

37

38 WeissenseeGatschach

39

40 Wien-Hohewarte

41

42

Mariapfar
Mariazell
Neumarkt
Patscherkofel
Poertschach
Retz

Reutte

RudolfshuetteAlpinzentrum

Schaerding

Schmittenhoehe

Sonnblick
Spittal-Drau
Villacheralpe

Virgen

Wien-Donaufeld

Wien-Unterlaa

Wolfsegg

13.75

15.30

14.42

11.46

14.17

15.94

10.72

12.63

13.43

12.74

15.96

13.49

13.68

12.46

13.29

16.43

16.36

16.42

13.67

47.15

47.79

47.07

47.21

46.63

48.76

47.49

47.13

48.46

47.33

47.05

46.79

46.60

47.00

46.72

48.26

48.25

48.12

48.11

1153

864

869

2247

450

320

842

2304

307

1973

3109

542

2156

1212

945

161

198

201

638

Mountainous
Mountainous
Mountainous
Summit
Lakeside
Lowland
Valley
Alpine
Lowland
Alpine
Summit
Valley
Summit
Valley
Lakeside
City
City
City

Lowland

3€



Table 2.Error Characteristics of AET and INCA against station data

Formatierte Tabelle

Bias[mm/d RMSE [mm/d RE [% N [ )

[ Formatiert: ~ Zentriert }

AET INCA AET INCA AET INCA <« (Formatier: Zentriert )

January -0.01 -0.05 0.29 0.34 1 7 - ( Formatiert.  zentriert )
February -0.17 -0.30 0.60 0.65 .12 25 < { Formatiert: ~ Zentriert }
March 0.04 -0.23 0.84 0.89 4 -14 « [Formatiert: Zentriert ]
April 0.80 0.66 1.34 1.59 35 28 « [ Formatiert: ~ Zentriert J
May 0.79 0.51 1.38 1.58 29 19 < [ Formatiert: ~ Zentriert ]
June 19 -0.24 1.42 1.80 6 8 « [Formatiert: Zentriert J
JU'y 0.39 0.31 1.29 1.58 12 9 « [ Formatiert: ~ Zentriert ]
August -0.09 -0.01 1.16 1.42 _ « [Formatiert: Zentriert J
September -0.14 -0.10 0.96 1.11 -6 -4 « {Formatiert: Zentriert }
October -0.15 -0.06 0.57 0.69 -8 3 “ [Formatiert: Zentriert J
November  -0.03 0.01 0.43 0.54 2 5 - ( Formatiert: ~ Zentriert )
December -0.16 -0.18 0.39 0.43 -15 -18 « [Formatiert: Zentriert J
Year 0.12 0.03 0.89 1.05 4 1 < [ Formatiert: ~ Zentriert ]

. [Formatiert: Englisch (GroRbritannien) ]
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Figure 34. Monthly values of Gg; at three different stations, the dashed black lines indicates

the original C value of 0.0023 from Hargreaves et al. (1985).
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