Atmos. Chem. Phys., 11, 7602616 2011 iy —* -

www.atmos-chem-phys.net/11/7601/2011/ Atmospherlc
doi:10.5194/acp-11-7601-2011 Chemls_try
© Author(s) 2011. CC Attribution 3.0 License. and Phys|cs

Potential evaporation trends over land between 1983-2008:
driven by radiative fluxes or vapour-pressure deficit?

C. Matsoukas!, N. Benag, N. Hatzianastassiod, K. G. Pavlakis*, M. Kanakidou®, and I. Vardavas?

1Department of Environment, University of the Aegean, Mytilene, Greece

2Department of Physics, University of Crete, Heraklion, Greece

3Laboratory of Meteorology, Department of Physics, University of loannina, loannina, Greece

4Department of General Applied Science, Technological Educational Institute of Crete, Heraklion, Greece
SEnvironmental Chemical Processes Laboratory, Department of Chemistry, University of Crete, Heraklion, Greece

Received: 11 February 2011 — Published in Atmos. Chem. Phys. Discuss.: 8 April 2011
Revised: 22 July 2011 — Accepted: 25 July 2011 — Published: 1 August 2011

Abstract. We model the Penman potential evaporation (PE)1 Introduction
over all land areas of the globe for the 25-yr period 1983—

2208’ relying oln radiatior;l transfer modeyls (RTMS) for the There have been many reports on significant changes in pan
shortwave and longwave fluxes. Penman's PE is Oleterm'negvaporation for widespread locations across the globe, e.g.

by two factors: available energy for evaporation and groundEuropean Russia, Siberia, and the USPeferson et al

to atmosphere vapour transfer. Input to the PE model and.t995 Golubev et al. 2003, India (Chattopadhyay and
RTMs comprises satellite cloud and aerosol data, as well a$juime, 1997, the USA (awrimore and PeterspB000), Is-
data from reanalyses. PE is closely linked to pan evapora; | (Cohen et a].2002, China (iu et al,, 2004, Australia

tion, whose trends have sparked controversy in the Comm“(Roderick and FarquhaR004), the Tibetan plateawzhang
nity, since the factors responsible for the observed pan evaps; g 2007), and many others’ (referencesRoderick et al
oration trends are not determined with consensus. Our par(zoo’-/) Roderick et al(2009, andFu et al.(2009) How-.

ticular interest is the temporal evolution of PE, and the Pro-ever a study for Australialpvanovic et a).2008 cast some
vided insight to the observed trends of pan evaporation. Wey, 1t on the veracity of the Australian trends. It reported

examine the decadal trends of PE and various related physlhat unaccounted discontinuities (e.g. the installation of bird

cal quantities, such as net solar flux, net longwave flux, Wasyeqhes) produced a spurious declining trend, which disap-
ter vapour saturation deficit and wind speed. Our findings

I ) pears if the time series are homogenised. There is a need for
are the foIIowmg.. GIoba] warming h_as led to a larger wa- similar studies in other regions, but until they are carried out,
ter vapour saturation deficit. The periods 1983-1989, 199O—the emerging general picture is one of worldwide decreasing

1999’. and 2000,_2008 were characterised by Qecreasing, %an evaporation, with some exceptions, e.g. east USA, a sin-
creasing, and slightly decreasing PE, respectively. In thes

7 . . ) le pan in Israel, central Australia, etc. However, Global Cir-
last 25 yr, global dimming/brightening cycles generally in- . 12400 Model (GCM) runs on the one handiétherald and
creased the available energy for evaporation. PE trends seeflanabe 2002, and reanalysesTenberth et a).2005 and

to follow more closely the trgnds of energy availability than empirical hydrological evidenceH{untington 2006 on the

the trends of .the atmospheric capgbmty for vapour transfer,other’ dictate that in a warming world the hydrological cycle
at mpst Iocatpn; on the globe, with .trends in the I\Iorthemshould be enhanced and evaporation should increase. There
hemisphere significantly Iarg_er than in the South_ern. Thest?S also a GCM study byRoeckner et al(1999, predicting
results support the hypothesis that global potential evaporag,qieaq 4 reduction of evaporation in the changing climate
tlon trgnds are attributed prlmgnly to secular changes in theof the next decades. The responsible physical process is the
ra_dlatlon fluxes, and secondarily to vapour transfer Cons'deraampening of turbulent heat fluxes due to aerosol-caused re-
ations. configuration of energy exchange.

This disagreement between the expected trends of ac-

Correspondence taC. Matsoukas tual evaporation and observed trends of pan evaporation was
BY (matsoukas@aegean.gr) termed the “evaporation paradox” and was initially addressed
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when Brutsaert and Parlang@998 brought forward the cating that the net shortwave and longwave radiation avail-
complementary hypothesis, already proposedBmychet able for evaporation has been declining. In order to reconcile
(1963 and applied byMorton (1975. It consists of the fol-  the decreasing radiative energy with the increasing tempera-
lowing reasoning: in humid environments, with ample sup-ture observations, they conclude that the hydrological cycle
ply of moisture to the surface, the actual evaporation takegand thus the evaporative cooling) has to weaken. Therefore,
values close to the “true” potential evaporation. Also, thethey disagree with the complementary hypothesis, which re-
pan evaporation corresponds directly to the potential evapguires enhanced evaporation. The global dimming has re-
oration, after multiplication with the pan coefficient. How- versed to brightening in the 1990s, and accordiny\itd

ever, in arid environments actual evaporation cannot reaclet al. (2008, Wild (2009 and references therein, the hydro-
the values of potential evaporation, and therefore a large porogical cycle shows signs of transition from weakening to
tion of the available energy takes the form of sensible heastrengthening at the same time.

flux, thus warming the atmosphere. The warmer atmosphere To further complicate the picture, case studies in Australia
now has a larger water vapour deficit and is characterizedRoderick et al.2007) and the Tibetan plateadlfang et al.

by the “apparent” potential evaporation, which is larger than2007) showed that neither radiation trends, nor humidity is-
the “true” potential evaporation. In other words, the samesues were the major factor in pan evaporation trends. Instead
location has a “true” potential evaporation if there is amplethe authors attribute the change to wind speed decreases.
water on the surface, and a larger “apparent” potential evapdohnson and Sharm@010 calculated the pan evaporation
oration in water-limited conditions. In arid conditions, the trend in Australia from station, reanalysis and GCM data.
pan evaporation is related to the apparent potential evaporalthough the station data identified the wind change as the
tion. In these lines, if the available energy for evaporation isfactor with the strongest contribution to the trend, the reanal-
constant, an increase in actual evaporation decreases the sefsis data attributed the trend mostly to water vapour deficit
sible heat flux, decreases the apparent potential evaporatiochange. However, it still remains to be seen if the effect of
and finally decreases the pan evaporation. the wind has a regional or even global character.

Lawrimore and Petersof2000 after examining precipi- Brutsaert{2006 has proposed that the reported decreases
tation and pan evaporation trends in the USA, and assumingn pan evaporation can be attributed partly to solar dimming
that precipitation and actual evaporation have to be relateénd partly to actual evaporation increases via the comple-
over large areas, lend support to the complementary hypothmentary relationship. In other words the two hypotheses do
esis. Golubev et al(200]) after deriving actual evaporation not have to be mutually exclusivdeuling et al.(2009 ar-
rates over the former Soviet Union and the USA, also find therive to similar conclusions. They have found that evapora-
complementary hypothesis reasonatfnang et al(2007) tion depends on different drivers, in regions of Europe and
calculated potential and actual evaporation from 16 waterNorth America. In drier water-limited regions, such as South
sheds in the Tibetan plateau and analysed them for the validEurope and the US Southwest, evaporation follows the inter-
ity of the complementary hypothesis. They found indicationsannual fluctuations of precipitation, while in wetter energy-
for the existence of a complementary relationship, althougHimited regions, such as central and North Europe and the
weaker than the one originally proposediguchet(1963. American Northeast, evaporation follows global dimming

However, during the same period an alternate theory apand brightening. Therefore, evaporation can be increasing
peared.Stanhill and Coheri2001) showed that the solar ir- or decreasing with decreasing pan evaporation, depending on
radiance had been declining the past decades (global dinthe location. For example, global dimming in energy-limited
ming), with potential influences on the evaporatid®@ohen  areas, will cause both pan evaporation and actual evaporation
et al. (2002 in an Israel case study, argued that the knownto decrease. On the other hand, a positive precipitation trend
sensitivity of pan evaporation to net radiation at the surface ign water-limited regions, will increase actual evaporation, but
enough to explain its decrease in a globally dimming world. decrease pan evaporation.

They proposed that aerosol and cloud-induced global dim- A recent review byFu et al.(2009 on the subject lists the
ming is the main reason for the general downward trendsignificant problems associated with each of the two explana-
of the pan evaporation, because the vapour pressure defidibns of the paradox, i.e. solar dimming and complementary
(VPD) was displaying increasing trends, contrary to the ex-hypothesis. In order to address these problems, they propose
pectations of the complementary hypothed®oderick and  five priorities. First, homogenization of the data sets or quan-
Farquhar(2002 supported the global dimming solution to tification of the errors. Second, investigation on which of
the paradox, showing that the recent solar flux decrease ithe three major factors (net radiation, vapour pressure deficit,
enough to account for the pan evaporation trend in a formeand wind) is most significant in a regional context. Third, ex-
Soviet Union arealinacre(2004) in a study with simplified  tension of the analysis to post 1990 yr, when a reversal from
global average changes of temperature, dew point temperaglobal dimming to global brightening is noted. Fourth, the
ture, solar radiation, agrees that global dimming is the majorelationship between pan evaporation and reference potential
factor in the decreases of pan evaporatMfild et al. (2004 evaporation needs to be further clarified. Fifth, the separate
showed Global Energy Balance Archive (GEBA) data, indi- study of land and ocean evaporation trends. Finally, they
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highlight that the crux of the problem is the trend of the ac- the observed water vapour pressure at 2m. The difference
tual evaporation and we need to find ways to advance oues — e is the vapour pressure deficit (VPO)y, is a turbu-
knowledge there. lent exchange coefficient, estimated by a variety of meth-

In this work, we focus on the potential (open-water) evap-ods, e.gBrutsaert(1982 chap. 4) Winter et al.(1995. The
oration rate over all land areas of the planet. In order to esderivation ofCyy is relatively simple for neutral atmospheric
timate it, we assume the existence of a small shallow watestability conditions, but once atmospheric instability is in-
body in each land location. The hypothetical water body hascluded in the analysis, it becomes considerably more com-
to be small, so that the regional climate can be consideregblex. Neglecting air stability issues in the estimation of po-
undisturbed, and shallow, therefore heat storage considerdential evaporation can lead to serious errors when the time
tions can be ignored. The open water evaporation from thigesolution is finer than 24 h. However, for resolutions coarser
small, shallow water body can be assumed to be the (appathan daily, the errors tend to cancel out and the assumption
ent) potential evaporation at the same location. Our objecof neutral stability works well flahrt and Ek 1993 Brut-
tives here are the accurate calculation of potential evaporasaerf 1982. Even though our approach uses monthly values,
tion over land areas, derivation of its regional trends, andwe take into account atmospheric instability using Monin-
quantification of the contribution of solar decadal fluctua- Obukhov similarity theory to deriv€,,. Our approach is
tions and water vapour transfer changes to the potential evaased orBeljaars and Holtslagl991) for the calculation of
oration trends. The link of potential evaporation to the panMonin-Obukhov theory functions and oBrutsaer{1982
evaporation will provide some insight to the pan evaporationfor the surface roughness parametrisation.
decadal changes. The aerodynamically derived evaporatiéh, takes into

In more detail, we will analyse the monthly potential evap- account only the drying power of air. It requires as input
oration for years 1983-2008, in a spatial %2.5° resolu-  few and easily available physical quantities, i.e. air tempera-
tion, over all land areas of the globe. We use our radiationture, humidity, wind speed, air pressure. All these data were
transfer models for solar and thermal longwave radiation, altaken in a monthly, 05x0.5° resolution from the European
ready employed in a variety of climatic studid¢satzianas-  Centre for Medium Range Forecast (ECMWF) Re-Analyses,
tassiou and Vardava$999 2001ab; Hatzianastassiou et al. namely ERA-40 Uppala et al. 2005 up to August 2002
1999 20044ab, 2005 2007ab; Pavlakis et al.2004 2007, and the latest ERA Interim for the period January 1989—
2008 Vardavas and Taylor2007 Matsoukas et al.2010 June 2008. The main objectives of ERA Interim were “to
for the calculation of the necessary radiation fluxes. We alsdmprove on certain key aspects of ERA-40, such as the repre-
employ reanalysis humidity, wind and temperature data, insentation of the hydrological cycle, the quality of the strato-
order to calculate the evaporation component due to masspheric circulation, and the handling of biases and changes
transfer processes. We are thus in a position to include botin the observing systemBerrisford et al. 2009, includ-
parameters in our analysis: net radiation fluxes and wateing wind measurements, which is of specific interest in this
vapour transfer factors. Moreover, out of the five priorities study. ERA data were regridded to 2:82.5° resolution, in
proposed byFu et al.(2009, our approach addresses prior- order to match the radiation transfer model resolution.
ities one, two, and three. Priority one, because we partly The energy balance method estimates the available energy
homogenise the data, using the same global data sources, for the turbulent fluxes (evaporation and sensible heat)
and same methodologies. Priority two, because all proposedsing the principle of energy conservation:
quantities are included in our trend analysis. Priority three,
because our period of study extends well beyond 1990. IR, = Qs— QI—AH -G (2)
Matsoukas et a(2005 2007, we touched upon priority five, ) ]
but due to lack of inter-annual, spatially distributed heat stor-Where Qs is the net solar energy fluxg, the net terrestrial

age data in the oceans, the trend of general ocean evaporatidif* corresponding to radiative cooling; is the energy flux
is beyond our reach. advected away from the surface, afnd/ is the stored heat.

Since our model is applied to a shallow water bofly/ can
be neglectedBrutsaert1982. Also, for monthly resolutions

2 Methodology and data G is relatively small and can be considered negligilSibut-
tleworth, 1993.

Our objective is to estimate the monthly potential evapora- ¢ energy balance evaporation rae(in ms- units)
tion globally over all land areas in 2.52.5° resolution. In = \ynich corresponds t&, is

each 2.8x 2.5 cell the aerodynamic evaporation rdig (in

ms 1 units) i im from R
S lljJCts()e s_ees)t ated fro E — p_z 3)
Eq=—""— 1)
p whereL its latent heat of evaporation, estimated by
whereU is the scalar windp the water densitygs the sat-
uration water vapour pressure at the 2m temperaturecand L =2.501x 108 — 23507,(J kg™t) 4)
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with the air temperatur@;, in °C. The energy balance evap- and vertical temperature and specific humidity profiles. For
oration rateky, is a biased estimator of evaporation rate, be-the total amount of ozone, carbon dioxide, methane, and ni-
cause it neglects the sensible heat flux. Howe¥grjs a trous oxide in the atmosphere, we used the same values as in
necessary step and is correctly used in the framework of PerHatzianastassiou and Varda\@9013.
man’s method, which will be presented below. All of the cloud climatological data for our radiation
Chow et al(1988 state that “the evaporation may be com- transfer model were taken from the International Satellite
puted by the aerodynamic method when energy supply i<loud Climatology Project (ISCCP-D2) data s&o&sow
not limiting and by the energy balance method when vapourand Schiffer 1999, which provides monthly means for 72
transport is not limiting. But, normally, both of these factors climatological variables in 2%¢2.5°, monthly resolution,
are limiting so a combination of the two methods is needed”.for 15 cloud types and for the 25-yr period July 1983—-June
Doing just that, the method developed Bgnman(1948 2008. ISCCP converts 30 km30km cloud data every 3h
gives the evaporation raté, as a weighted average @k to an equal-area map grid with 280 km resolution. The Stage

and E,, using the formula D2 data product is produced by further averaging over each
A y montbh, first at each of the eight 3 h time slots and then over
Er+ Ea (5) all time slots. The cloud-top temperature is derived from the

p= r
Aty Aty infrared radiances, while the cloud-top pressure from the ver-
whereA is the slope of the saturation water vapour pressuretical temperature profile of the atmosphere. We decided to
curve at the air temperatuf®, andy is the psychrometric use ISCCP and radiation transfer models for the calculation
constant of radiative fluxes and not reanalyses, because the latter de-

_ Cpp ©6) pend strongly on model generated clouds. Using models to
Y= 06221 create clouds introduces large uncertainties in GCMs and re-
with ¢, the moist air heat capacity ansthe atmospheric analyses. On the other hand, the use of satellite-observed
pressure. cloud properties, such as the ISCCP dataset, saves us from

Penman’s method has consistently ranked among the pedipe errors introduced by the cloud microphy§ical models. _
methods for the calculation of potential evaporation over wa- 1he water vapour and temperature vertical atmospheric
ter bodies Chow et al (1988 classified it as the best evapo- Profiles, used in the radiative transfer model, come
ration method when all relevant data are available and thd’om the National Centers for Environmental Prediction
necessary assumptions are justifiedlinter et al.(1995, (NCEP)/Natlon:_:lI Cen_terforAtmospherlc Research (NCAR)
Rosenberry et a(2004 2007 found it one of three best out 9lobal reanalysis projeckstler et al, 2003, corrected for
of at least eleven methods in the cases of Lake Williams intoPography as irHatzianastassiou and Vardavgz0013.
Minnesota, a prairie wetland in North Dakota, and a small These data are also on a 2sgsolution, monthly averaged
mountain lake in the northeastern USA, respectively. Theirdnd cover the same 25-yr period as the ISCCP-D2 data.
comparison baseline was the energy balance meffamhy Our radiation transfer model is accordingly customised
et al. (2008 in a case study of a small reservoir in north- and applied in two different radiation domains, the shortwave
ern Israel ranked the Penman method between the two be§8W, solar) and the longwave (LW, terrestrial). Below, we
out of five evaporation models. Their comparison was per-Present briefly the two separate models.
formed against eddy covariance evaporation measurements. o
However, its application requires many physical quantities,2-1-1 Shortwave radiation transfer model
some of them not readily available. The ones that are not
measured at every meteorological station are the radiatio
fluxes Qs and Q). Therefore, using radiation transfer mod-
els to calculate them everywhere on the globe, is our onl
recourse.

he incoming solar irradiance conforms to the spectral pro-
ile of Thekaekara and Drummor(d971) and corresponds
yto a solar constanfy of 1367 Wn12 (Willson, 1997 Hart-
mann 1994. The model makes adjustments for the ellipti-
cal Earth orbit and apportions 69.48 % of the incoming spec-
2.1 Radiative transfer model description tral irradiance to the ultra violet-visible-near infrared (UV-
Vis-NIR) part (0.20—1 pm) and 30.52 % to the near infrared—
The deterministic 1-D spectral radiative transfer model usednfrared (NIR-IR) part (1-10 pm). Then, the radiative trans-
here was developed from a radiative-convective modad-(  fer equations are solved for 118 separate wavelengths for the
davas and Carved984 Vardavas and Taylor2007). The UV-Vis-NIR part and for 10 bands for the NIR-IR part, us-
sky is divided into clear and cloudy fractions. The cloudy ing the Delta-Eddington method dbseph et al1976. For
fraction includes three non-overlapping layers of low, mid a more detailed model description the reader is referred to
and high-level clouds. The model input data include cloudHatzianastassiou et §2004ab, 20073b).
amounts (for low, mid, high-level clouds), cloud scattering The model takes into account Rayleigh scattering due to
and absorption optical depths, cloud-top pressure and tematmospheric gas molecules, as well as absorption fram O
perature (for each cloud type), cloud geometrical thicknesCO,, H2O, and CH. The & column amount is taken from
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the Television Infrared Observational Satellite (TIROS) Op- the cloud physical thickness, cloud overlap schemes, and the

erational Vertical Sounder (TOVS). Complete aerosol datause of daily-mean instead of monthly-mean input data. The

are provided by the Global Aerosol Data Set (GADS)pke  model DLR was also validated against BSRN station mea-

etal, 1997. surements for the entire glob@dvlakis et al.2004 Mat-
The model output can include downwelling and upwelling soukas et a].2005. Here, we use a newer version with an

fluxes at the top of atmosphere, at the surface and at any atmproved spectral resolution of 28 bands for the longwave

mospheric height. The focus of this study is the solar energyspectrum.

absorbed at the surface, or net (downwelling minus reflected)

flux at the surface. As mentioned above, in this study we use

the fluxes absorbed by a hypothetical shallow water body or8  Results

the ground. Therefore, in the estimation of the net shortwave

flux we use the water surface albedo, modelled using Fresng}.1 Long-term average

reflection as a function of the solar zenith angle and corrected

for a non-smooth surface. We start by using Eq.1) to compute the bulk aerodynamic
evaporationE, for the globe, with input data (air temper-
2.1.2 Longwave radiation transfer model ature, humidity, wind speed, air pressure) originating from

ERA-40 and ERA Interim. This quantity corresponds only

The detailed radiative-convective model developed for cli-to mass transfer procedures and assumes unlimited energy
mate change studies Wardavas and Carvéi984) is modi- availability. A long-term average (July 1983—-June 2002) of
fied for the radiation transfer of terrestrial infrared radiation, the annualE,, calculated from ERA-40 data is presented in
in order to compute the downwelling longwave radiation Fig. 1 (top left), showing maxima over generally dry areas,
(DLR) and upwelling fluxes at the surface of the Earth. The such as deserts and minima over wetter and colder areas. A
model has monthly, 2°5¢2.5° resolution (dictated from the direct comparison with the long-term annual average of the
resolution of ISCCP-D2) and a vertical resolution of 5mb, VPD in Fig. 1 (top right), shows the qualitative resemblance
from the surface up to 50 mb, to ensure that the atmospheriwith E5 and highlights the dominance of the VPD in the
layers are optically thin with respect to the Planck mean long-geographical distribution of aerodynamic evaporation. The
wave opacity. The skin temperature, as well as the humiditylong-term annual average of wind speed is shown in Eig.
and temperature vertical atmospheric profiles come from th€bottom). The regional patterns 6f and E,; do not corre-
NCEP/NCAR global reanalysis project. We have assumedate very well, indicating that the wind speédplays only a
that the skin temperature of the theoretical shallow body ofsecondary role in the bulk aerodynamic evaporation regional
water is the same as the skin temperature of the soil, as givedistribution. This is also true for the the exchange coefficient
by the NCEP/NCAR reanalysis. This is probably a good ap-Cuw.
proximation, if indeed the water body is small and shallow, We proceed by calculating the available eneRgyfor tur-
and the evaporative cooling is weak. In any case, in a senbulent processes, i.e. evaporation and sensible heat flux. As
sitivity analysis we reduced drastically the skin temperaturementioned before, this energy is derived from our radiative
by 10° C over the Sahara and the Arabian peninsula. Themodels, run over fictitious small and shallow water bodies at
weaker radiative cooling resulted in &, increase about each location. If we assume that all this energy flux is used
15% over these regions. The global laAg increased by up in evaporation, we obtain the evaporation rBfewhose
3%. However, the trends analysis presented later, is unafglobal distribution is shown in Fi@ (top left). A compari-
fected. son of E5 in Fig. 1 (top left) with E; in Fig. 2 (top left) shows

The atmospheric molecules considered aOHCO,, that there are two very distinct processes that govern poten-
CHg4, O3, and NO. The sky is divided into clear and tial evaporation. In some dry locatio, is larger thank,
cloudy fractions. The cloudy fraction includes three non- meaning that the available energy does not suffice to main-
overlapping layers of low, mid and high-level clouds. The tain the potential evaporation rate dictated by mass transfer
model input data include cloud amounts (for low, mid, high- and potential evaporation is energy limited there. This is
level clouds), cloud scattering and absorption optical depthshighlighted in Fig.2 (top right), where we present the ra-
cloud-top pressure and temperature (for each cloud type)tio Ea/E;. In areas where this ratio increases above one, e.g.
cloud geometrical thickness and vertical temperature andhe Sahara and Australian deserts, potential evaporation is
specific humidity profiles. limited by energy. In other locations, e.g. North Eurasia and

A full presentation and discussion of an earlier version of America, South Americaky is larger thanE, and the ra-
the model can be found iRavlakis et al(2004. There, a  tio drops below one, meaning that the potential evaporation
series of sensitivity tests were performed to investigate howthere is vapour transfer limited.
much uncertainty is introduced in the model DLR by uncer- Penman’s method (E&) takes into account the two pro-
tainties in the input parameters, such as air temperature, skinesses and derives an accurate estinigt@f the potential
temperature, low, middle or high cloud amount as well asevaporation. The long-term averagg is shown in Fig.2

www.atmos-chem-phys.net/11/7601/2011/ Atmos. Chem. Phys., 11, 76082011
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Fig. 1. Long-term averages (July 1983-June 2002). Top left: the bulk aerodynamic evaporatifg (ate day 1) computed from wind
speed, air temperature and humidity data from ERA-40. Fhgalues reach as high as 16 mm dayover the Sahara. Top right: the VPD
(mb) computed from air temperature and humidity data from ERA-40. Bottom: the wind spgad1) from ERA-40.

6] 1 2

Fig. 2. Long-term averages (July 1983-June 2002). Top left: energy balance evaporatiBn(rate day 1) computed by radiation transfer
models. Top right: ratida/ Ey. Bottom: Penman evaporation rafig, (mm day1), as a weighted average &f and Ea.
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Fig. 3. Global means of{a) bulk aerodynamic evaporatiafy (in mm day 1) calculated from input data by ERA-40 (blue line) and ERA
Interim (red line).(b) 10 m wind speed/ (in ms~1) by ERA-40 (blue line) and ERA Interim (red linelc) VPD (in mb) by ERA-40 (blue
line) and ERA Interim (red line).

(bottom), with its expected latitudinal gradient, its maximum tuations hide possible trends and keep them from attaining
values close to the Equator, its poleward decrease and itstatistical significance. Moreover, the switch from ERA-40
minimal values in Antarctica and Greenland:, follows  to ERA Interim after 2002 would introduce a spurious trend,
closely Ey, because\ is usually larger thamr in Eq. () and especially if the same quantity has different long-term mean
therefore theE, contribution toE, dominates the, contri- in the two data bases, as for example wind speed. In order to
bution in all but the coldest regions. The global average ofperform a more robust trend analysis, we take the deseason-
the potential evaporation of small shallow water bodies overalised time series, normalised by the standard deviation of the

land areas for July 1983 to June 2002 is 3.4 mnTday interannual variability for each specific month. For example,
the normalised anomaly of June 2001 is the difference be-
3.2 Global trends tween the June 2001 value and the mean of all June values,

. _ divided by the standard deviation of all June values. In this
We now focus on the interannual behaviour of global po-fashion we have derived normalised plots for wind speed
tential evaporation, as well as the quantities that affect it,yPD, and bulk aerodynamic evaporatiég (Fig. 4), net so-
namely wind speed, VPD, net solar flux and net terrestrialjar flux Qs, net terrestrial fluxQ;, and energy balance evapo-

flux. In this study “global” means the area-weighted averageration E, (Fig. 5), and Penman potential evaporation (F.
of land-only values. We first present in Figa the evolution

of global mean bulk aerodynamic evaporatigg calculated As expected, the seasonality of the quantities is not ap-
by Eq. (1), using data from ERA-40 (blue line) and ERA In- parent in these plots and we can proceed to check if decadal
terim (red line). There is a consistent difference between tharends are present globally over land. Also, the differences
two time series during the temporal overlap between Januarpetween normalised anomalies of ERA-40 and Interim for
1989 and August 2002, when data were available from bothguantitiesU, VPD, E,, andE, (Figs.4 and6), seem small
ERA-40 and Interim. The reason for the larger Interim val- and non-systematic. If we compare the trends calculated sep-
ues is the consistently increased wind speeds compared tarately by ERA-40 and Interim in their common time pe-
ERA-40, as can be seen in Figh. Except from the wind riod (January 1989-August 2002), we see that they are very
speed, the global means of the other relevant quantities (2 rgimilar, a finding also visually supported by the proximity
air temperature, dew point temperature, VPD) do not showof the blue and red lines of Figd.and6. Therefore, there
significant differences between ERA-40 and Interim. For ex-is evidence that using ERA-40 even before 1989 to calcu-
ample, in Fig.3c we show the time series of the VPD global late trends does not produce significant errors. For each one
mean, where the two lines are very close. of the aforementioned quantities, we generated a “blended”
Fitting linear trends to raw time series, such as the ones irtime series with only ERA-40 normalised anomalies for July
Fig. 3, is not a good practice, because the large seasonal fluct983-December 1988, the average of ERA-40 and Interim
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Fig. 4. Normalised anomalies ¢&) 10 m wind speed/ by ERA-40 (blue line) and ERA Interim (red lin€)) VPD by ERA-40 (blue line)
and ERA Interim (red line) an€c) bulk aerodynamic evaporatiafi;, computed by data from ERA-40 (blue line) and ERA Interim (red
line).
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Fig. 5. Normalised anomalies ¢&) net solar fluxQs, (b) net terrestrial fluxQ|, and(c) energy balance evaporati@h, all calculated by our
radiation transfer model.

normalised anomalies for the overlapping period of Januarypend on the choice of the period of interest and its start and
1989-August 2002, and ERA Interim only for September end points. Q) in particular displays an increasing trend in
2002—June 2008. These “blended” time series will be usedhe last two decades.
for the rest of the paper in order to calculate linear trends for F|tt|ng linear trends to the generated normalised anoma|y
the relevant variable§, es—e, Ea, andE,. time series produces the trend values shown in Table
There seems to be a wind speed decrease in the 90's, whichhe numbers in italics mean that the 95% confidence
has stopped (if not reversed) around 2000. The VPD seeminterval of the slope does not contain zero. The nor-
to be increasing since the 90's, as dégqbut less steeply). malised anomalies have also been averaged over North and
Trends inQs, Q, Er, andE, are not very obvious and de- South Hemispheres and their trends are presented separately.
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Fig. 6. Normalised anomaly of Penman potential evaporation, computed by data from our radiation transfer model, and ERA-40 (blue line)
or ERA Interim (red line).

Table 1. Global, North Hemisphere (NH) and South Hemisphere amore vapour-hungry atmosphere, but the r?et en(?rgy at the
(SH) normalised anomaly trends for potential evaporation over landSUrface has not increased as much as to satisfy this demand.
areas and other relevant physical quantities, for the period JulyAll @bove trends are stronger in the North Hemisphere than
1983-June 2008. The numbers are the slopes of Bigs(except  either globally or in the South Hemisphere. In SH the only
the Ea/Er slope) in units of decadé. Numbers in italics corre-  statistically significant trends are found for VPD afigl On
spond to trend slopes significantly different from zero at the 95%the other hand, in NH all examined quantities seem to be
confidence level. significantly changing, with the wind speed decreasing and
everything else increasing.

Time Series  Global Trend NH Trend SH Trend . . .
It is physically more meaningful to present the trends of

U -0.12 —-0.25 0.14 the actual physical quantities than the trends of the nor-
es—e 0.58 0.60 0.32 malised anomalies, even though the latter can be derived with
Ea 0.42 0.47 0.19 smaller statistical errors. A first set of quantities,( Q| and

0Os 8-; g'i; _8%; Ey) originate from a single, consistent data set for the whole
9 : : s period July 1983 — June 2008, in contrast with a second set
Ey 0.14 0.26 -0.12 .

£ 037 0.44 012 (U, es—e, Ea, E),) coming from a blend of ERA-40 and In-
E::/Er 0'_20 0:21 0:14 terim data. For the first set with quantities from only one data

source, the trend of the original timeseries can be produced
safely (Table2). We also show the trends of the original
timeseries of the second set separately for ERA-40 and ERA

Restricting ourselves to the statistically significant trends atNt€rim, because merging the two sets is problematic when
the 95% confidence level, we can draw some conclusionsV€ deal with the actual (and not the normalised) timeseries.
The VPD has the steepest increasing trend, already appapur t_rends seem rather small compared to the ones de_rived
ent in Fig.4b, driving the bulk aerodynamic evaporatisgg oY Wild et al. (2008. However, they correspond to a dif-
trend to positive statistically significant values. Althougy ~ €"ent period and for comparison purposes we would need
shows a positive trend in the late eighties and throughout thd® Shorten our temporal window from 1983-2008 to 1986
nineties (solar brightening), after 2000 this trend has levellec?000- If we do that, the trends can change significantly, e.g.
off (Wild et al, 2009. In the full period (July 1983-June the s trend increases by an order of magnitude.

2008) there remains a weak but statistically significant in- There is a general reluctance to derive trends from reanal-
crease in the net solar heating of the surface. The radiativgsis data. The main reason is that the observational data as-
cooling of the surfac@) is increasing more steeply tha. similated by the reanalysis scheme may at some times be less
The same sign of trends in solar heating and thermal radidense than other times, or that the assimilation scheme may
ation cooling cause a statistically non significant change inbe revised. These changes could produce spurious, statis-
the net energy flux at the surface, therefékehas a weak, tically significant trends. However, we decided to use re-
non significant trend. However, our result for the apparentanalysis data for the calculation &, trends for two rea-
potential evaporatiotk, over land areas, estimated by Pen- sons. First, ERA Interim starts in 1989, when satellite data
man’s method, is a statistically significant increase over thewere mature, global and abundant, leading us to expect small
last decades. The ratiB,/E; is also increasing with statis- changes in data coverage and density. Second, reanalysis
tical significance, indicating a potential evaporation that isdata trends affect mainlg, and notE,. As we note above,
less limited by vapour transfer, but more limited by energy £, depends weakly ot,, except in the very cold regions.
fluxes. In other words, the VPD has increased, resulting inTherefore, spurious reanalysis trends, will afféGt only
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Fig. 7. Statistically significant (95 % confidence interval) trends of the normalised anomaly of (top left) wind Epée right) VPD

es —e, and (bottom) bulk aerodynamic evaporatiBg All three time series are blended from ERA-40 and Interim, at each<2%°cell.
Units are decadel.

Table 2. Global, NH and SH decadal trends for the original timeseries of potential evaporation over land areas and other relevant physical
quantities. The period of reference is July 1983-June 200®forQ,, andEy. ForU, es —e, Ea, andE, periods of reference are July
1983-June 2002 (ERA-40) and January 1989-December 2007 (ERA Interim), i.e. complete years in both cases. The units of each trend are
the units of the relevant quantity divided by decade.

Time Series Global NH SH
0s (Wm~2) 0.263 1.065 —1.292
0| (Wm~2) 0.274 0.509 —0.231
Er (mmday 1) 0.007 0.028 —0.031
ERA-40 ERA-Int. ERA-40 ERA-Int. ERA-40 ERA-Int.
U (ms_l) -0.023 -0.001 -0.014 -0.027 -0.041 0.058
es —e (Mb) 0.111 0.371 0.208 0.418 —-0.088 0.274

Ea(mmdayl)  0.008 0.135 0.057 0.154 -0.091  0.096
E, (mmday'l)  0.033 0.030 0.055 0.040 -0.012  0.009

slightly. We should mention that there are many reanaly-ISCCP. However, radiation flux trends derived by our earlier
ses available, as well as many surface radiation flux datasetsyorks compare well with observations from ground stations
which sometimes show different trends in the physical quan-and satellitesHatzidimitriou et al, 2004 Hatzianastassiou
tities related to potential evaporation. It is encouraging toet al, 2005 Fotiadi et al, 2009. With these caveats in mind,
see good agreement between theVPD, Ej,, andE, nor- we continue our analysis.

malised anomaly trends produced with ERA-40 and Interim

data during the common period (January 1989-August 20023.3 Geographically resolved trends

in Figs.4 and6). A thorough comparison between many

more datasets and a sensitivity study with respect to the estie compile monthly timeseries at every 2:62.5° cell of
mation of potential evaporation trends would be very useful,the globe for the period July 1983-June 2008. Each individ-
but is out of the scope of this work. Also, we cannot pre- ual timeseries is transformed to a normalised anomaly time-
clude the existence of spurious trends in our radiation modekeries and fitted with a least-squares line. For quantities orig-
inputs, such as the ones reportedbyan et al.(2007) for inating from both ERA-40 and Interim, a blended normalised
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using reanalysis data for trend detection. There is also some
similarity with the the investigation of station data bgu-
tard et al.(2010, because renalyses such as ERA Interim
ARSI capture the large-scale circulation changes. Differences with
i % ot hat YT e Vautard et al(2010 can be attributed to processes such as
. e - } 4 land-use changes, which are not taken into account by re-
analyses. We understand the difficulties in substituting local
wind measurements with reanalysed data, but we should also
= note that there is no consensus on the magnitude of wind
trends in Australia, even between station-only analyges (
vanovic et al.2008.

The bulk aerodynamic evaporatidty and the VPD (i.e.
es—e) are globally on the rise except (not necessarily with
statistical significance) in India, West Australia, South Africa
and various scattered small regions throughout the globe.
The VPD trend is caused by the fact that in ERA both air
temperaturdl’ and dew point temperaturg are rising, but
T is doing so faster thaffiy (results not shown). The posi-
tive trend ofTy shows that the water cycle is intensifying, but
not enough to decrease the VPD in a warming world. This
increase in the “drying capacity” of air runs contrary to the
complementary hypothesis.

The globe seems to be divided in half with respect to the
prevalence of global dimming or global brightening in the
period July 1983-June 2008. Decadal changes in net so-
Fig. 8. Statistically significant (95 % confidence interval) trends of 1ar heatingQs led to less radiation (dimming) in parts of
the normalised anomaly of (top) energy balance evapordtiand Canada, Greenland, North Eurasia, East Asia, most of Aus-
(bottom) Penman potential evaporatiBp, at each 2.5x2.5°cell. tralia, and Antarctica (not shown, but very similar to Fig. 8
Units are decade!. (top)). All other areas witnessed brightening. The surface

seems to be radiating increasingly net longwave @yxdur-

ing the examined period, contributing to less available energy
anomaly time series has been calculated and all plots and réer evaporation. Exceptions are West South America, West
sults reported here are derived from it. Each slope is tested\frica, West Australia, Central Eurasia, Indonesia and scat-
for difference from zero with statistical significance at 95 % tered spots in various locations (not shown). The combined
confidence level. Below, we present the regional distributiontrends ofQs andQ, produced the trend df,, shown in Fig. 8
of these trends for potential evaporation and all other rele{top). The general image is similar to the trendgig indi-
vant physical quantities. Only statistically significant slopes cating that the major player in radiative flux changes is the
are presented. The normalised anomalies are unitless. Anirsolar energy and not the terrestrial longwave. Also, Penman
terpretation of the values of quantities in the following trend potential evaporatioif,, regional trends in Fig. 8 (bottom)
plots (Figs. 7 and 8) is the change per decade of the differagree quite well withE; in Fig. 8 (top). In some regions,
ence of the quantity from its interannual monthly mean overopposite signs of trends ifi; and E; have removed statisti-
its interannual monthly standard deviation. cal significance ink, changes, e.g. parts of Greenland and

Examining the regional wind trends, it is apparent that in North-east Asia, but the differences between the two figures
the last 25yr wind speeds are generally decreasing everyare small.
where except Antarctica, scattered parts of North America In the Introduction we highlighted that generally the pan
and East Asia, extended parts of South America and Nortlevaporation in observations has been decreasing, while our
Africa, central Europe, the Kalahari, Indochina and Indone-results so far show a general increase in potential evapora-
sia. These trends are in agreement (at least qualitativelydion. This disagreement is based on the fact that the majority
with Roderick et al(2007), Zhang et al(2007), andMcVicar of our referenced observations correspond to data before the
et al.(2008. McVicar et al.(2008 point out that Australian early 1990s, when dimming was worldwide still prevalent.
stations and ERA-40 reanalysis data agree well in wind cli-Things are quite different in the late 1990s, when potential
matologies, but the reanalysis trends are weaker than the stavaporation increased globally, and in the 2000s, when it
tion ones. Our ERA analysis is also in agreement Withor  slightly decreased. We compare here our results with recent
et al.(2009, who however find differences in reanalysis and pan evaporation observationRoderick et al.(2009 com-
station trends for the contiguous US and show scepticism irpiled pan evaporation trends at various geographic locations
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Table 3. Qualitative comparison of pan evaporation trends from TableRoaaferick et al(2009 with E, trends from our study. The first

column has units of mntata~1. “/" in the last column means that the model reproduces the sign of the observed trend wihiledns
the opposite.

Slope (mméz) Region Details Trend sign
-3.0 China 1955-2000, 85 sites i
-31 China (Yangtze River basin) 1960-2000, 150 sites ./
-3.9 China 1955-2000, 85 sites J
—-2.8 China (Yangtze River basin) 1961-2000, 115 sites ./
-3.2 Australia 1975-2002, 61 sites 4
-25 Australia 1970-2005, 60 sites J
-0.7 Australia 1970-2004, 28 sites 4
-10.5 Thailand 1982-2001, 27 sites J
-2.0 New Zealand ~1970-2000, 19 sites Vv
—4.5 Tibetan Plateau 1966-2003, 75 sites 4

Studies with fewer than 10 sites

—24 Turkey 1979-2001, 1 site X
-1.0 Canada ~1965-2000, 4 sites J
+13.6 Kuwait 1962-2004, 1 site i
+0.6 Ireland 1960-2004, 1 site i
-5.1 Ireland 1976-2004, 1 site X
+0.8 Ireland 1964-2004, 8 sites i
+2.1 UK 1957-2005, 1 site 4

and for different time periods in their Table 1. We select However, the large majority of comparisons in TaBkhows
from there the trends that extend to 2000 and later, and comgenerally good agreement of observational studies with our
pare them with the (not necessarily statistically significant)modelling approach.

normalized trends of ouE,, in Table3. This comparison

aims to provide a first outlook of our model behaviour and

is not meant to be a point-by-point quantitative comparison.4  Discussion: is potential evaporation driven by energy
We did not go into details such as the exact location of the  or mass transfer issues?

pans. There are countries with opposing regional trends, but

we assigned one trend per country taking into account thq et us revisit the two competing hypotheses on the decreas-
geographically prevalent trend. With respect to the observaing pan evaporation trends. On the one hand the complemen-
tional time series, we should note that one starts as early agry hypothesis proposes that changes in the water vapour
the 195013, while almost all start in the 1970’s or before. Ourmass transfer are responsib|e for the observed pan evapo-
modelled potential evaporation time series begins in 1983ation trends. On the other hand, the secular global dim-
so the observational time series contain a dimming periodning/brightening is supposedly enough to account for the
of at least one decade, which is not there in &ly. We  pan evaporation trends. In order to provide some insight into
do not have access to the observational data and we cafhjs problem, it is important to elucidate the relationships be-
notisolate the pOSt'1983 observational data. Unfortunately, Q\Neen the deseasona"sed, normalised trends 9;—6‘, an

more meaningful comparison of contemporaneous modelledy o, E, andE ,. To this end, we compile Tabkewith the
and observational time series cannot be performed. With th%ross_corre|ati0n Coefﬁcientgz between all possib|e pairs

above in mind, only two out of seventeen studies do not agref the above quantities.

with our results, both of them coming from analysis of only  \yie will examine the values greater than 0.5, namely the
one site: (1) in Turkey, wherRoderick et al(2009 state  5nes corresponding to the paitg-VPD, Qs-0Q\, Er-Qs, E -
“This pan was located in an expanding irrigation area”, andeD, Ep-Ea E,-Qs, andE ,-E;. The large correlation of
(2) in Ireland, where we have two studies agreeing and on€z_ and VPD has been inferred previously in this study, by
disagreeing with us. These recent observations extending ge similarities in both their regional distributions and their
least to 2000, tend to correspond geographically with areag|obal normalised anomaliex)s and Q| are correlated be-
where we find decreasing potential evaporation. Our comparg5,se of their common relationship to cloud cover. For ex-

ison would be more complete if we had a wider coverage in-gmple, when clouds are present, they obstruct both net solar
cluding more regions with increasing potential evaporation.peating and terrestrial cooling, leading to smaller values of
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Table 4. Cross-correlation coefficients between potential evapo-
ration E,, and relevant quantities. The analysed timeseries are the
normalised anomalies for the period July 1983-June 2008.

U es—e Ea Os Q) Er Ep

U 1.00

es—e —0.11 1.00

Ea 0.07 0.94 1.00

Os —-0.24 0.45 039 1.00

0l -0.01 036 036 051 1.00

Ex -0.27 041 034 096 0.26 1.00

Ep —-0.17 0.73 068 0.89 036 0.90 1.00

Q) and Qs. The long-term global average values@§ and

Q are respectively 150 Wnt and 48 W n12, so Qs dom-

inatesQ). If we also take into account Eq)(and @), the

close relationship o, with Qs is not surprising. Finally,

it is expected tha¥, would be correlated witlE, and E5

through Penman equation (Es). We have already pointed

out the stronger relationship @&, with Ey, rather than with

E3, due to the usually larger coefficient 8f in Eq. 6). No-

tably, with a 0.90 correlation coefficient, we can see that Pen-

man’s potential evaporatiofi, trend is strongly dictated by

the trend of the available enerdst. The E,- E, correlation

is important, but weaker than this of the paij-E:. Fig. 9. Geographically distributed correlation coefficient between
This result is examined further, by presenting the geo-trends ofE, and Er (top) and between trends &f, and E5 (bot-

graphically distributed cross-correlation between deseasortom).

alised and normalised trends &f, on the one hand and

E; or E5 on the other, in Fig. 9. The very strong cross-

correlation found for the global normalised, deseasonalisedtudy, at most locations the available energy (mainly solar) is

trends ofE, and E; (top of Fig. 9) in the previous paragraph the driver for potential (and consecutively pan) evaporation

seems very robust. In most areas this correlation coefficientrends in our dataset and not water vapour transfer.

is above 0.7, with exceptions at most deserts, parts of Canada

and Siberia, Greenland, and Antarctiég, trends are domi-

nated byE, trends only in West Australia, Sahara, Kalahari, 5 Conclusions

Greenland, Antarctica, parts of Russia and North America,

while everywhere else in the gloli is more importantEa~ Pan and potential evaporation are directly proportional and

trends are dominant in the deserts, becatists larger than  therefore a study on potential evaporation can shed some

E; there, and in the coldest areas, because the coefficient gight on the factors that affect the much discussed observed

Eqis larger there than the coefficient &f in Eq. 6). This  trends of pan evaporation. We use Penman’s method to cal-

result can be extended to pan evaporation, since potential angLilate the potential evaporation for all land areas of the globe

pan evaporations are generally considered proportional, within a monthly 2.5 x 2.5° resolution. Penman’s method is

“pan coefficient” being the coefficient of proportionality for widely recognised as one of the most accurate calculations

a specific pan. of potential evaporation. It takes into account two relevant
This finding comes to the support of the hypothesis thatprocesses: the drying power of the air (the water vapour

secular dimming/brightening controls the global trends in po-transfer potential) and the energy available to the evapora-

tential and pan evaporation. The bulk aerodynamic evaporation process. Penman’s method then compromises the two

tion E, is also positively correlated with the potential evap- sometimes conflicting processes and produces an estimate

oration E,, but this effect is of principal importance only in for potential evaporation. Since it requires modelling of both

deserts and the coldest regions. The energy balance evapmadiative and turbulent fluxes, it is data intensive and needs

ration E; is not totally independent af,, so all three quan- quantities (e.g. net radiation fluxes), which are not readily

tities are linked. However, the degree Bf and E,, trend measured in all world regions. We employ radiation transfer

correlation is prominent and provides a clear answer. In thismodels as a way to circumvent the problem of radiative flux

-0.2 0 0.2 0.4 06 08 1
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availability. In order to run the radiative transfer models we fer issues, such as the ones proposed by the complementary
need data for clouds (ISCCP-D2), aerosol (GADS), and at-hypothesis.
mospheric temperature and humidity profiles (NCEP/NCAR

reanalysis). ECMWF reanalysis data (ERA-40 and ERA In-AcknowledgementsThe ISCCP D2 data were obtained from
terim) are used for the turbulent flux model. the International Satellite Cloud Climatology Project web site

The temporal evolution of potential evaporation for our http://isccp.giss.nasa.gowaintained by the ISCCP research group

examined period (July 1983—June 2008) is of particular in-at the NASA Goddard Institute for Space Studies, New York, NY.

¢ tb it ides insight to the ob d trend he GADS aerosol data were obtained from the Meteorological
erest because It provides Insignt to the observed enas gf g te of the University of Munich. NCEP/NCAR Reanalysis

pan evaporation. We examine the decadal trends of pOperiveq data provided by the NOAA/OAR/ESRL PSD, Bouider,

tential evaporation and various related physical quantitiescolorado, USA, from their Web site attp://www.cdc.noaa.goy/

such as net solar flux, net longwave flux, vapour pressuréERA-40 and Interim reanalysis data were provided by the European

deficit (VPD) and wind speed. Trends of reanalysis quanti-Centre for Medium-Range Weather Forecast (ECMWF) and down-

ties, which are related to turbulent fluxes, such as the VPDJoaded fromhttp://www.ecmwf.int/ Part of this work has been

wind, and bulk aerodynamic evaporati@h, should be re- performed in the frame of the European Union Integrated Project

ported carefully because of possible changes in data Coverag’éj RCE (contract no. 036961). We thank two anonymous reviewers,

and assimilation techniques during the reanalysis period an/nose comments helped to improve the paper substantially.

the consequent generation of spurious trends. In our case, . ]

we think spurious effects are minimal because data cover!;Ollted by: R. Cohen

age changes are small after 1989, with satellites routinely
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