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Abstract. It is clear from Lhomme et al. (2014) that as- 1964) (hereafter referred to as PM) is theoretically supe-
pects of the explanation of the Matt—Shuttleworth approachrior to describing evapotranspiration using the formula given
can generate confusion. Presumably this is because the d€for example) as Eq. (1) of Lhomme et al. (2014) (here-
scription in Shuttleworth (2006) was not sufficiently ex- after referred to as FAO). Justifications for this premise are
plicit and simple. This paper explains the logic behind the as follows.

Matt—Shuttleworth approach clearly, simply and concisely. , . .

It shows how the Matt—Shuttleworth can be implemented 1- It IS now widely accepted in advanced models of
using a few simple equations and provides access to ancil-  Surface-atmosphere energy exchanges that the control
lary calculation resources that can be used for such imple- ~ €Xerted by vegetation can be represented by a plant-

mentation. If the crop water requirement community decided ~ dePpendent surface resistanoge, which is broadly
that it is preferable to use the Penman—Monteith equation ~ €duivalent to the canopy average effect of stomatal re-

to estimate crop water requirements directly for all crops, ~ Sistance, and that the control exerted by turbulent trans-
the United Nations Food and Agriculture Organization could ~ f€F ¢an be represented by an aerodynamic resistance,
now update Irrigation and Drainage Paper 56 using the Matt—  "ac dependent on wind speed and aerodynamic prop-

Shuttleworth approach by deriving tabulated values of sur-  €rties of the canopy. PM merges these two resistances

face resistance from Table 12 of Allen et al. (1998), with the ~ With the surface energy balance. In such advanced mod-
estimation of crop evaporation then being directly made ina €IS 7sc i either assumed fixed or dependent on in-
one-step calculation using an equation similar to that already ~ C&nopy environmental variables and soil moisture if
recommended by the United Nations Food and Agriculture  these affect stomatal resistance.

Organization for calculating reference crop evaporation. 2. The capability of PM to describe crop evapotranspi-

ration is now explicitly accepted as being appropriate
by the crop water requirement community because the
United Nations Food and Agriculture Organization rec-
ommends that reference crop evaporation is calculated
from PM (Allen et al., 1998).

1 Introduction

It is clear from Lhomme et al. (2014) that aspects of the

explanation of the Matt—Shuttleworth approach can gener-

ate confusion. Presumabily this is because the description i  How is surface resistance calculated in the

Shuttleworth (2006) was not sufficiently explicit and simple. Matt—Shuttleworth approach?

| welcome the opportunity to redress this and | am grateful to

Lhomme et al. (2014) for bringing this need to my attention. In the Matt—Shuttleworth approaeiy is a crop-dependent,
The fundamental premise of the Matt—Shuttleworth ap-“effective” value for each day during the crop growth cy-

proach is that describing evapotranspiration from a cropcle. The value ofrsc for each day would ideally be de-

canopy using the Penman—Monteith equation (Monteith,termined from a seasonal model that has been calibrated
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via a field experiment (in much the same way that the Shuttleworth (2006) does not assume that reference crop
fixed value 70sm! was defined for the reference crop). evapotranspiration raté;,, is equal to the Priestley—Taylor
Shuttleworth (2006) recommends this, but then seeks taestimate of evapotranspiration ratp, every day. This is
make interim estimates of; from the seasonal models &t obviously not an acceptable assumption because, as shown
in the existing literature. Presumably there must be environin Eq. (23.20) of Shuttleworth (2012), the relationship be-
mental conditions when there is a definable pairing betweenweenE, andEpton a particular day can in fact be expressed
the effective values oK. andrs., specifically the prevail- as a function ofr¢in on that day. However, the condition
ing meteorological conditions when the field experiment to Eq = Ept is used to specify thdefaultvalue ofrgim con-
determineK; was carried out. If these meteorological con- sidered characteristic of sub-humid conditions (i.e. the ratio
ditions were known, then the same data used to specify thef (ocpD) to (AA) in sub-humid conditions). One argument
particular value oK relevant in these conditions could alter- for selecting this as a default condition is the history behind
natively be used to specify the equivalent valuesglused in  the calculation of reference crop evaporation. The original
the Matt—Shuttleworth approach. But unfortunately the me-approach in Doorenbus and Pruit (1977) — who largely de-
teorological conditions when tabulated valuekgfwere de-  fined the tabulation oK — allowed calculation of reference
fined are not available — hence assumptions are required. crop evaporation in several different ways, includingzas.

Allen et al. (1998) deem the tabulated valuesk@fmost Later Allen et al. (1998) added the calculation based on PM,
reliable in “sub-humid conditions” for wind speed 2 mis which is here referred to aB,. If either KcEq or KcEpT
and provide an empirical formula to correkt for crops  can be used to calculate crop evapotranspiration optimally
with different heights exposed to different wind speeds inin sub-humid conditions, thef, = EpT can presumably be
different atmospheric aridity conditions. (Note that such anused to specify the ratio ofo¢pD) to (AA) (i.e. the value
empirical correction is not required when using the Matt- of r¢im) in these sub-humid conditions. In addition, Shuttle-
Shuttleworth approach because crop-specific aerodynamiosorth (2006) describes modelling studies of feedback inter-
rather than reference crop-specific aerodynamics are usedactions between the atmospheric boundary layer and surface
In the Matt—Shuttleworth approach the preferred wind speed:xchanges at regional scale which suggest there is a range
of 2ms is adopted, but specification of “sub-humid” is of surface resistances and atmospheric aridity when the con-
also required to establish pairing between the tabulated valueept of “potential evaporation” applies, and when there is at
of K¢ on a particular day and required valuergf. Allen et least approximate equality betweg&pTt and evapotranspira-
al. (1998) specify sub-humid conditions as being when av-tion calculated from PM for a range of surface resistances
erage minimum daytime relative humidity is 45 %. However, typical of pastureland and many agricultural crops, including
this specification does not recognize the long established factOs nt 1.
that both available energy and vapour pressure deficit con- Specifying the default value ot in sub-humid condi-
trol evapotranspiration (Penman, 1948), which suggests thaions from E, = EpT ultimately leads to the result thagc
characterizing the influence of atmospheric humidity rela-should be calculated fronk¢ for a preferred value ofgjim
tive to the influence of available energy is arguably a moregiven by
appropriate way to define the meaning of sub-humid con-
_ditions. For this reason, the climatologi_cal r_e_sist_an@ﬁn, rplref _ 104<1.26A +1.67y B 1) J— @
is adopted as a measure of atmospheric aridity in the Matt—¢1m +y

Shuttleworth approach, this being calculated from .
To calculate the required value ef;, Shuttleworth (2006)

then simply adopts the definition &f; = aaas given (for ex-
ample) as Eq. (7) of Lhomme et al. (2014) and inverts this to
expresssc as a function oK, but with the ratio of pcp D)

where p (kgm~3) is the density of aircp (Jkg'K™)  to (A A) set equal to the (now defined) valuer§fs: in sub-
is the specific heat of moist aif); (kPa) is the vapour humid conditions. However, in order to allow this calculation
pressure deficit and’> (°C) the air temperature both at for crops with height greater than 2m the interrelationship
2m, A (kPaK™1) is the rate of change of saturated vapour betweenrsc and K is first recast to a height of 50 m, and ap-
pressure with temperaturg, (kPaK™!) is the psychromet-  propriate forms of aerodynamic resistances and vapour pres-
ric constant, andd (W m~2) is the available energy which sure used, these being defined using Eq. (24) ®ith50 m,
becomesAmm (mm) when expressed as evaporated waterand Egs. (27) and (29) in Shuttleworth (2006).
equivalent. The pairing between the tabulated valu&ef However, Eg. (2) means the default valuergfy, when
and value ofrsc is then defined by specifyingim in sub-  rsc should be calculated is not yet fully specified becasise
humid conditions when the tabulated valuekf in Eq. (1) it is a function of temperature. Ideally the temperature se-
of Lhomme et al. (2014) provides its best estimate of croplected to calculatex would be that wherk . was calibrated,
evapotranspiration. but this temperature is generally not known. For this reason
Shuttleworth and Wallace (2010) investigated the sensitivity

cpD2 18725( D 1
or relim ~ C sm
AA (2754 T5) AAmm

@

I'clim =
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of the calculation of; to temperature and on this basis rec- Shuttleworth (2012), the preferred value of climatological re-
ommended using 20C, which impliesrgc is optimally cal-  sistance to be used when calculating from K; would be

culated fromk. when P is 55snT1. For this value of 35.5snT! (corresponding to a Priestly—Tayler= 1.107),

l X .
pref o and the corresponding equation used to calculgtieom K

r2i= and a 2m wind speed of 2m¥ the second “advec-

clim
tive” term in the numerator of the equation used to calculate™vould be
E, is, for example, around 50 % of the first “radiation” term; 1.4349R>° + 11627

-~ ppref o rsc= c T — 1.5881R2% sm 2, (5)
for this value ofrg; ., the Allen et al. (1998) criterion that rel- K.

ative humidity is greater than 45 % is met at°ZDfor Aqmm
values in the range 0-7 mmday By using the preferred
values of temperature (2€) and wind speed (2 nT$) and
assuming a pressure of 100 k Pa in equations (23.34), (23.356}I
and (23.36) of Shuttleworth (2012) then simplifying, it can .
be shown that

Consequently, the value af; for this crop on this day would
be 89 snrl.
Similarly if the values ofK. and k. given by Allen et
(1998) during Stage 3 for cassava (in year one 0.8 and
1.0m; and in year two 1.1 and 1.5m, respectively), banana
(in year one 1.1 and 3.0m, and in year two 1.2 and 4.0 m,
1.2614R§0~|- 16866 I respectively), and millet (1.0 and 1.5m, respectively) were
Fsc= K —1.5881R."sm -, 3) assumed to have been calibrated in these same sub-humid
C . .
conditions, then the equivalent values rgf would be for
where cassava 182 and 61 sthin years one and two, respectively;
(50— 0.67h) (50— 0.67h) for banana 70 and 53sTh in years one and two, respec-
—c } In [ ¢ ] tively; and for millet 92 s m®. These values ofsc when ap-
0.1231c 0.01231c plied in Eq. (5) in the same sub-humid conditions of course
(no unity, 4) give the same estimates of evapotranspiration as FAO esti-
) ) ) mates in these conditions, as they should since both the value
with he being the height of the crop. Table 23.5 of of k. and (in effectysc are assumed calibrated in these con-
Shuttleworth (2012) gives values efc calculated from se- gitions. In different conditions the two estimates will differ
lected values oK ¢ andhc representative of tabulated values g some extent, not least because the two approaches make
during Stage 3 of crop growth. For the hypothetical 1 m high gifferent assumptions regarding crop aerodynamics. A sim-
crop considered in Lhomme et al. (201dysuminghe crop  jjar approach could be used to deriug for crops that can

factor Kc = 1 was calibrated in conditions when the value pe safely assumed to have hag calibrated in semi-arid
of preferred climatological resistance had the default valuecgnditions.

55snT1, the fixed value of surface resistance estimated us-
ing Egs. (3) and (4) is 111 s™ (but see below). . _ o
It is important readers understand that the use of the valu@ How is surface resistance applied in the

rff,{ﬁf = 55sn1 ! derived fromE, = Epris a default assump- Matt-Shuttleworth Approach?

tion whose use is recommended when the meteorologic
conditions prevailing when the values iven in Allen o . _
P 9 &t g it is preferable to use the value of: in a version of PM

et al. (1998) were calibratete not knownlin fact the Matt— . . . . _
Shuttleworth approach is easily adapted to fine-tune estivhich applies for a reference height of 50 m. This version of

mates ofrs; if additional information on or assumptions PM can be written in a form similar to that recommended

about the conditions when values &f were calibrated are ]E)yr thel Ulmtti?]d :\I?UrorLs Fo?d ar\'/d Ag:rltci:u:ure OIrEganzlga:t;;m f
made. To do this the calculation af; is merely made using or calculating reference crop evaporation (see Eq. 23.37 0

. ) - Shuttleworth, 2012). Thus,
the valuerg::;f relevant during the period of calibration. )

If, for example, it is known or if it can be safely assumed A y 187250
=(ary=)w (5555)
A4y xx

R =356 In[

a’Eiecause some crops have a crop height greater than 2m,

that the valueK; = 1 on a particular day in the season for A+y*x )\ 2754 TC
the 1 m high hypothetical crop considered by Lhomme et 2
al. (2014)had been calibrated in the sub-humid conditions <@> u2D> mm, (6)
that they specifythen it is the value of climatological re- Dy ) RRP

sistance in these specified conditions that should be used 1 .
as the preferred value when calculating using the Matt— whereuz (ms™) and D, (kPa) are the wind speed and

i i *x 50
Shuttleworth approach. For the purpose of illustration, as-/apour pressure deficitat 2™ =y (1+7sdt2/Re™), and
<(A+)/)302+70)/u2> 1

sume the clear sky conditions sub-humid conditions adopted/ Dsq

by Lhomme et al. (2014) prevailed when this calibration was (E) (A + y)208+ 70y u>

made, that the crop had an albedo of 23% and the tem-

perature was 20C and wind speed 2mg. In this case, [<(A+7’)302+ 70V”2> (@) _ QZ] (no units.  (7)
with net long-wave radiation estimated from Eq. (5.22) in L\ (A+y)208+70yuz/ \ u2 uz

I'clim
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Note that in Eq. (6)¢jim is the value calculated by Eq. (1) AcknowledgementsPartial support during preparation of this

using measured values of weather variables on the day thapaper was given by United Nations Educational, Science and
ET.is calculated notrpFEf. Cultural Organization with funds provided by the Ministry of
clim Science, Technology and Innovation of Brazil.

4 Concluding comments Edited by: F. Tian
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