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Abstract. General experience in hydrologic modelling sug- 1 Introduction

gests that the parameterisation of a model changes over dif-

ferent time and space scales. As a result, hydrologists often

re-parameterise their models whenever different temporal off irty years ago, hydrologists had a reasonable empirical
spatial resolutions are required. Here, we investigate theoretinowledge of the typical rates of many basic processes like
cal aspects of this issue in a search for the cause(s) of the nedginfall, evaporation, infiltration, etc. One of the central chal-
for re-parameterisations. Based on Taylor series expansiod€nges at that time was to use that knowledge to say some-
we present a mathematical approach for temporal up-scalining useful at the larger temporal and spatial scales of typ-
that involves covariance-based corrections. We apply the thelc@l hydrological interest, e.g. annual runoff from an entire
ory using a unique database of half-hourly pan evaporatiorfatchment or river basin, flood peak estimation, etc. Thirty
measurements (comprising 237 days) and examine how th¥ears on, the term “up-scaling” invokes images of networks
model parameters change when integrating from half-hour tPf bores, weirs and flux towers that are all tied together in a
daily and then monthly integration periods. We show that theSPatial database using satellite imagery to describe the land
model parameters change over different integration period§0ver. These technological tools have proved immensely use-
because of changes in the covariance between the model vafi¥! in the scaling of site-specific measurements.

ables. In our model system, we find that the covariance-based N contrast to ongoing technological developments, much
correction is highly variable from day to day but settles down less attention has been given to the theoretical side of the
to a reasonably constant value over periods longer than aboltP-Scaling problemRlschl and Sivapalari 995 Viney and

15 days. The 15 days timescale is likely to be specific to ourSivapalan 2004 McDonnell et al, 2007). The theoretical
model system, nonetheless the underlying principle that theréide of the problem is dominated by a key task — the need
is a characteristic timescale for the covariance-based scalinfp correctly calculate the space-time averages (@ily and
correction of a particular hydrologic process might be gen-Eagleson1987 Rastetter et al1992 Parlange et al1993

eral. If that proved true it would open up the possibility of Famiglietti and Wood1995 Hu and Islam1997a b, 1998
systematically searching for characteristic integration peri-Choudhury1999 Koster and Suare4999 Roderick 1999

ods for the key covariance-based scaling terms in other key?a@nsen and Jone200Q Vogel and Sankarasubramanian
hydrologic processes. That would in turn enable the develop2003 Albertson and Montaldo2003 Rodriguez-lturbe et

ment of more generalised hydrologic closure scheme(s). @l 2009. That problem is not unique to hydrology — many
other related disciplines are also grappling with the same ba-

sic problem. For example, climate scientists use the term,
“sub-grid variability”, to summarise two key concepts in-
volving the calculation of space-time averages. The first key
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32 W. H. Lim and M. L. Roderick: Scaling theory

concept relates to the representation of various intensive stati@ using a simpler system to gain theoretical insights into the
variables (e.g. pressure, temperature, specific humidity, etc.Qip-scaling issue.
in climate models that typically have very large grid cells, In this paper we use a unique half-hourly database of high
and it is known a priori that the intensive state variables varyquality pan evaporation measuremeritsr( et al,, 2012 to
spatially within a grid cell. The second concept is the cal- examine scale bias in model predictions as a function of the
culation of fluxes, and thereby the changes over time, whemmodel integration period. To do that we examine how the
many of the underlying processes are known to be non-lineamparameters of a previously formulated and tested evaporation
This latter issue is of fundamental importance, because igmodel change when integrating from half-hourly to daily and
noring the non-linearity results in biased predictionaréon  monthly time periods. We then use those results to develop a
et al, 2001). Of course such bias can be eliminated using covariance-based approach to up-scale evaporation.
“tunable” model parameters but this has the immediate prob-
lem that one is never sure if the same tuning would apply in
the future.

Different app.rc')aches o handh.ng this bias can be €VIS 1 Statement of the problem: evaporation hypothesis
aged. The traditional approach is to use larger computers .

: : . . testing
to support smaller grid cells and shorter integration periods
(e.g. minytes instead of hogrs, or hours instead of days, etCp51ton's Law Dalton, 1802 for evaporation from a wet sur-
in numencal models. This is a brute-force approach, but aFface can be expressed as
best, it can only reduce the bias, because to account for it
completely using a numerical approach would require bothE « (es(Ts) — ea(Ta)), (1)
infinitesimally small grid cells and time periods which is not
possible due to practical computing constraints. For an in-whereE [ms~1]is the evaporation rate of liquid water in tra-
finitesimally resolved model to be correct, we also need in-ditional hydrologic units of depth per unit times(7s) (Pa)
finitesimally resolved data for the initial and boundary con- is the vapour pressure at the evaporating surfacesa(Te)
ditions, and for the parameters in the highly resolved space(Pa) is the air vapour pressure at the same height that air tem-
Such knowledge would not typically exist. An alternative perature is measured.
approach is to account for the “scale bias” by directly es- The scaling of Eq. (1) over a given period (Otpcan be
timating it, but to do that requires a clear theoretical un-written as
derstanding of what the “scale bias” actually is. For exam- < T
ple, hydrologic modellers are well-aware that model param-} / Edr o %/(es(Ts) — ea(Ty) dt
0

2 Theoretical background

eters can change with the temporal resolution of rainfall-

runoff models (e.gLittlewood and Croke2008 Wang et al. -

2009 Kavetski et al. 2011). Woods and Sivapala(1999 E® = £ (es(Ts) — ea(Ta)), 2
examined space-time variability during storm events and @ e _ )
showed that the scaling problem could be formulated usWhere fv~ [m s™=Pa~] is the aerodynamic function
ing the covariance. Further extension of their wovig{ione whose numerical value depends on the integration period
et al, 20103 enabled assessment of the dependence of thé. Here A can be understood as an effective parameter
catchment flood response to the space-time interactions bdMcNaughton 1994. It is effective in the sense that it will
tween rainfall, runoff generation and routing mechanismsgive the correct estimate @™ because it is calculated from
followed by its application to characterise the type of flood observations usingz(™) /(es(Ts) — ea(Ta)). This procedure
events based on different precipitation patterns (see detailmeans that if the time period of the model was changg?j

in Viglione et al, 2010h. Although these works focused on might also change.

single event flood response, a more general idea of explic- The correct scaling procedure is to begin with the full
itly incorporating covariance terms into the theory may assistequation,

(i) the description of the scale bias and (ii) development of a

more generalised approach in hydrologic modelling. E = fv(es(Ts) — ea(Ta)

T

By comparison, atmospheric scientists have long used a 1 /
Edr =

formal closure framework (see Chapter 19Shuttleworth z
(2012 for an accessible and relevant discussion of closure 0
schemes used to model turpulence) to guide thgr research. E = fy (es(To) — ea(Ta)), 3)

In that framework, the covariance terms are explicit and are

therefore open to further experimental investigations. How-where f, [ms 1 Pa 1] is the aerodynamic function that is
ever, it is difficult to investigate the feasibility of develop- independent of the integration period. By inspection we see
ing closure schemes for hydrology using a system as comthat the correct procedure is to calculate the mean of the
plex as a catchment. Hence, there are numerous advantagpsoduct (Eg. 3) and not the product of the means (Eq. 2). To

1 T
z / Jv (es(Ts) — ea(Tw) d
0
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investigate the differences between Egs. (2) and (3), we ex- Following Eq. (3), the scaling of Eq. (6) over longer term
amine the scaling from short-term (e.g. half-hourly) to long- periods with constanta/,, and R, and near-constanty re-

term integration periods (e.g. daily, monthly).

2.2 Taylor series expansion

Based on Taylor series expansion, the theory of integrating
the product of two variables (e.g= ab) over a given time

moved outside the integration, results in

)

% _ My, |:Dv (es(Ts) — @a(Ta))i|
pan = :

Row| Ta Az

Following Eq. (5) we rearrange Eq. (7) as a product of the

period (0 tor) can be expressed as (see Appendix A for for- meanspx = Mw po 1 + (es(Ts) — ea(Tw)), that is multi-

mal derivation)

pan = R
plied by a collection of addrtrve terms that are associated with
covariance-based correction factors. In general, for a product

. e=ab . involving five variables, there will be ten covariance-based
1 f 1 f correction factors. In this instance, there is one less because
— [ zdt =— | abdt
T T es(Ts) andey(Ty) are related by a sum (and the mean of a
0 0 sum equals the sum of the means) and not a product. Using
z=ab these nine covariance-based correction factors, we have (see
=ab+ oy Appendix B for detailed derivation)
=ab + r(a,p] 04 Ob, (4) Epan Eganll
whereo,; is the covariance betweenandb, ry, ») (range: +Xp Dy. A1
—1.0 to 1.0) is the correlation betweanand b, o, is the +X(p,. 2
population standard deviation efando; is the population Dv. 72
standard deviation of. Note that this result is independent X (4,21
of the distribu@n of t_he variables. #, ) — 0 theno,, — 0 es(To)
and thereforeib — ab. In other words, when the variables + X[Dy.es(Ty)] ————=
are uncorrelated, the mean of the product is equal to the prod- es(Ts) — ea(Ta)
uct of the means. —ea(Ta)
In the more general circumstance, the variables are cor- T XDy.eaTa)] [m _ m}
related. We can simplify Eq. (4) by incorporating the co- __
efficient of variation for bothz and 5 (i.e. C, = % and o es(Ts)
Cp = % , 7¢I o(Ts) — ea(Ta)
z=ab (l + 7a,p1 Ca Cb) +X[i ea(To)] [%]
— fa’ es(Ts) — ea(Ta)
=ab (1+ Xan), (5) —
es(Ts)
where x[4.5) IS @ correction factor arising from the covari- "‘X[Aiz,es(rs)] ﬁ
ance between andb. Application of Eq. (5) for a product ¢slls) — ca
involving more than two variables is demonstrated in Sect. 3. +x —ea(Ta) @)
[z calll | og(T9) — ea(Ta) | |
3 Model system This is the general equation for temporal up-scaling to be

. _ examined in later sections.
Following our previous studyL{m et al,, 2012, we formu-

late pan evaporatioBpan[ms™] as

Epan= fv (es(Ts) — ea(Ta))
My DV (es(Ts) — ea(Ta)) The data were collected from an experimental US Class A
~ R ow Ts Az (6) pan (with bird guard) located at the Bureau of Meteorology
(BoM) field station at Canberra Airport in Australia over the
where My, [kgmol~'] is the molecular mass of wateR  2007-2010 period (see Sect. 3lifm et al, 2012 for full
[Jmoi-* K~ is the ideal gas constanpw [kgm=3] is the  details). We present a brief summary below.
density of liquid waterD, [m?s~] is the diffusion coeffi- The evaporation rate was calculated from water height
cient for water vapour in aif, [K] is the air temperature  measurements made using a magnetostrictive linear displace-
andAcz is the boundary layer thickness (see Appendix C for ment transducer (MLDT) (MagneRule Plus, MRU-4001-
details). In our original research, we parameterised Eq. (615, Schawitz Sensors, Hampton, VA, USA) with a spher-
using half-hourly data. ical float. The float was installed in a stilling well connected

4 Data and methods
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to one side of the pan. The water surface temperature waspeed tended to increase each afternoon thereby increasing
measured using an infrared thermometer (Model: M50—1C—AiZ (Lim et al, 2012 and resulting in a correlation between
06-L, Mikron Instrument Co. Inc., Oakland, NJ, USA). Wind these variables.
speed, air temperature, air vapour pressure and atmospheric The contribution of each covariance-based correction term
pressure were measured based on standard installations. Afeq. 8) to the overall evaporation rate from the pan is
mospheric pressure was measured using a Vaisala Pressushown in Fig. 2. The results show that the product of the
Transmitter (Model: PTB101B). Wind speed was measuredneans (i.e Eg,,) accounted for about 80 % of the daily in-
using a cup anemometer at 2ma.g.l. (above ground leveljegrated evaporation rate (Fig. 2a). Only those corrections
(u2) and air temperature and air vapour pressure were medanvolving the inverse of the boundary layer thickne%@)(
sured with a Vaisala Humitter (Type 50Y, Vaisala, Helsinki, and the two vapour pressuresgs([s), ea(72)) made any
Finland). All data were collected at 5 min intervals and inte- significant difference to the integration (Fig. 2i, j). With
grated to half-hourly intervals. those correction terms the final results showed excellent
We use high quality (half-hourly) data collected over agreement with observations (Fig. 2R2=0.97, n =237,
237 days for evaluating the magnitude of the covariance-RMSE =0.50 mmd?).
based corrections per Eq. (8). The vapour pressure at the
evaporating surface was calculated assuming the air imme5.2  Scaling from half-hourly to monthly
diately adjacent to the surface was saturated at water surface ) o )
temperatureNlonteith and Unsworth2008 Eq. 2.27). The We repeated the above analysis _but this time we mtegrgted
boundary layer thickness was estimated using theory devellfom half-hourly to a monthly period. The results were vir-
oped in the previous paper (see formulation in Appendix C)_tually |(_jen_t|cal Wlth the garller anquas based on mtegratlon
The half-hourly data are aggregated into days, and then intd° & daily time period (Fig. 3). Again, only those covariance-

months. Occasional missing data made it difficult to obtainPased correction factors involving the inverse of the bound-

a complete month of high quality pan evaporation measure® layer thickness 4) with the two vapour pressures

ments, thus we consider months with a minimum of 16 days(¢s(7s), €a(T2) were of practical importance (Fig. 3h, i). If

as valid months. The resulting 11 months included all seg 2!l the covariance-based correction terms were ignored, the

sons (2 months in spring, 3 months in summer, 3 months irpias would result in an underestimate of monthly pan evap-
autumn and 3 months in winter). oration of around 17 % (Fig. 4a). Including these correction

terms gave excellent agreement with the integrated observa-
tions (Fig. 4k;R%=0.99,n =11, RMSE =0.32 mmd?).
5 Evaluating the scaling corrections 5.3 Comparing half-hourly, daily and monthly

aerodynamic functions
We examine the use of Eq. (8) in up-scaling from half-hourly y

to daily or monthly time periods in Sects. 5.1 and 5.2, re-The previous results have demonstrated that in our applica-
spectively. From there, we approximate Eq. (8) into a simplertjon, most of the covariance-based correction factors make
form and show how aerodynamic functions arise from scal-jttle practical difference. Retaining the two important cor-
ing corrections for different integration periods (Sect. 5.3). rection factors, that relate the inverse of the boundary layer
We assess alternative approaches to relate the scaling corregrickness {ALZ) (which increases with the wind speed) with

tions (Sect. 5.4). Finally, we quantify the scaling correctionsiphe two vapour pressuress(Ts), ea(Tx), We can rewrite
for practical application (Sect. 5.5). Eqg. (8) as

5.1 Scaling from half-hourly to daily Epan~ Epapl1

es(Ts)

The magnitude of the nine covariance-based correction fac- _
es(Ts) — ea(Ta)

tors (Eqg. 8) when scaling from half-hourly to a daily basis
are shown in Fig. 1. We found most (seven out of nine) of —ea(Ta)
the covariance-based correction factors (.to be approx- T XL ea(r] [WH ' ©)
imately zero (Fig. 1a—g). The main reason for the near zero Shs 2

covariance-based correction factors in seven instances is that This approximation allows us to express the aerodynamic
the coefficient of variation of two variabled( and Tia) is  function £ for long-term pan evaporation measurements
close to zero (results not shown). In contrast, the covariancefrom Eq. (2) in terms of the product of the means, denoted
based correction factors for the remaining two terms in- £ and the same covariance-based correction factors, i.e.
volving the inverse of the boundary layer thickne%%g)(

and the two vapour pressures((s), ea(Ts)) were relatively

large (Fig. 1h, i). Physically, that makes intuitive sense be-

cause we observed a strong diurnal variation where the wind

T XL es(T9))
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Fig. 1. Relation between the covariance-based correction factors (per Eq. 8) and the relevant product of the means for all nine combination
for 237 days as follows(a) Dy, 7 (b) Dy, 2=; (€) 7, Az (d) Dy, es(T9); (€) Dy, ea(Ta); () 7, es(T9); (9) 7, ea(Ta); () 2, es(Ts);

(@) 7 ea(Ta); (h) 2=, es(Ts); (i) 2=, ea(Ta).

™~ 411 5.4 Attempt to relate scaling corrections using
v v alternative approaches
O . |
[22:eT9) o (To) — ea(Ta) If short-term data were available it would be straight forward
N to numerically estimate the two key covariance-based cor-
F XL en(t] [ﬂﬂ (10) rection factors (i.e,x[i es(Tol" X[L ea(Ta)]). Without doing
2 Les(Ts) — ea(Ta) that, one could ask wﬁgtherthesg’correction factors are them-
J— selves correlated? If so, one could make further simplifica-
where f = ,QWTVXV Dy %a Aiz- We use that expression to cal- tions and possibly avoid the need for detailed calculations.
culate the numerical values of; at daily z=237) and We tested that proposition and found no relationship at ei-
monthly ¢z = 11) integration periods and compare those with ther daily or monthly integration periods (Fig. 6). An alterna-
the original half-hourly results reported hym et al. (2012). tive approach is to seek a physically justified relationship be-
As anticipated, the long-term (daily, monthly) aerodynamic tween these correction factors and a key environmental vari-
functions are generally (but not always) larger than the aeroable that is routinely measured. By defining a new variable,
dynamic function computed using half-hourly data becausey« — a2 \ye can rewrite Eq. (9) as
of the previously noted correlations betwegh Y with es(75) es(Ts)

andey(Ty) (Fig. 5).

— XL es(r9) ~ P XL eara
Epan = Ejian [1+ S (11)
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@ X[ es(T9)] og(Ts) — ea(Ta) = PAT
—ea(Ta) *

W) X[%a,ea(Ta)] I:es(TS)fea(Ta)] par

i es(Ts) *

) XL es(T9)] e(To) — ealTa) Epan

i —ea(Ta) * :

0] X ea(Ta) [mfm] Ejan (K sum of (a) to ()

(y=0.99x —0.14,R%2=0.97,n = 237, RMSE = 0.50 mmT).

O XDy ea(Ta)] [

and Eq. (10) as

(12)

1-—h*

X esmol = WXL eara
V(1.') _ f\;k |:1+ Az es(Ts) A5 -ea(Ta) .
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We note thaks(Ts) is not normally observed in standard
operational practice. Accordingly, we compare the resulting

XL sy XL .
scaling correction-2< S(TS)Jl_ — a2l \yith the observed
relative humidity 4 (z %) that is routinely measured
s\ia

over both daily and monthly integration periods (Fig. 7).
Over daily integration periods, the resulting scaling correc-
tions varied from—10 to 40 % with a mean of 13 %. Over
monthly integration periods, the resulting scaling corrections
vary from 0 to 20 % with a mean of 11 %. The overall (but
weak) relation to emerge is that the resulting scaling correc-
tion approaches zero when the relative humidity approaches
saturation (100 %). At the other extreme, when the relative
humidity approaches 30 %, the resulting scaling correction
approaches 25 %. However, this relationship is not accurate
enough for practical applications.

In summary, the magnitude of the scaling correction rela-
tive to the product of the means (i.E;,, f,) remain sub-
stantial and there does not appear to be a simple way of ac-
curately estimating that as a function of a readily measured
environmental variable (e.g. relative humidity).

5.5 Diagnostic estimates of the scaling corrections

Our results (Figs. 2, 4) showed that there was little difference
in the scaling correction at either daily or monthly integration
periods. That implies that the underlying physical reason for
the covariance correction is the diurnal co-variation of the
wind speed, the vapour pressure of the evaporating surface
and the air vapour pressure. In that sense, the accuracy of
scaling correction depends on the ability to properly capture
the diurnal cycle of these key variables.

Our results also suggest that the mean diurnal cycle of
longer integration period might be sufficient to estimate a
“representative” total correction factor (i.e+lyan; where
xall is the sum of all scaling corrections) that is multiplied
with the product of the means (i.&g,, /). To test this
idea, we first assess whether the correlation between the key
variables (above) remains in the mean diurnal cycle of each
season; and identify the number of days needed to calculate
the mean diurnal cycle and hence the total correction factor
(using summer as an example) in Sect. 5.5.1. Using the sam-
pling theory, we then assess whether a mean diurnal cycle ob-
tained from a limited number of days would adequately esti-
mate the total correction factor for each season in Sect. 5.5.2.

5.5.1 Mean diurnal cycle

We first classified all daily data from the 2007-2010 period
(i.e. 237 days) into four seasons and used those days to calcu-
late a mean diurnal cycle for each season (Fig. 8). The results
confirm that the correlation between wind speed and the two
measures of vapour pressure holds over all seasons.

Using summer data (64 days available) as an example, we
assess the accuracy of the total correction factor as a function

www.hydrol-earth-syst-sci.net/18/31/2014/
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Fig. 3. Relation between the covariance-based correction factors (per Eq. 8) and the relevant product of the means for all nine combination
for 11 months as follows(a) Dy, 7-; (b) D, 2z, (€) 7, 2z (d) Dy, es(Ts); (€) Dy, ea(Ta); (1) 7, es(T9); (Q) 72, ea(Tw); (M) 2z, es(To);

(@) 7, ea(Ta); (h) 2=, es(T9); (i) 2, ea(Ta)-

of the number of days used to estimate the mean diurnal cyis a gradient between these extremes with the root mean

cle. In Fig. 9, thex axis represents the number of days usedsquare error (RMSE) increasing from 0.6 (*1 day” case) to

(left to right: 1, 2, ..., 64 days) to obtain a single mean di- 0.9 mmd! at a threshold of- 16 days (Fig. 9). The practi-

urnal cycle for each of the three key variables. For instancegal implications are as follows: (i) while the total correction

when “1 day” is used to calculate the total correction fac- factor varies widely from day to day, (ii) the total correction

tor, we use all 64 days and therefore have 64 total correctioriactor for a longer period will approach the mean of the indi-

factors (14 xai, top panel of Fig. 9). When “2 days” are vidual daily corrections, (iii) and in this example, as few as

used, we combine 2 consecutive diurnal cycles into one sind5 days are needed to accurately estimate the total correction

gle mean diurnal cycle and therefore have 32 total correctiorfactor for the entire season. These results are generalised in

factors. This aggregating process is continued until we havehe following section using sampling theory.

a single diurnal cycle computed using data from 64 days.

Considering the “1 day” case first, the total correction factor5.5.2 Using sampling theory

varies from 1.02 to 1.37 (mean=1.16, sample standard de-

viation =0.095). Note that the accuracy of the “1 day” caseReferring to the previous section, the standard error of the

is the highest possible because each of the 64 days has theirean (SEM) is the sample standard deviatignlivided by

own accurate total correction factor. At the other extreme, usthe square root of the number of observations. In the previ-

ing all 64 days to compute a single diurnal cycle led to a totalous summer example we have SEM = 0.Q9%/ Hence if we

correction factor of 1.16 that is similar to the mean of the have a total correction factor computed using, say 15 days,

64 individual daily estimates as would be expected. Therethe SEM =0.024. Given that the mean total correction factor
is ~ 1.16 this represents an error of around 2 %. Clearly, if
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readily generalised. Using summer as an example (Fig. 10),
the curves of SEM for the total correction factor (il
os is known then the number of daily observations needed t6SEM, +2 SEM, +3 SEM) narrow sharply whem increases
achieve a given level of accuracy can be estimated. This turnbeyond 10 days and are consistent with the pattern shown
out to be very convenient in our example becausestheas  in Fig. 9 (top panel). By approximatings~ 0.10 for all the
more-or-less the same in each season (spring: 0.087; sunseasons, we estimate the SEM for the total correction factor

mer: 0.095; autumn: 0.086; winter: 0.091). These results areising the diurnal cycle averaged over 15 days8905 at a
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———— — — — (spatial) scaling depends on the temporal (spatial) covari-
* Daily 1 ance between model variables is general (@aglange et a|.
L & Monthly 1993 Famiglietti and Woogd1995 Albertson and Montaldo
2003 Vogel and Sankarasubramani2003.
0.4 : . - Our first attempt to make a prognostic estimate of the

r * : scaling correction using readily available measurements of
relative humidity was physically justified but not accurate
enough for practical applications (Fig. 7). The remaining ap-
proach is to estimate the covariance-based scaling correction
using the mean diurnal cycle over some specific period. The
number of days needed to make a correction of a given ac-
curacy depends directly on the day-to-day variability in the
numerical value of the scaling correction. In our example,
we found that a scaling correction based on the mean diurnal
cycle calculated using averages over 15 days could be used
to estimate the total correction factor to within 4% (at the
95 % confidence level) (Fig. 9). Note that errors in the range
10-40 % can be anticipated if the covariance is not explicitly

h considered (Fig. 8).
The basic idea presented here is similar to the use of

Fig. 7. Relation between the resulting scaling correction covariance terms when examining space-time variability in
(per Egs. 11 and 12) and the relative humidity for dif- flood event hydrologyWoods and Sivapalan999 Viglione
ferent integration periOdS. (Dally regression (SOlId Iine): et aL 2010a b) Our results extend that by Showing that one
y=-0.26x+0.30, R?=0.13, n=237, monthly regression  can use the covariance-based approach in a prognostic way
(dotted line):y = —~0.27x +0.28,R“=0.34,n =11.) to estimate a scaling correction. Our study was based on a
highly simplified system — an evaporation pan. Extending
these results to a more realistic setting, e.g. a catchment, re-
mains a grand challenge for the future. In a catchment one
also has to deal with numerous thresholds, e.g. runoff occurs
when soil saturates, and actual evapotranspiration is less than
the potential rate because of water supply restrictions or wind

we randomly selected 15 days in each season and used th helter effect associated with natural or artificial barriers
data to calculate a single mean diurnal cycle. With that we Ipsey and Sivapalar2003 Hipsey et al. 2004. Despite

estimated the total correction factor and applied that to aIIthat real world complexity, the use of a.5|mple model system
has demonstrated that a general covariance-based framework

days in each season. The results for each season are shown Iﬁuld be developed for un-scalin
Fig. 11 and confirm that one can make an accurate season&l P P 9-
correction using a single mean diurnal cycle based on only

15 days.

0.6

(X1/82e,001 — h* X(1/82eyr1) / (1 — h")

0.0 0.2 0.4 0.6 0.8 1.0

95 % confidence level (22 x 0.10A/15). The results imply
that~ 15 days of high frequency data would estimate the to-
tal correction factor for a season withit¥d % (at the 95%
confidence level).

To test the practical applicability of the above approach

7 Summary and conclusions

6 Discussion The model system used here, i.e. a half-hourly database of
high quality pan evaporation measurements, is simpler than
Starting from known process-level physics, we used a Taylotthe problems typically faced in hydrology, e.g. catchment-
series expansion to make explicit the covariance terms whescale water balances, etc. By using a simple system, we
integrating from shorter to longer integration periods. We showed that the model parameters change for different inte-
find that short-term (half-hourly) measurements from angration periods because the covariance between model vari-
evaporation pan can be accurately up-scaled to longer (daysbles changed over those periods. Exact mathematical ex-
months) integration periods by directly accounting for the co-pressions, based on a Taylor series expansion were devel-
variance using covariance-based corrections per Eqg. (8). Theped and used to quantify how the change in covariance
underlying physical reason for the emergence of persistenpropagates into a change in the numerical value of model
covariance at our study site was a general tendency for wingbarameters.
speed to increase in the mid-afternoon when the air tem- Using our pan evaporation database we found that not all
perature and pan evaporation rate are also generally higherovariance-based correction terms actually matter. In our ex-
(Lim et al, 2012 2013. The details of that relation are no ample, there were nine covariance-based correction terms,
doubt specific to our site but the principle that the temporalyet only two of those made any numerical difference to the
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= < | T | Fig. 10. Standard error of the mean of the total correction factor
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other key hydrologic processes. More investigations will be
Fig. 9. Accuracy of the total correction factor {1 xa ) versus the  needed to confirm or refute this idea, but if it is found to be
number of days used to calculate the mean diurnal cycle. (Data argeneral then this might prove a useful way to start develop-
for summer only.) ing closure schemes along the lines of those routinely used
in the atmospheric scienceSHuttleworth 2012).

results. The key physical factor in both was the inverse of _

the boundary layer thickness) (which increases with the ~ Appendix A

wind speed). The two important covariance-based correc-

tion terms arose from the covariance betweeniijand the ~ Taylor series expansion for a product of two variables

vapour pr_essure at the evaporating surtat®s) and (i) Ai_z Letz; =a; b; (fori=1, ...,n) be a product of two variables.
e e o oW X@TIn he .y appn Ty S
aerodynamic function was gener:':llly (but not always) Iargerexpansmn n two vgnabl_es (seeany ca}lculus textgms
: . ) . 1991) about the pointd, b) to expresg in terms ofa andb:
at both daily and monthly integration periods compared to
the original half-hourly data (Fig. 5). That arose because of 1 {
a strong diurnal cycle in the pan evaporation data where thé ~ » ; “
wind speed usually peaks in the mid-afternoon each day (Lim 1 B
etal., 2012). =-2 @b
We found that the resulting scaling correction in the pan =1
evaporation application could be readily understood as a +}i [(a,- _a) 7 + (b — D) E]
function of the relative humidity (Fig. 7). However, that n = da; b
relation was not sufficiently accurate for routine practi- 11 2, 922
|:(ai i 9a? +2(@ - (b =) da; db;

cal applications. We also found that a single covariance- *, 2_ 5

i=1

based correction could be implemented for averaging peri- ‘2
ods longer than about 15 days in our pan evaporation exam- (bi — 5)2 ";}
ple (Figs. 9, 10). This finding points to the possibility that 3b;

characteristic “covariance timescales” might exist for some +higher order derivatives, (A1)
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n=64, RMSE =0.82mmd1). (c) Autumn (y=0.78x +0.40, R2=0.91,n=68, RMSE=0.68 mmd?). (d) Winter (y=0.87x +0.02,
R%=0.89,n =69, RMSE =0.35 mm1).

where all derivatives are evaluated af, §). Note  Taylor series expansion, and thus this result is independent of
the underlying distributions af andb.

) -7 @ — 92 — 92 _
that, 55l@n =0 a5 lan =@ 52lan =0 5plan =0

;’Tzz,ﬁ@g) =1, and that all higher order derivatives are zero. _
Further, we also have Appendix B
1< _ 1< na _ _ . .
= Z (i —a)= = G ——=a-a=0 (A2) Taylor series expansion for our model system
n < n n
=1 =1
anld similar] l For ease of derivation, we first replad®;, 7, 4=, es(Ts)
Y andey(Ty) in Eq. (7) witha, b, ¢, d ande, respectively. From
1 - there, we have
=Y (bi—b)=0. (A3)
iz W —
Epan = R [abc(d — e)]
Thus, Eg. (A1) becomes Afw
— _ 1 _ _ Mw o
T=ab=ab+50+20m+0 =ab+ow,  (Ad) Rpg 40cd —abeel (B1)

whereo,;, is the covariance between variableandb. Note We note that botl b cd anda b c e are products of four vari-
that the covariance term emerges from the mathematics of thables and the Taylor series expansion of either one is similar
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to the other. Following Appendix A, we let =q; b; ¢; d; (for

43

we havenbce=abce[l+ Xla,b) + Xia,c] T Xla,e] + X[b,c] +

i=1, ...,n) be a product of four variables. With that, the x5 ] + x[c.c]]. From there, we express Eq. (B1) as

mearz =abcd in terms ofa, b, ¢ andd becomes

== Z Zj
iz
1< - _ =
= - Z(Ey ba Ee d)
n i=1
NNl o Z i —p) 2
i=1 t i : db;
-l g
l ; 1 8dl
1 1 2 0z 2 0z
;le'[(az_a)_2+(bz B@
1= l 1
2 2
_.2 07z 2 0z
+ @ —02— + (d — d) —
( l ) 8Cl2 ( 1 ) adtz
. 8%
2@ —a) (b — b
+2 (a a)( i ) 3a; 0b;
9%z
2 . — .
+2 (a; a) (c; ) 3a; 0¢;
92z
2(a; —a) (d—d
+2(a a)( i _) 3a; 9d;
9%z
2(b; — b —
+ ( i )(Cl c) 3b; oc;
_. 9%
2(b; —b)(di —d
+2 (b (4 —d) ab; dd;
- 3%
2(ci—0 (d —d
+20c — ) (d — d) MM]
+ higher order derivatives, (B2)
where all denvatlves are evaluated au,b, 7, d).
92 92
Here 2|(ubcd) h?(a@z’) = scl@bed
_ -5 92
3d2 |C )_0’ da, db |( d) cd, da; Bzci |(ﬁ,5,5,3)
_— 2 — 32 -
bd, da; 0d; (’)Zd,- |(a,EzE) = bc, 3b; dc; azc,- |(a,E,E,J) = ad,

32 __ 2
Fbod | @b.ed) = 46 3L,ad |@5.2d)

becomes

Z=abcd =abcd + op¢d + 0400d + 04gbC
—G—chag + opgac + acdﬁE
=abed [1+ Xiap) + Xa.cl + Xia.d] + Xib.c]

+ Xib.d) + Xie.d1] (B3)

=ab and that first
and all higher order derivatives are zero. Hence Eq. (B2)

M, _
RJ (@bc (d — ) [1+ Xiab) + Xia.cl + Xibicl
Pw

Epan=

= Esan[l X 21 T Xy A T AL
€s(Ts)
s(Ts) - ea(Ta)
—ea(Ta)
es(Ts) — ea(Ta)
es(Ts)
TH T G T — ealT
s —ea(Ta)
Ay ald) | 079 — ealT)
es(Ts)
es(Ts) — ea(Ta)

—ea(Ta)
_ , B4
+X[Aiy»ea(7ﬂa)] |:es(Ts) _ ea(Ta):|] ( )

T X[Dy,es(To)] ===

+ X[Dv.ea(Ta)] [

TXL es(T9) =y

where E;an: Rp D\,T As (es(Ts)—ea(Ta)) This is
Eq. (8) in the main text.

Appendix C

Boundary layer thickness formulation

We previously formulated an equation to estimate the bound-
ary layer thicknessAz) [m] (in Eq. 6) of pan evaporation
using theory and environmental variables (see detailénm
etal, 2012 as

1

Pa I:(k”\/.C) + (nuref) ]¢

Az = , L, (C1)
a

where L [m] is the characteristic length of the evapo-
rating surface (assumed to be the diameter (of 1.21m)
of a US Class A pan),pa [kgm~3] is the density

of aif, na [kgmts™] (=1.832514%) (5eer) ™ x
10°kgm~ts™1) is the dynamic viscosity of air, and n,

g, and ® are dimensionless constants (for a US Class A
pan with (without) a bird guardi=0.20,»=0.10 (0.11),

wherey is a correction factor arising from the covariance be- g = —0.64, ® = 2), uref [ns™1] is the horizontal wind speed
tween two variables (see simple example in Eq. 5). Similarlyat the reference height (e.g. 2ma.g.l.) amgc [ms™]
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(z /g % L) is the “characteristic” speed of air in the ver-  evaporation and on the expansion of gases by heat, Mem. Manch-

tical direction. We note thag [ms?] (=9.81ms?) is the ester Lit. Philos. Soc., 5, 535-602, 1802.

itati | lerati dtha Ao lculated Famiglietti, J. S. and Wood, E. F.: Effects of spatial variability and
gravitational acceleration an Pa andp, are calculate scale on areally averaged evapotranspiration, Water Resour. Res.,

using 31, 699-712, dok0.1029/94WR02820.995.
Hansen, J. W. and Jones, J. W.: Scaling-up crop models
1[(Py— T2)) M. T2) M
Apa = — |:( a — ca(Ta) Ma + ca(Ta) Mw for climate variability applications, Agr. Syst.,, 65, 43-72,
R Ta doi:10.1016/S0308-521X(00)00025-2000.
(P — es(Ts)) Mg + es (Ts) My, (C2) Hipsey, M. R. and Sivapalan, M.: Parameterizing the effect of a
o Ts wind shelter on evaporation from small water bodies, Water Re-

sour. Res., 39, 1339, d&D.1029/2002WR001782003.
and Hipsey, M. R., Sivapalan, M., and Clement, T. P.: A numerical
and field investigation of surface heat fluxes from small wind-
1 |:(Pa—€a(Ta)) Ma + ea(Ta) My J

Pa= — sheltered waterbodies in semi-arid Western Australia, Environ.

2R Ta Fluid Mechanics, 4, 79-106, d&D.1023/a:1025547707198
(Pa — es(Ts)) Ma + es(Ts) My c3 2004.
+ Ts (C3) Hu, Z. L. and Islam, S.: Effects of spatial variability on the scal-

ing of land surface parameterizations, Bound.-Lay. Meteorol.,
respectively, wher® [J mol~1 K~1]is the ideal gas constant, 83, 441-461, dof0.1023/A:1000367018581997a. o
Ts [K] is the water surface temperatut® [K] is the air tem- Hu, Z. L. and Islam, S.: A framework for analyzing and designing
perature,P, [Pa] is the atmospheric pressuea(Ty) [Pa] is scale invariant remote sensing algorithms, IEEE T. Geosci. Re-
the air vapour pressures(Ts) [Pa] is the vapour pressure at , MOt 35, 747755, ddi0.1109/36.581996.997D.
; 1 Hu, Z. L. and Islam, S.. Effects of subgrid-scale hetero-
the evaporating surfac#f, [kg mol~] is the molecular mass

) e | | f geneity of soil wetness and temperature on grid-scale
of air andM,, [kg mol"] is the molecular mass of water. We evaporation and its parametrization, Int. J. Climatol., 18,

setApa=0 for conditions when the air density at the evap-  49.63,  d0i10.1002/(SICI)1097-0088(199801)18:1<49::AlD-

orating surface is greater than that at the reference height, j0c224>3.0.c0O:2-11998.

i.e. minimal buoyancy forces; subsequentlyc =0. Kavetski, D., Fenicia, F., and Clark, M. P.: Impact of tempo-
ral data resolution on parameter inference and model iden-
tification in conceptual hydrological modeling: Insights from
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