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Our job as hydrologists is to understand
and predict the water cycle. Historically, pre-
diction of river flow has been at the centre of
our attention. This is not surprising: rivers
form a crucial resource, shape our environ-
ment, cause natural hazards, and are “easy”
to observe. In future, study of river flow
will obviously remain important. However,
in this blog post we argue that shifting focus
towards another part of the hydrological cy-
cle can provide significant opportunities. In-
spired by the ‘meet the expert in hydrology
+— the mystery of evaporation’ session held at
the 2015 EGU General Assembly in Vienna,
we discuss the role of evaporation in hydrolog-
ical research and how evaporation affects our
ability to understand the water cycle (includ-
ing river flow predictions!). We do this by ex-
ploring (a simplified view on) what we know
about evaporation, what key limitations exist
in evaporation research, and what the impli-
cations are for how we currently do our sci-
ence. To conclude we provide suggestions on
how to better consider evaporation in hydro-
logical research.

Things we know about evaporation

Without trying to give a comprehensive overview,
there are several key facts that can summarise our
understanding of evaporation:

There is a lot of evaporation Most precipita-
tion never ends up in the river, but is evaporated
instead. Globally over 60% of terrestrial precipita-
tion is evaporated, leaving 35-45% to runoff (Rodell
et al., 2015). The fraction of landsurface where evap-
oration exceeds runoff is over 77% (Fig. 1). This
indicates that evaporation strongly influences (if not
dominates) the hydrologic conditions at most loca-

tions in the world.

Figure 1: The mean annual discharge rate normalised
by the mean annual precipitation rate (Q/P)
based on EU-WATCH data over the period
1901-2000. Areas shaded in red are where evap-
oration exceeds runoff (i.e. Q/P<;0.5, and
E/P>0.5).

Evaporation is not a single flux Total evapora-
tion (E) is the sum of a number of different processes:
surface evaporation, transpiration, evaporation from
interception, and open water evaporation (Savenije,
2004).Very often E is described by evapotranspira-
tion, acknowledging the importance of transpiration
to total E. However, it should be remembered that
transpiration is not the only important evaporative
process.

Evaporation is controlled by multiple fac-
tors There are four primary meteorological drivers
of evaporation: Net radiation, wind speed, atmo-
spheric humidity, and air temperature. When water
availability is not the limiting factor (i.e. there is
sufficient soil moisture) evaporation happens at its
potential rate (often referred to as potential evapora-
tion). However, actual evaporation is also controlled
by hydrological (e.g. soil moisture availability) and
biological factors (e.g. type and growing stage of
vegetation). Evaporation cannot be seen separately
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from the many physical and biological processes it
connects (Fig 2).

Limitations to our understanding of
evaporation

There are however major gaps in our understanding
of evaporation. These gaps range in scale from the
global energy balance to biological processes at the
scale of stomata. We highlight three key limitations
to our understanding of evaporation:

Evaporation is difficult to observe The single
largest barrier to the advancement of our understand-
ing of evaporation is our inability to measure all the
components of E at the appropriate spatio-temporal
scales required for the majority of problems in hy-
drology. This is reflected in the fact there are more
estimation than direct measurement techniques avail-
able. It is possible to measure evaporation at the
scale of a point or field under particular conditions
with expensive instruments (e.g. lysimeters, eddy-
covariance towers, and the scintillation method (De
Bruin et al., 1995)), it is not yet feasible to reliably
upscale this to the catchment scale and beyond in
a cost effective way. Remote sensing is a promising
possibility, but is yet too coarse and based on sim-
plified model estimates. Pan-evaporation has been
measured systematically around the globe, but does
not take account the biological controls on transpi-
ration.

The relative contribution of types of E are
unknown While we know the contribution of tran-
spiration to evaporation is large, we are still unsure
exactly how large. For example, Coenders-Gerrits et
al. (2014), revise the global estimate of contribution
of transpiration to E of Jasechko et al. (2013) from
80% to 90%, to 35% to 80%, and reviews on this
topic give wide uncertainty bounds to the obtained
estimates (Sutanto et al., 2014). If we don’t know the
relative contributions of the various types of evapo-
ration, then this will introduce large uncertainties in
future estimates of the water balance.

Trends in E are not obvious Rising C' O, levels
are increasing temperature globally. A common per-
ception is that this temperature increase will cause an
increase in evaporation because a warmer atmosphere
can hold more water vapour (~6-7%K~! according
to the Clausius-Clapeyron relation), thereby increas-
ing atmospheric evaporative demand. However, as

we stated above, changing air temperature is not
the only driver of evaporation. A change in any of
the four meteorological drivers, soil moisture pat-
terns, or biophysical controls can change the rate of
evaporation. For example, it has long been assumed
that pan-evaporation would increase under climate
change. Despite this, global pan-evaporation observa-
tions have actually decreased (Roderick, 2009). The
likely reason for this is a decrease in global wind
speed (McVicar et al., 2012), yet the attribution of
decreasing pan-evaporation is not fully resolved, high-
lighting the difficulty of disentangling the natural
and human-induced drivers of changes in E.

Implications of these limitations

The limits to our understanding of evaporation have
implications for how we currently do our science
from our ability to accurately represent dominant
processes in our models to understanding physical
driving mechanisms of hydrological extremes now
and in the future:

Increasing model complexity is constrained
Hydrological modelling is our main tool for under-
standing the hydrological cycle and predicting future
conditions. Nearly every model solves the water bal-
ance (dS/dt = P - E - Q). The focus is usually placed
on simulating runoff (Q) whereby precipitation (P)
and some form of potential evaporation are inputs.
Evaporation (and storage dynamics) are treated as
residual fluxes that are not constrained or evaluated.
If evaporation and storage dynamics are not mea-
sured we have very little information to constrain our
hydrological models; Jakeman and Hornberger (1993)
showed that information content in a rainfall-runoff
record is sufficient to support models of only very
limited complexity; with only P and Q observations
we can only warrant a handful of parameters. Includ-
ing E information in the development, calibration
and validation of models explicitly (e.g. by having
E measurements available) or implicitly (e.g. by
incorporating storage measurements), should allow
increasing the number of parameters. Ideally such
data can discriminate between the various sources of
evaporation.

No standard in choosing which potential
evaporation equation to use There is a plethora
of equations available differing in complexity and
data requirements with no community consensus on
which is best. This makes it difficult to choose which
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Figure 2: Evaporation as the key process connecting energy and water balances, and the associated biology and
biochemistry (Adapted from Roderick, 2015 EGU slides).

is most appropriate for your study and in general
limits hydrological model intercomparison. Oudin
et al. (2005) attempted to resolve this ambiguity
by comparing 27 potential evaporation equations for
use in daily rainfall-runoff models and found that
simpler temperature based equations performed com-
paratively well against more complex formulations
that required many more input variables, such as ra-
diation, humidity, and wind speed. Given that many
studies are limited by the availability and quality of
atmospheric variables, why not use a simpler model
with lower data requirements?

Biological processes are rarely included But
is it always justified to run with simplified methods
due to your data/time limitations? If the aim of
your study is to estimate future water balance then
the temperature only equation will not be sufficient
and could lead to misleading conclusions. The more
physics-based Penman-Monteith equation is more
suitable for such cases. Perhaps even more critical
to estimation of future water balance is the more ex-
plicit simulation of biological fluxes. Prudhomme et
al. (2014) show that at the global scale, models that
include the dynamic response of plants to enriched
CO3 and climate give much lower estimates of future
drought as plant stomata can partially close, con-
serving water and resulting in smaller evaporation
changes in a warmer climate. However, the magni-
tude of these changes remains uncertain and further
work is still needed. It is worth noting that most
equations currently ignore C'Os fertilization effects.

Understanding drought Drought is a complex
phenomenon but in the most basic form is often de-
fined as a sustained precipitation deficit. The Stan-
dardised Precipitation Index (SPI) is one of the most
used metrics to characterise drought, but hydrolo-
gists have championed the concept of hydrological
drought; the initial precipitation deficit propagates
through the terrestrial hydrological system, devel-
oping a soil moisture deficit then streamflow deficit
then groundwater deficit (Van Loon, 2015) - evap-
orative processes can also work to further amplify
drought (Teuling et al., 2013). A more physically
based approach is the Palmer Drought-Severity Index
(PDSI), a simple water balance model which does in-
clude potential evaporation, has proven a useful tool
for drought monitoring (e.g. US Drought Monitor).
However, it has been argued that it is not appro-
priate for assessment of changes in droughts under
climate change due to its simplicity (Vicente-Serrano
et al., 2011); Sheffield et al. (2012) has shown that
the use of the temperature only PDSI formulation
overestimates previously reported increases in global
drought because it does not take account of the cru-
cial factors affecting evaporation like wind speed,
vegetation cover and aerosols affecting solar radia-
tion.

Understanding floods Yes, evaporation is im-
portant for floods! While melting snow and/or a lot
of rainfall are requirements for flooding, they are not
the only ingredients. There are countless examples
in the literature where observed or expected future
increases in extreme precipitation are inferred to also
increase physical flood risk. Despite a robust increase
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in heavy rainfall, there is little evidence so far that
floods are worsening with climate change (e.g. Hirsch
and Ryberg, 2012). The dominant drivers of floods
are only uncovered when the pre-flood wetness of soil
moisture, determined by evaporation, is considered
along with extreme precipitation (Berghuijs et al.,
2016). This improved hydroclimatic understanding
of flood processes might help reconcile the apparent
mismatch between trends in floods and extreme pre-
cipitation (Kundzewicz et al., 2014).

Ways forward

Advancing our understanding, measurement, and
modelling capability of evaporation will improve our
understanding of the entire hydrological cycle. We
offer some perspectives on ways forward in both the
short and long term, from calling for more effort and
scientific rigour from individuals to community wide
action on improving the fundamental measurement
of evaporation:

Start thinking of E critically We hope this ar-
ticle has made you stop and think about the way
you currently consider evaporation within your work.
It could be as simple as stating the exact potential
evaporation equation you use or even doing a sen-
sitivity analysis using a range of different already
available equations. This has never been easier as a
new open source R package has been developed by
Guo et al. (2016) that enables the use of 17 well-
known evaporation models to be implemented in a
consistent manner; see this [interesting blog by the
lead author. Crucially, we as a community need to
be more open and forthcoming about the implica-
tions of the current limitations of our (necessarily)
simplified approaches.

Let’s measure E Do you want to have a model of
your catchment that can have more than 3-6 param-
eters without being over-parameterised? Consider
increasing the quality of your input data by measur-
ing evaporation at your study site. This information
will better constrain your hydrological model and
prediction, allow potential falsification of different
model approaches, and will always be an opportunity
to learn. An excellent example is the Hydrological
Open Air Laboratory (HOAL) in Austria (Bloschl et
al., 2016) where students are measuring evaporation
(using eddy-correlation instruments), soil moisture,
river flow and a full suite of weather variables (e.g.

precipitation, air temperature, humidity, and wind
speed) which allows richer testing of fundamental
hydrological hypotheses.

Let’s measure E together A concerted commu-
nity effort is however needed to push meaningful
progress for larger-scale hydrological research prob-
lems. Inspiration can be taken from some of the
major earth science success stories; the global Argo
ocean observing system, NSF’s Long-Term Ecolog-
ical Research Program, and |[Ameriflux are particu-
larly good examples. This is the scale needed for a
truly worthwhile global evaporation observing sys-
tem, but is more of a long-term goal. It will involve
closer collaboration between hydrological, biological,
meteorological, and climate communities. For exam-
ple, Land Surface Models used within weather and
climate models have greatly improved due to such
collaboration and now include dynamic behaviour of
plant stomata. Efforts can build on these modelling
advances as well as current micrometeorological ob-
serving networks such as Ameriflux and FLUXNET)
and further exploit the many current and planned
remote sensing and reanalysis products.

Our understanding of evaporation will improve,
but the speed and extent to which this happens will
depend on greater individual and community wide
effort. Let’s make sure in a decade from now our list
of evaporation limitations is outdated, our knowledge
of the hydrological cycle is greatly improved, and this
knowledge is being applied to solve real-world water
problems? Perhaps we could even say evaporation is
no longer mysterious!
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