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Key Points:

e A new method is proposed to infer urban water storage capacity from evapotran-
spiration recession.

« Rapid decline of evapotranspiration after rainfall at all sites reflects strong water-
limitation.

« Water storage capacity in cities is an order of magnitude smaller than in rural and
forested areas.
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Abstract

Water storage plays an important role in mitigating heat and flooding in urban areas.
Assessment of the capacity of cities to store water remains challenging due to the extreme
heterogeneity of the urban surface. Traditionally, effective storage has been estimated
from runoff. Here, we present a novel approach to estimate water storage capacity from
recession rates of evaporation during precipitation-free periods. We test this approach
for cities at neighborhood scale with eddy-covariance latent heat flux observations from
thirteen contrasting sites with different local climate zones, vegetation cover and char-
acteristics, and climates. We find effective water storage capacities to vary between 1.5
and 20 mm corresponding to e-folding timescales of 2.5 to 12 days. According to our re-
sults, urban water storage capacity is at least one order of magnitude smaller than the
observed values for natural ecosystems, resulting in an evaporation regime characterised
by extreme water limitation.

Plain Language Summary

Urban water storage plays an important role in mitigating urban flooding and af-
fects urban heat via cooling through evapotranspiration. Determining the amount of wa-
ter that can be stored in a city remains challenging due to the variability in urban land-
scapes. The methodology presented estimates this water storage based on how evapo-
transpiration declines over time during periods without precipitation. The estimated stor-
age capacities amount to 1.5-20 mm, which is an order of magnitude smaller than in nat-
ural ecosystems.

1 Introduction

Cities face weather-related risks magnified by climate change, such as heatwaves
and flooding (Wilby, 2007). At the same time, urbanization is expected to further in-
crease the already large share of the world population living in those cities to 68% in 2050
(United Nations, 2018). As for heatwaves, global temperatures are projected to increase,
with the high temperatures exacerbated in urban areas where air temperatures are typ-
ically higher than in the rural surroundings due to the Urban Heat Island effect (UHI)
(Oke, 1982; Santamouris, 2014; Oke et al., 2017). These high temperatures in cities lead
to increased energy demands, health issues and excess mortality (Stone Jr & Rodgers,
2001; Gabriel & Endlicher, 2011; Laaidi et al., 2011; Santamouris, 2015; Gasparrini et
al., 2017). The UHI originates from the difference between the rural and urban energy
balances due to lower albedo, less vegetation, higher heat storage capacity and anthro-
pogenic heat release in cities (Oke, 1982). By endorsing a higher latent heat flux via the
evaporation of water complemented by shading, urban vegetation is often given a cen-
tral role in attempts to reduce the UHI (Ennos, 2010). Indeed, higher vegetation frac-
tions are associated with lower urban air and canopy temperatures (e.g. Gallo et al., 1993;
Weng et al., 2004; Theeuwes et al., 2017), although in specific situations vegetation can
cause higher temperatures (Meili et al., 2021a). It has been shown that actively expand-
ing the vegetation fraction as part of urban renewal indeed has the potential to mitigate
the UHI (Wei & Shu, 2020). Since vegetation-mediated cooling strongly depends on wa-
ter availability for evapotranspiration (ET) (Avissar, 1992), there is a need for methods
to analyze and evaluate the effective storage in urban environments.

Urban areas not only alter the surface energy partitioning, but affect the water bal-
ance and make cities more prone to flooding. The high impervious surface fraction in
cities results in more storm water being discharged as runoff in urban areas, which on
top of that accumulates faster (Arnold Jr & Gibbons, 1996; Fletcher et al., 2013). Con-
sequently, urbanization decreases water availability for ET and thus indirectly contributes
to the UHI (Taha, 1997; Zhao et al., 2014), and together with heavy rainfall events leads
to annual flood volumes that are 2-9 times higher than in rural areas (Paul & Meyer,
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2001; Hamdi et al., 2011; Zhou et al., 2019). Due to the high population density and con-
centration of capital in cities, these floods cause considerable damage (Tingsanchali, 2012).
Floods and the associated damage are likely to be further increased by the ongoing in-
tensification of the water cycle expressed in among other things more precipitation (Huntington,
2006). Solutions have been proposed under various names such as Water Sensitive Ur-

ban Design (WSUD) (Wong, 2006), Low Impact Development (LID) (Qin et al., 2013),
Sustainable Drainage Systems (SWS) (Zhou, 2014) and sponge cities (Gaines, 2016). The
common ground of these concepts is their focus on increasing infiltration and effective
storage capacity, of which the latter at urban landscape scale is crucial for their perfor-
mance (Graham et al., 2004; Qin et al., 2013). Therefore, an evaluation of the effective
storage in urban environments is also needed in the light of flooding events.

Estimating the water storage capacity remains challenging, as water sources for ET
in urban landscapes are spatially heterogeneous (Sailor, 2011). Previous studies have fo-
cused on ET from individual sources (e.g. Gash et al., 2008; Starke et al., 2010; Pataki
et al., 2011; Ramamurthy & Bou-Zeid, 2014), as well as on their combined behaviour at
street or neighborhood scale (e.g. Christen & Vogt, 2004; Jacobs et al., 2015; Meili et
al., 2020, 2021b). In order to study ET on a neighborhood scale (order of hundreds of
meters to 1-2 kilometers), flux measurements of latent heat with an associated footprint,
such as those obtained by eddy covariance or scintillometry, are becoming increasingly
popular. Examples of cities for which these measurements have been taken and analyzed
are Arnhem (Jacobs et al., 2015), Basel (Christen & Vogt, 2004), Helsinki (Vesala et al.,
2008), Melbourne (Coutts et al., 2007b), Seoul (Hong et al., 2019) and Singapore (Roth
et al., 2017). These measurement sites are chosen such that their footprint covers an area
as homogeneous as possible to enable research on the influence of the city design on the
surface energy balance partitioning. ET originates from the urban water storage, so ET
observations contain information on this storage. However, the link between neighborhood-
scale observations and urban water storage has not been exploited, despite the relevance
of this water storage.

The concept providing this link between neighborhood-scale ET observations and
urban water storage is a recession analysis of the observed ET. From the 1970s, reces-
sion analysis has an extensive track record in groundwater and hill slope hydrology link-
ing discharge to water storage (e.g. Brutsaert & Nieber, 1977; Kirchner, 2009; Troch et
al., 2013). Similarly, daily ET can be linked to water storage during a drydown, a pe-
riod without precipitation creating water-limited conditions. Recession analysis of ET
decay reveals the timescale over which ET declines by 63% (e-folding time), and reflects
the available storage and resilience to droughts (Wetzel & Chang, 1987; Salvucci, 2001;
Saleem & Salvucci, 2002). The reflected storage is defined by the methodology as the
dynamic water storage capacity available to the atmosphere for ET, which includes soil
moisture, intercepted precipitation and open water varying from lakes to puddles. In stud-
ies using daily ET over natural ecosystems, Teuling et al. (2006) and Boese et al. (2019)
found timescales ranging from 15 days for short vegetation to 35 days for forest ecosys-
tems, and corresponding storage capacities in the range between 30 and 200 mm, with
most sites in the range of 50 to 100 mm. A similar analysis at the global scale by McColl
et al. (2017) determined that the timescales of drydowns in surface soil moisture with
satellite imagery on 36 km resolution and found timescales ranging from 2 to 20 days.
Although valuable insight can be obtained from a comparison of urban and rural ET dy-
namics, recession analysis has not yet been applied to urban ET.

In this study, we test and adjust the methodology developed to estimate water stor-
age capacity based on observations of daily ET in natural ecosystems for application in
urban environments. This allows us to infer dynamic water storage capacities at the neighborhood-
scale from latent flux observations that provide ET from eddy-covariance flux towers.
The methodology is tested for neighbourhoods in different cities located across a range
of climate conditions and with different urban land cover and structure, which are both
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likely to affect the storage capacity. The results from the different cities are compared
to each other to quantify the effect of the site characteristics (e.g. vegetation fraction)
on the water storage, and to natural ecosystems for quantification of the effect of urban-
ization.

2 Data and Methods

We analyze latent heat fluxes and auxiliary meteorological data obtained from eddy
covariance flux towers at thirteen sites in eleven different cities to estimate water stor-
age. Table 1 lists the most important characteristics of each site, including the Képpen-
Geiger climate and local climate zones as described by Stewart and Oke (2012), and key
references. In these references, all observation sites and measurement details are fully
described. The sites were chosen based on the length of the data record (minimum of
a year), adequate flux footprints representing typical urban neighborhoods, and the avail-
ability of observed precipitation and latent heat fluxes. All sites are located in reason-
ably flat terrain. Most sites were located in mid-latitude climates, except Mexico City
that has a subtropical climate and Singapore with a tropical climate. Helsinki, L.6dZ and
Seoul have a continental climate. Vegetation fractions in the associated footprints vary
in the range of 6-56%.

Observations were reported in averaging periods of 10-30 min depending on the
measurement protocol of each site. In this study, hourly averages were used to determine
the timing of rainfall and 24-hour averages were used for the recession analysis. For all
sites the quality control of the observed heat fluxes was performed by individual researchers
responsible for their ET flux observation site. Although the exact methodology of the
quality control differs per site, all fluxes have been properly tested in accordance with
procedures published in literature (Aubinet et al., 2012).

Following Teuling et al. (2006), the change in landscape dynamic storage (S) with
time ¢ is given by:

B _ bty - () 1) (1)

where P is precipitation and ¢ is drainage/runoff, all in mmd~—!. During multi-day
drydowns with no rain, both P and ¢ typically become much smaller than the other terms.
Neglecting them reduces Equation 1 to:

ds(t)
7 —ET(t) (2)

In conditions of water-limitation, daily ET becomes a function of (soil moisture)
storage. This dependency is often assumed to be linear (Williams & Albertson, 2004;
Dardanelli et al., 2004):

ET(t) = f(S(t)) = eS(t) 3)

in which ¢ = 1/) is a proportionality constant. Combining Eq. 2 and Eq. 3 and
solving the differential equation leads to an exponential response of ET (Williams & Al-
bertson, 2004; Dardanelli et al., 2004):

ET(t) = ETgexp (—t _/\t°> (4)



(L2) 6899 (9 e9Ly (L2) 1689 (@) v1-1 g6z €9  (I10g) Te %0 wisuyy  L10%/L0 800%/S0 G 8% S€ 9 €831 66 8D 80'€¢l-  €T6V I9ON0dURA
(2102) 'Te 30 weysIel
(2108) T8 10 W0y

(e1) ve-L8  (¢L) ¥1-87% (01) 02-L (e oret ¥ L (€102) Te 10 09sEIOA  $10G/€0  €105/€0 0T ¥%  GT € 8L8C  89C IV 16'€0T 1T srodedurg
(020g) 'Te 10 Suoy

29 ee-1e Qv eLre L9rrse (D) LTPL0 99 11 (6102) Te 10 SUOH  9T0%/20  S10%/€0 0% 08 OF T €1 611 emq  p0°L61 FCLE noog
(P10T) Te 90 09se[oA

(¢6) e8¢  (92) 8¢ (1D L1¥¢  (21) ¢T-69°0 67 8 (1102) e 10 09sBOA  C10%/60 1102/90 L6 L& 9 ¢ 99 66l amp 8166~  OF6I A9 oorxay

(®£007) e %0 s3IM0)) (uoysorg)

(g¢) 16-¢ (29) 9681 (6) ¥1-9°C (g1) 18650 4} € (qL002) T8 %0 $1MOD  F00T/TT  €002/80 9 0OF 8¢ ¢ 999 87T QgD TOCHT  gLLe- SUINO(A]

(@y) Love (1¢)8ece (¢F) ¢e9¢ (7190 69z 65  (€102) Te 10 yewmiiog  Groz/60 900¢/.0 1T L& 1€ G P9g 6L @a e 9L1S 7p9't
(9702) "Te 90 O3sIsTRY]

(8°2) 11-9°G (e)v¢c (7)) egLe (91)8T-T'T 6T ¥ (800g) ‘Te %0 ®[esoA  QT0¢/¢T  900g/10 0% 1€ ¥S 9 099 TG Yya  96ve €09 D{UIS[OF]
(‘p'u) Te 30 eAOINA

(Le)9oeer (Lo geee (6¢) 18¢e (LF0)8L0-1€0 €81 8¢ (0z0z) e %0 wir  0z0¢/60 F¥10g/L0 0% 95 1€ ¢ 0L 16 GO 1¢ee  eeel  (DONL) wwyg

(67) L6c (L7)188c (L9 al-TF (F20) S60-9%0 9¢ 8 (‘pu) e 10 eAOMA  0G0T/60 8T0T/90 LT OF  9G 9 0.8 16 4d 9Fee  ceel  (HLOY) wiog

(1'9) L'2-Lv  (6€) 67-C¢ (L79) 1-¢ (1) 2160 89 09T  (910g) '@ %0 zwPS  0g0g/¢T  ¥008/S0 LT 1v LC G SLL 01 e} 8¢L  99L¥  (NITM) [eseq

W) sv-¢¢ (cg)eeTe (9 LeTT (€8°0) T-940 €28 Gl (GT0g) Te %0 Z39UT  0%0G/TT  6003/90 LT 68 L% z  8LL 01 Shig) 092  ¢gLv  (DSAV) eseq

(1e)6e¥c (€2)eesT (€€ 979¢ (€20) 960690 <61  8F (610T) Te %0 sqoder  9T0¢/¢T  ¢108/S0 1T €% ol ¢ 8LL 76 h/e) T6'¢ 8618 weyuIy
(6102) "¢ 10 P[oAdULIG

(L9) L1-9¢ (92 o1¥c (8¢ eL¥e (¢'1) 6670 96 I (L10T) Te %0 ®puoy  0g0T/0T 8T0G/S0  FT OF ¢T z <08 6 Siie} 687  LeCS WepILYSUry

. . I So Q)RUII[D
(v (sop) (ep) (p ) g o o pug g (0O e Oy il (op)  (op) .
S T ¢ ¥cl -A1q z otz Y wwy  Say -weddoyy uog ey

(£9100ded 08RI0)S I9yem OTUIRUAD ‘0AI}DRd :0G ‘OJI[-jrey “T ‘oTeosewr) SUIP[OJ-2 :DPQuiv] ‘uotyertds

-uerjodess Tenrur 014 ‘P31 SUIP[ING UeSW :HZ ‘[9AS] PUNOIS SAO(R SIOSULS JO JUIOY :52 ‘9IS JUOUWISINSLIW S} PUNOIR SNIPRI W ())G © Ul UOIIRIDFOA A( POISAOD

uoI)oRIy 90RJINS %7 ‘astI-mo] uado = g ‘esur-prr uedo = G ‘9sLI-mo[ 10edwod = ¢ ‘esu-pru 1oedwod = g ‘9su-y3Iy jordwiod = T 7)) ‘J[OSIT URIPSW dYY SI SoORIq

ur onfea oy ], ‘sojdures-o1 Surdder)sjooq o} WOY UOHNALIISIP URIPIW Y Jo d[puadrad 6 pue G a3 A[A1p00dsar ore s1ojeurered oY} 10§ SoFURI POJEIIPUL OY)

Jo puoe pue p1e)s oY, "(610Z-6661) SURSW ULIY-BUO[ ST SOIPSIJR)S 9JRWI[D O], "UOISSOIZ0l 91} JO SOUI0DINO ) PUR SI)IS JUSWDINSLIU 91} JO ATRWUIUING

‘I 9[qeL



175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

where X is the e-folding timescale (i.e. the time over which ET is reduced by 63%),
and ET( the initial ET. With these parameters the total dynamic storage volume Sy in
mm that would be depleted during a complete dry down (¢t — o) is given by:

S = / h ET(t)dt = AET,. (5)

to

so that Sy can be estimated using only ET observations. To estimate the parameters
A and ETy, we identified all periods without precipitation for at least three continuous
days, since three data points are the minimum requirement for an exponential fit (Fig-
ure 1). We only consider the first ten days of the drydowns to reduce the influence of
the tail on ETy, and to limit the contribution of garden irrigation to ET. In order to pre-
serve the information in ET during the first hours after rainfall (in case of low \), we
start the 24-hour averaging bins directly after the rainfall event, regardless of its mag-
nitude. The bin-average is assigned to the middle of the day (e.g. the first bin is assigned
to 0.5 day since rainfall). We exclude hours with an average shortwave incoming radi-
ation below 10 Wm~2 (i.e. nighttime), since during the night ET tends to be low. Only
bins with at least 70% of data for daytime hours were analyzed, and no gap-filling was
applied. The effect of implementing the threshold instead of requiring 100% was tested
for the monitoring sites in Arnhem and Helsinki. We found that while sample size in-
creased by 53 and 27% respectively, the median of the water storage capacities only changed
by 6 and 3%. Given the minimal effect on the results and potential to increase the sam-
ple size, the threshold provides more information especially regarding cities with a shorter
measurement period without compromising the results.

The ET observations were transformed by taking the natural logarithm to acquire
a linear relation based on Equation 4, which is fitted trough every individual drydown
with the method of least squares obtaining A and ETy. With increasing R?, the para-
meters converge until an R? of 0.3 (not shown), which is thus our minimum requirement.
In addition, the parameters are required to be physically plausible meaning that A and
ETy have to be positive, and below 80 days respectively 10 mmd~!. Also, the average
temperature during a drydown needs to exceed 0°C to exclude snow conditions, which
is strict enough, confirmed by a double check against snow records. To quantify the un-
certainty of the estimated parameters complying with all criteria, we applied bootstrap-
ping using 5000 re-samples containing 90% of the estimates. The confidence interval is
defined as the 5" and 95" percentile of the median distribution from the re-samples.
With A and ETy the storage capacity is calculated according to Equation 5 (shaded area
in Figure 1). The calculated storage corresponds to the total storage capacity, when the
storage capacity is assumed to be completely filled after every rainfall event. Drydowns
occurring during all seasons are included and analyzed for a seasonal effect, since the wa-
ter storage available to the atmosphere may change due to for example leaf phenology.
For both parameters and Sy, we investigate the relation to Képpen climate, LCZ and
vegetation fraction. To investigate the possible impact of day-to-day variation or change
in energy availability on the results, we repeated the recession analysis based on evap-
orative fraction (Gentine et al., 2007) multiplied by the average available energy over the
drydown, which we included in the supplementary information (Table S1 and Figure S1
and S2).

3 Results

In Figure 2, the individual drydowns (in grey) show a good resemblance of the char-
acteristic behaviour of the recession confirming the exponential behaviour. In general,
ET is quickly decaying after rainfall in all LCZ’s represented in our sample, indicating
urban ET is generally strongly limited by water availability even on the first day after
rainfall. As all cities respond similarly, this confirms the qualitative, decaying relation
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Figure 1. TIlustration of the recession analysis. Daily averaged ET versus the number of days
since the last precipitation for an example drydown from the Seoul data set with the fitted reces-
sion curve. Note that the fit was obtained by a linear fit on log-transformed data (see Data and

Methods). In the figure the parameters are indicated.
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during a drydown. The uncertainty is visibly higher in cities with shorter measurement
periods, since shorter periods inevitably mean smaller samples of drydowns. For Arn-
hem, Basel (AESC and KLIN), Berlin (Roth and TUCC), Helsinki, LédZ and Vancou-
ver, observations are available for more than two full years resulting in narrow uncer-
tainty bands. In contrast to the uncertainty bands for the sites with records of less than
two years (Amsterdam, Melbourne, Mexico City, Seoul and Singapore), which are as wide
as the range of observations. In some panels (e.g. Amsterdam and Helsinki), we observe
two groups of curves with distinct slopes, for which we found no explanation in season-
ality, temperature and pre-drydown rainfall (amount and timing). When vegetation is
irrigated in summer, irregularly high ET values can occur long after rainfall (see for ex-
amples Helsinki and Vancouver).

In Table 1, an overview of the parameters is given for the 589 drydowns that com-
plied with all criteria. Of the total number of 1611 drydowns, 537 are excluded because
of a negative A\ and 74 because of a A\ above 80 days. All drydowns had a positive ET),
and only one exceeded 10 mmd~"!. Snow conditions influenced 133 drydowns, which are
thus excluded. Finally, 714 drydowns did not meet the minimum R? of 0.3. The remain-
ing drydowns yielded initial evapotranspiration between 0.3-2 mmd~! and e-folding timescales
between 2.5-12 days with the majority below 8 days, corresponding to half-lives of 1.7—
8.3 and 5.5 days. The related storage capacities appear to be between 1.5-20 mm with
the majority below 10 mm. As mentioned before, the length of the measurement period
determines the width of the uncertainty, which for Sy varies from 1.44 mm in Arnhem
to 16.03 mm in Mexico City (Figure 2).

For all sites, we find a considerable spread in the ET observations (Figure 2), which
recurs in the values found for Sy. In Figure 3, Sy is plotted against the month of the dry-
down, showing a very distinct seasonal cycle. Both ETy and A, on which Sy is based, show
similar behaviour (not shown). Melbourne is shifted to fit the seasonality, as it is situ-
ated on the southern hemisphere. Since Singapore is close to the equator, it is not ex-
pected to show seasonal effect, which is confirmed by the distribution of points in Fig-
ure 3 with no clear pattern. Any connection between Sy and site characteristics is over-
shadowed by the seasonal cycle covering the full range of Sy (Table 1), as we illustrate
in the supplementary material (Figure S3 and S4). It is unfortunately not possible to
eliminate the influence of the cycle by focusing on one season due to the steep slope, and
not by focusing on one month due to the low data density. Only after omitting half of
the cities based on the number of drydowns, a relation between Sy and site character-
istics is visible (Supplementary material Figure S5).

4 Discussion

In contrast with the results from this study found in urban areas, Teuling et al. (2006)
found timescales ranging from 15-35 days and storage varying between 30 and 150 mm
for forests and grassland with a similar methodology. When the urban parameter val-
ues found in this study are compared with these timescales and storage capacities (2.5
12 days and 1.5-20 mm), it is clear that both the timescales and storage capacities are
higher in rural areas. McColl et al. (2017) have analyzed soil moisture drydowns in a global
study using satellite data with a resolution too coarse to explicitly resolve individual cities,
thus resembling rural values. Although their timescales with values from 2-20 days are
closer to ours, it must be noted the temporal resolution is one in every three days and
their observations only regard the first few centimeters instead of the root zone. Also,
the satellite product in their research is known to underestimate the timescales compared
to in-situ observations (Rondinelli et al., 2015; Shellito et al., 2016). Hence, the results
show that both A and Sy are an order of magnitude smaller in cities indicating shorter
timescales and lower storage capacities in urban areas regardless of their climate and veg-
etation fraction.
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215 The applied methodology implies a set of assumptions and limitations that con-

276 fine its utilization. Since the method is observation-based, the reliability of the measure-
217 ments is an important factor in this confinement. Eddy covariance is a sophisticated method
278 for measuring fluxes, but comes with a set of potential challenges in cities (Velasco &

279 Roth, 2010; Feigenwinter et al., 2012; Jarvi et al., 2018). By carefully selecting locations
280 and applying quality control, these problems are minimized. All sites have an observa-
281 tion height well above the mean building height (see Table 1), and measure in the well-
282 mixed inertial sublayer. This reduces the variability in flux measurements in response

283 to the heterogeneity of the monitored footprint, which is induced by the many, unevenly
284 distributed surfaces with different characteristics and water storage capacities in the ur-
285 ban landscape. The only site in this research that includes a non-homogeneous footprint
286 is Seoul, for which the observations are filtered by wind direction to exclude a nearby

287 forest. Additionally, the long bins and quality control keep the influence of sudden fluc-
288 tuations to a minimum.

289 Interception ET was an important consideration in the design of the methodology,
200 since the high ET during the first day of a drydown can be largely attributed to this phe-
201 nomenon (Savenije, 2004). Interception ET is a concept originally developed for forest

200 environments, where interception is defined as water intercepted by the canopy. How-

203 ever, the concept can also be applied in urban environments with the more general def-
204 inition of a temporary storage space only filled directly after rainfall (e.g. Grimmond &
205 Oke, 1991; Gerrits, 2010; Oke et al., 2017). The volume of this temporary space is af-

206 fected by urban design choices, such as the use of flat or sloping roofs. In order to cap-

207 ture the peak at the beginning of the recession caused by interception ET, the starting

208 time of the 24-hour bins is not fixed but made dependent on rainfall, which can be dur-
209 ing either day or night. Due to a lack of energy availability at night, more water may

300 be drained and thus less interception might be evaporated. Since all parameters are in-
301 dependent of the starting hour of the bins (not shown), a bias due to the starting hour

302 can be ruled out.

303 Although ET is expected to behave as described in Equation 4, the anthropogenic
304 moisture flux does not necessarily follow this equation. In urban areas, the anthropogenic
305 moisture flux can contribute substantially to ET, in particular during long dry periods

306 (C. Grimmond & Oke, 1986; Moriwaki et al., 2008; Miao & Chen, 2014). This moisture
307 flux includes processes like transport, heating, cooling (indoor), human metabolism and
308 irrigation, which do not directly depend on rainfall. We expect variations in daily av-

300 erages of these processes, except for irrigation, to be negligible during one drydown. We
310 have tried to capture these flux by adding a constant base term to Equation 4, but this
311 strongly increased the number of drydowns yielding physically unfeasible parameters.

312 Therefore, we conclude that including this part of the anthropogenic moisture flux would
313 not improve the results. As mentioned earlier, irrigation cannot be expected to be con-

314 stant, while in some cities (e.g. Vancouver (C. Grimmond & Oke, 1986; Jérvi et al., 2011)
35 and Melbourne (Barker et al., 2011)) its contribution to ET is considerable. Two choices
316 in the methodology prevent irrigation from affecting the results. The first one being the
317 maximum duration of a drydown of 10 days, and the second being the requirement that
318 the R? has to be above 0.3, which is not achieved if ET rises due to irrigation.

319 The methodology assumes that at the start of a drydown the storage capacity is

320 completely full. A partly empty storage capacity would lead to an underestimation of

321 the capacity, as less water is available for ET. We have compared the magnitude of the
322 rain event before a drydown with the resulting parameters and found no correlation. Since

323 the storage can be refilled by a series of events separated by dry days, we plotted the found
324 parameters against the Antecedent Precipitation Index (API) (Fedora & Beschta, 1989).
325 The APIT takes into account rainfall occurring during preceding days (here limited to 20),
326 but also shows no correlations with the parameters. Therefore, the assumption of a com-
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pletely filled storage is tangible and no selection has been performed based on rainfall
event size.

The small storage capacity in cities shows their water balance is altered. Despite
the limitations of the methodology discussed above, the provided first estimates show
the clear contrast between water storage capacity in urban and rural areas. The presented
water storage estimation method has potential to offer an intriguing comparative anal-
yses between less distinctly different urban sites. The data presented here are not suf-
ficient to substantiate, but do indicate their existence. In order to coin the larger poten-
tial and establish empirical relations between site characteristics and storage capacity,
future research will need to focus on including longer records from more cities and ap-
plying soil moisture observations as a reference. The first is because urban flux records
are scarce both in number and length, as was previously indicated by Grimmond and
Christen (2012), but the availability is improving. Additionally, very wet climates, such
as in Singapore, only sporadically satisfy the conditions of the methodology increasing
the necessity of long observational records. The second, soil moisture, are available for
only three sites in this study (Berlin, Singapore and Vancouver), but could provide the
opportunity to estimate storage conditions. To establish robust relations, future research
will need to include many more cities with records of at least two years.

5 Conclusion

The timescales of ET recession found in urban environments are considerably shorter
than in rural environments. This is related to the storage capacity, which is also found
to be lower. Timescales of cities are within 2.5-12 days with the majority below 8 days
and storage capacities range between 1.5-20 mm with the majority below 10 mm. Both
are an order of magnitude smaller than the values found in rural areas. We were unable
to analyze differences between cities to vegetation fraction, local climate zone or climate
for two reasons. Firstly, a very strong seasonal cycle in the storage capacities as strong
as the total found variation. Secondly, the number of sites is limited, for which no more
than one year of data is available for about half of them. When provided with more data,
the presented water storage capacity method does have the potential to establish robust
empirical relations explaining the differences between cities.
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