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Abstract. Evapotranspiration is important for Earth>’s water and energy cycles as it strongly affects air temperature, cloud
cover and precipitation. Leaf stomata are the conduit of transpiration. Thus, their opening is sensitive to weather and climate

conditions. This feedback can exacerbate heat waves and can play a role in their spatio-temporal propagation. Henee;the-plant

5 Sustained high temperatures strongly favor high ozone levels with significant negative effeets-impacts on air quality and
thus human health. Our study assesses-evaluates the process representation of evapotranspiration in the atmospheric chemistry
model ECHAM/MESSy. s-Different water stress parametrisations are implemented in a

stomatal model based on CO, assimilation. The stress factors depend on either soil moisture or leaf water potential acting-on

and action photosynthetic activity, mesophyll and stomatal conductance. The new functionalities reduce the initial overestima-
10 tion of evapotranspiration in the model globally by more than ene-erder-an order of magnitude which is most important in the
Southern Hemisphere. The intensity of simulated warm spells over continents is significantly enhancedimproved. For ozone,
we find that a realistic model representation of plant-water stress depresses-suppresses uptake by vegetation and enhances
its photochemical production in the troposphere. These effects lead to a—general-inereases—an overall increase in simulated
ground-level ozone which is most pronounced in the Southern Hemisphere over the continents. More sophisticated land sur-
15 face models with multi-layer soil schemes could address the uncertainties fer-in representing plant dynamics representation due

to too shallow roots . In regions with low evaporative loss but the representation of precipitation remains the largest uncertainty.

Copyright statement. TEXT

1 Introduction

The response of plants to water availability is crucial for climate models sinee-because it determines the plant activity eriving

20 which drives photosynthesis and transpiration over vegetated land surface. Besides evaporation from open water and soil
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surfaces, transpiration-by-plantsis-with-60-75-%-plant transpiration is the main contributor to evaporation and transpiration (E7"
water returned from-tand-to the atmosphere Seneviratne-et-al;20+0)—ttsstrength-from the land) (Seneviratne et al., 2010)
with 60-75 % . Its magnitude depends on vegetation eeveragecover, surface wetness, and the availability of soil water for
vegetationroot-uptakeroot uptake by vegetation roots for transpiration. Evapotranspiration (often alse-termed-referred to as
terrestrial evaporation, ET) in turn has multiple impacts on the hydrological, energy and biogeochemical cycles (Sellers et al.,
1997; Seneviratne et al., 2010; Vicente-Serrano et al., 2022; Wang and Dickinson, 2012). A decrease of-in ET in response
to land drying reduces the flux of latent heat to the atmosphere. This leads to inereased-an increase in air temperature and

deereasesreduces the likelihood of rainfat-precipitation (e.g., Seneviratne et al., 2010).

A seareity-shortage of soil water (water lewer-than-below a critical threshold) strengthens-the-physical-plant-waterstress

increases the physical water stress on the plant, limiting the transpiration mediated-by-through the stomata (plantsplant pores).
The resulting change in latent heat flux (of vaperizationevaporation, ) deereasesreduces the likelihood of rainfall (Miralles

et al., 2019). These conditions, which are predicted to increase due to climate change, could potentially amplify-droughts-and

is-increase droughts and heat waves (Kala et al., 2016).

Plant water availability is therefore a key to represent-the representation of such weather extremes in the Earth system models
(e.g. review by Miralles et al. (2019)). In particular, heatwaves-heat waves are projected to increase under climate change. Thus,

the land-atmosphere coupling gains-in-impertance-becomes more important (Domeisen et al., 2022). Furthermore, terrestrial
energy fluxes have become even more sensitive to vegetation ever-the-tast-in recent decades as Forzieri et al. (2020) found in
an observational data set from 1980 to 2016.

Most models use an empirical reduction factor dependent on soil moisture to represent the plant response to dryness

drought (see review by Rogers et al. (2017)). However, this factor does not simulate-the-plantresponse-to-drynessrealistieally

realistically simulate this. Instead, parametrizations-parametrisations based on the independent leaf water potential ( ) perform
better (Verhoef and Egea, 2014). Leaf water potential is a-vital-an important variable to describe the plant’s dependence on

water, the chemical potential gradient from the root zone to the leaves (Klein, 2014; Sellers et al., 1997) and e.g. Paco et al.
(2013) define it as one of the most reliable plant-water plant water stress indicators. The inclusion of  in stomatal models
is consistent with the hypothesis that stomata regulate transpiration rates in order to avoid cavitation in the xylem. The water
potential strongly modulates the stomatal conductance at the evaporating sites within-in the leaf. This is a well established
theoretical assumption for modelling transpiration (Tuzet et al., 2003, and references therein).
Yetrstudies-do-notdetermine-whether the plant-water stress-aetson-However, studies have not determined whether the plant
water stress affects photosynthesis or directly modifies-alters the stomatal conductance, which depends on the-opening-of-the
stomata-stomatal aperture (see reviews by De Kauwe et al. (2013); Rogers et al. (2017)). Thus, models differ targely-in-this
regardwidely in this respect. Keenan et al. (2010) have shown that neglecting the water stress acting only on photosynthesis
significantly everestimate-the-stomatal-openingoverestimates the stomatal aperture. Applying the stress factor only to the
stomatal conductance could not explain the observed reduction of-in the assimilation rate in the plant. FurtherFurthermore,
measurement studies (Drake et al., 2018; Zhou et al., 2013; Egea et al., 2011; Keenan et al., 2010) agree that the—water
stress-aets-on-the-stomata-as-well-as-water stress affects both stomata and on non-stomatal processes in plants. Thus;-the-sole
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—Therefore, applying water stress only to photosynthesis, as
in the Community Land Model (CLM, Kennedy et al. (2019)), is not sufficient. Egea et al. (2011) has found that drought stress

also has a detrimental effect on the mesophyll conductance, which regulates the diffusion between the sub-stomatalinternal

eavities-internal stomata to the chloroplasts.

Tropospheric ozone is a major air pollutant that is harmful to both humans and plants. Its spatial and temporal evolution
depends not only on emissions, but also crucially on meteorological variables such as temperature. In fact, the radical reactions
that dominate the formation of Os are enhanced at high temperatures. Plant emissions of isoprene, an important ozone
precursor, also respond strongly to increasing temperature, rising exponentially up to a temperature of 42 C (Guenther et al., 2000)
- Both higher temperatures and drought inhibit dry deposition. an important sink for ozone and its precursors. Much of the dry.
deposition occurs at stomata during plant water/CO; exchange (transpiration/respiration). As plants close their stomata to limit
the water loss (Katul et al., 2009), ozone uptake is greatly reduced.

‘We use the global atmospheric chemistry model ECHAM/MESSy Atmeospherie-Chemistry-(EMAC)(Modular Earth Submodel
System), EMAC for short, (Jockel et al., 2016) to investigate the multiple feedbacks-invelved-and-interactions involved and
to assess the uncertainty related-to-the-evapotranspiration-representationfrom-land-associated with the representation of land
evapotranspiration. This model is widely applied-to-address-the-simulation-and predietion-of-used to simulate and predict atmo-
spheric chemistry and tackle-to address global air quality issues. As part of the Chemistry—Climate Model Initiative (CCMI)
(Jockel et al., 2016), the model-community-also-contributesmodelling community is also contributing to climate research. Here,
we explore-multiple-plant-waterstressformulations-regarding-investigate the uncertainties and variability -firsthy-of several
plant water stress formulations, initially implemented in EMAC. We assess-evaluate the performance of the different sensitiv-

ity studies at-global-seale-against-on a global scale using plant transpiration and evaporation data provided by the GLEAM
model and the EUMETSAT satellite, respectively. Fhe-consequences-of changing the plant-waterstress-factor-for ground-leve

air-pollution-are-investigated-in-thenext-seetionTo assess the impact of the different plant water stresses on ozone, we use a
comprehensive chemistry with 310 reactions and 155 species in the gas phase. Anthropogenic emissions are prescribed from
reanalysis and CCMI data. Natural emissions of ozone precursors (from lightning, soil and plants) are interactively simulated

with corresponding measurements and parametrisations (Guenther et al., 2006; Tost et al., 2006; Kerkweg et al., 2006). We also
assess the impact of a changed-ptant-watermodified plant water response on evapotranspiration in a condition with 2xCO,, state

to account for the global warming. This-paper-closes-The paper concludes with a general discussion of the approach and the

model and a comprehensive summary of the results.
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2 Methods

2.1 Model description

2.1.1 Atmesphericmedel

We use the ECHAM/MESSy atmospheric chemistry model where MESSy (v2.55; Jockel et al., 2010) provides a exible

5.3.02, Roeckner et al., 2003) as the atmospherrc general circulation model.

2.1.1 Soil andtane-land representation

The initial state is prescribed ke geographically varying eld capacity which signi cantly determines the model perfor—

mance (Hagemann 2002; Robock et al., 1998). The data used here were compiled from the most recent global distribution

km (Thépaut et al., 2018). Threpresentss a realistic product accordrng to the reported LAI range 09@@%—2@14)

2.1.2 Evapotranspiration and terrestrial photosynthesis

%meeesse#evapetranspwatremarﬂa#ﬁﬁr@nsprratrondepends on the opening behaviour of the stomata (Katul et al.,

ET= LyChjvj (G htsar (Ts;ps)) =[1+ Cpjvj 1=g] * 1)

whereLv is the latent heat of vaporrsatronrs the densrty of aif. jv] Is the absolute value of the horizontal wind spmmrre

4



115 humidity. h istherelativehumidity at the surfacémits-by whichthe evapotranspiration from bare seil-determinesheratio

120 (pergrid box, seeEq. 1). Stomatal conductance is calculateglusinga photosynthesis schem&q -gs), which is based on

Calvet (2000) and isnptementeedlsed in the IFS model (ECMWEF, 2021). This approach describes the photosynthesis pro-
cess and its dependence 60,, temperature and soil moisture (Jacobs, 1994) treating the plants as mixed crops. Currently,
ECHAM/MESSy does not distinguish between different land cover types. The photosynthesis model is bihsededras-

125 concentration outside the leavés{kgm—3Cs;[kgCO.m 3]) and inside thesavities(SrstomataC; , [kg-m—2kgCO.m 3])

130 Ap = Am;max [l eXp( Om (Ci ) :Am;max )]

7aWa Ik s A Y A n
O o O O c cl O c oS G oA vy o O O

135 enanen-linearempiricalexpressiemy-Calvetetal—{20604urtherdetailsof the calculation

2.1.3 Water Stress Functions

We haveinvestigated several water stress functions and implemented them in the stomatal conductance scheme. The depen

wilting (Rogers et al., 2017). Based on the bucket model used in EMAC, the default furiefidh &nd the multiple applica-
140 tion (described lateDEFmult) employsuses the actual soil wetness {Viin]) -theeriticatavaitablewater(\Werr—my-andthe

8
31 Ws(t) Werit (= 75%F)
f(Ws) = 3 \\;V\Izrit)i\\;vvm Wpwp <Ws(t) <W grit ()

0 Ws(t)  Wpwp (= 35%F)
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31 Ws(t)  Werit (= 75%F)
FWe) = w22 Wowp <Ws(D) < W
"0 Ws(t)  Woup (= 35%F¢)

f (W) = 1 Ws(t)  Weie (= 75%F) @)
) : \\jvvz(t ) Ws(t) < W grit

Ferbe%hparame#i%aﬁens

mesophyll conductance and the maximum atmosphenc water de cit (in a non-linear way) (Calvet et al., 1998yt#0604)

= 0:395 0:043 Temp, %)

whereT emp, is the air temperature (in C]). The stress factoL{WPfrag is calculated (similarly to Eq. 3) according to Zhang
et al. (2003):

8
E 1 io
f( ): 3 ﬁ 0o > > crit (6)
’ 0 crit
where i, = 0.74 MPais the leaf water potential at initial reduction, agg = 2.75 MPa the leaf water potential at nal

stomatal closure (Verhoef and Egea, 2014).
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However, by evaluating theeveraldifferent stomatal models, Sabot et al. (2022) shows that an exponeletigndency

8

()= * 0 @)
. eSMed

wheresyeq =2 MPa ! is a sensitivity parameter. Wertherhavealsoimplemented the more sophisticated stress factor
used in the common Community Land Model (CLM5, (Kennedy et al., 2019)) as refei@hb5y:

8

<
1 0
(= e (®)

where the water potential at 38-% loss of stomatal conductancp50 = 175, in [MPa]) and a vulnerability parameter
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Case Plant-watgr stress factor current study (original study)
<
1 Wi (t Weiit (=75 %F
nowp fWs)=. () 0 o | Fe) (1) applied ingm calculation (to nalgs)
) WS. W (t) <W grit
8 crit
§ 1 Ws(t) Wi (=75 %Fc)
REF f (Ws) = 5 % Wowp <W s <W i (2) | appliedingn calculation (to nalgs)
0 Ws(t)  Wopup (= 35 %F.)
DEFmulti asREF (&,3) multiplicative factor togm , 9s, Amax
E 1 io
LWPfrac f()= 5 ﬁ 0> > it @ multiplicative factor togm, gs, Amax
é 0 crit (tO gs)
< 0
LWPexp f()=. . (5) multiplicative factor togm, s, Amax
. e Med
(to the slope of the sensitivity ajs to
8 An)
< 0
CLM5 f()=. ( Je (6) multiplicative factor togm , 9s, Amax
. 2L pso

Table 1. Parametrisations for plant-water stress used here, originally by Schulz et al. (2001) (1), Delworth and Manabe (1988) (2), Verhoef
and Egea (2014) (3), Zhang et al. (2003) (4), Sabot et al. (2022) (5), CLM5,Kennedy et al. (2019) ) vagthAmax being the mesophyll
conductance,and stomatal conductance, the maximum photosynthetic capaciWci ,\Wpwp are the actual soil wetness, critical soil
wetness and soil wetness at wilting point, respectivelyis the eld capacity (maximum holding capacity of soil moisture). it and

io are the actual leaf water potential, the critical value, the value at nal stomatal closure, respeatiye®@ andsmeq are a vulnerability
parameter, water loss at 80 stomatal closure and sensitivity parameter, respectively.
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ET =3600-; LHy= Y _
3600 T et o)

v

[Gsat (TEMPs)  Ca(Temp,)] )

and sensor performance among others (saf, 2018).
2.2.2 GLEAM

The Global Land surface Evaporation: the Amsterdam Methodology (GLEAM) model estimates the evaporative ux over
land by assimilating satellite observatioAgietanel.and evapotranspiration is the sum of the bare soil, short vegetation, and

observations from satellites are assimilatedti{-usingthe Kalman Iter approach) aa daily time step based dts-their
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uncertainty. The Priestly-Taylor equation calculates the potential latent heaE ygfMJIm 2]:

Ep= (Rn G) (10)

+

not included FurtherMore details can be found in Miralles et al. (2011). The datsshavebeendownloaded from the ftp
server after registration https://www.gleam.eu/#downloads, last access: 24.07.2023).

2.2.3 TROPOSIF

netic signal emitted by the chlorophyll of assimilating plaatstthatis not used for photosynthesisanbe-ebservedwith
remotesensing. This can be a proxy for photosynthetic actadgeatse asthe SIF signal respendso-perturbationds

otherSIF products showed a general consistency in terms of level and amplitude of the retrieved SIF, and seasonality, for
vegetated surfaces. The indicative error threshold for the de nition of spatio-temporal binsig\0:2 2 steradiant-nam-—L

10
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product includes a quality ag which is used here for individual quality assurance. The data can be dowmtag;jafd
http://ftp.sron.nl/open-access-data-2/TROPOMI/tropomi/sif/v2.1/12b/ (NOVELTI et al., 2021; Guanter et al., 2015). Accord-
ing to Maes et al. (202GReSIF datacan be converted to the latent heat ux of transpiratibH ¢ in [W=m2)):

LHt =61:4 SIF (12)

T=LHr=L, 3600 (13)

To compare this dataset to the EMAC model we sample the instantaneous output along the satellite orbit at 13:30 UTC.

Estimation method Plant transpiration Evapotranspiration

EMAC considers only forthe vegeta-| ET = Ly Chjvj (Ga hgs(Temps;ps))
tion fraction =[1+ ChjVjRsom ] *

Satellite  observations not provided ET =3600%&-

by EUMETSAT LE = rtroylta (Temps)  ca(Tempa)]

GLEAM model driven| T = SE, ET=T+1 |

by satellite observa;

tions

Estimate from solar{ LHt =61:4 SIF not provided

induced uorescenceg T = LH =L, 3600

by TROPOMI
Table 2. Formulae for plant transpiration and evapotranspiration from EMAC and the used observational datasets.

3 Results and Discussion

3.1 Plant-water stress and transpiration
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Figure 1. Plant-water stress factor vs. (volumetric) soil wetness (left) and leaf water potential (right) of described

Figure 2 shows the simulated annual mean maximum photosyntetic capagify{ ) and transpirationT) and the

respeetivetheir changes. The global distribution (simulated FBEF) follows the spatial distribution of air temperature and

ure 2b)adéitienatlyalsodepends on atmosphenc moisture, which explalns its maxirfreeimopical rainforests. The multiple

12



application of the default stress factor @@, Am:max ,» 9s: DEFmult) leads to small decreasesAf,.max (Figure 2c) in dry
areas (SM W p,p, seil-meisturesoil moisturelimited). Thus, transpiration is not signi cantlghangeealtered(Figure 2d,

max=0.5).

Figure 2. Annual mean maximur€O, assimilation rateAmmax ) (), transpirationT) (b) andthe respective changes DEFmuilti (c,d)

315 Pfrac) isare more widespread in vegetated areasetheparametrizatioastheparametrisation is temperature drivéiiy: max

320 here)hasa greaterin uence in the tropics compared t8H-centinentgtherregionson the SH continents(Figure 2e). With

13
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which predlct not only the same but also the samg( ), LWPexpestimates a hlgher (negatlve)ln most regions (shown
in Figure 3). This can be explaineﬂ'lar,by, the temperature-transpiration feedback expecteu#y'ﬁarid climates (ARP and

14
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3.2 Global estimates of transpiration

All EMAC simulations show a realistic spatial variation of annual transpiration (Figure 2b). However, tigéoloat VR values

globally (Table 3) indicate that the simulated variability is lower B compared to the GLEAM dataset. This cannot be at-
tributed to an oversimpli cation of the modelled prockssatse GLEAM is based on the Priestley-Taylor equation, an empir-

uncertain soil moisture data usually used in the modélising-The useof the transpiration estimate from the TROPOSIF
datayietdsgivesa good comparison with the (monthly mean) model predictions (emlysmall underestimation) over areas
with high transpiration (e.g. Europe, East Asia) in spring and late autumn. Under strong drought consitirisguced

Datasets Transpiration (1 ) NAE | VR
[mmyr—mmyr ‘]
GLEAM 329.1( 68) - -
REF 375.7 ( 98) 5.00 | 0.08
noWP 379.6 ( 100) 5.59 | 0.07
DEFmulti 370.1( 97) 9.80 | 0.08
LWPfrac 277.2( 77) 485 | 0.11
LWPexp 166.9 ( 45) 1057 | 0.22
CLM 276.2 ( 76) 4.89 | 0.11
Table 3. The global estimates of transpiration (* standard deviation), normalised absolute error (NAE) and the variance ratio (VR:
var (moe, accounting for grid boxes with more thaid.% vegetation.

15



365 global transpiration of 384nm-y+—L—Fromthis;-it-mm yr 1“is_thained:.It:can be concluded that all model estimates in

370 , asit performsbestoverall (slightly better than th€LM5 factor).

3.3 Contribution to glebalevapetranspirationGlobal Evapotranspiration

The contribution of transpiration to the tofall varies in time and space with vegetation and soil characteristics (Wang and
Dickinson, 2012; Cao et al., 2022; Lian et al., 2018). This spatial variability is re eeteit GLEAM and EMACwhereas

375 Lian etal. (2018)eportsa dominance of soil evaporation over transpiratiomtig-arid (non-vegetated) regioasrepertecby

380 % over densely vegetated regioR®rcomparisenpbservationsn-theAmazenianObservationgn the Amazontropical forest

indicate an average T/ET ratio of 0.7 (Wang and Dickinson, 2012; Zhang et al., 2017). This can be consistently represented
by EMAC (Figure 4b) although the sensitivity simulations, &\/PfracandCLM5, partly reduce the T/ET ratio too much in

385 parts of U.S.suggesting a dry model bias. For the central U.S., Dong et al. (2022) indeed con rms that unbiased estimates of

of errorin ET estimation in CMIPS models (Lian et al., 2018).
390 To assess the model estimation of evapotranspiration we compareEWittstimatesby-from GLEAM and EUMET-

The GLEAM estimatef(EUMETSAT-region)of ET (512 mmy+—Lyr ) differs by 30mmyr—L-mmyr * (6 %%) from the

395 ally the difference can be large, as much a8&d his is most evident in the tropics and consistent with recent stuglieging

o b i —_ - it
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Figure 5. Annualmean evapotranspiratio& ) of (a) GLEAM, and its difference to (b) th€LM5 sensitivity simulation CLM5-GLEAM),

effectof diffuseradiationin big-leaf models, as used heeghaneing Includingdiffuseradiationwouldincrease photosynthe-
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3.5 Impacts on air pollution

The different representations of plant-water stress affect air pollution mainly by in uencing 1) dry deposition uxes of ozone

and 2) meteorological controls grhete-chemistrghotochemistry. Figure 8 shows thespectivechangesior—effects on

svhen

25 %%, compared tdREF, in the tropics and subtropics where dry deposition exerts a strong control on air composition due
to high vegetation density. Similar changes apply to precursors with similar characterislgs/aishthen. This contributes

HCHOis adirectproductof isopreneoxidationwith alifetime of afew hoursandis thereforenftenusedasaproxy for isoprene

RIS et PP L nlyasmallcontrlbunontotheovera"feedbaCk

20



465 3.6 Future scenario

A simulation with the doubl€0O, concentrationfutureLWPfrag was performed to investigate the role of the n@ent-water

plantwaterstress factor in future climate conditior8esidesln additionto perturbing the energy balance at the top of the

in CO, has atwe-fele-impaeton-theplantstwo effectson plant behaviour. While it leads to an increased photosynthetic

470 activity, the stomatal conductance is reduced by an average @f%0(gs, Figure 9a). Vicente-Serrano et al. (2022) reports

ttranspiration of plants decreases in response

: a edby Vicente-Serrano et al. (2022In our
475 simulations, however, the impact of the future conditionggis more widespreashcethechangedlimaticeonditionsreduce

480 2m temperaturés-almestdeubledalmostdoubles(Figure 9b) and the relative humidigrepsdecreases (not shown). These

changes arénkeeto-associategvith the 20-50%-inereaset-% increasen solar irradiation (correlation) due tesstow-tevel

485 i.e. the netassimilationof CO, is_calculatedto_simulatethe

the CO, de cit_betweerplantcavity andthe atmosphereSeveralstudieshavereportedthat

21



Figure 8. The relative change betwediVPfracand REF of the annual meanf(a) O3 dry deposition, (b) chemicdDs production, (c)

chemical loss and (d) surfa€®; mixing ratio.

490 interactions between terrestrial vegetation &@,aise, the changing vegetation woulllso have to beensiderethkenin
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