We thank the referee for their positive and constructive comments on our manuscript. We provide our
response to each individual reviewer comment (shown in italics) below, including detailed changes to the
manuscript (additions in red).

Major issues:

1) The linearity of response of surface ozone concentration to ozone deposition velocity is uncertain,
but a major assumption in this study. I’'m not convinced that the results from wong et al. 2018 are
sufficient to warrant confidence in this assumption. one reason being that they were testing the
response to surface ozone to LAI, which involves changes in several processes.

Response:

We agree with the reviewer that our assumption of linearity is important. Our objective with this
experiment was to use this first order approach to identify “hotspots” globally where
uncertainty/variability in dry deposition velocity could have large impacts on simulated ozone, and then
use the assumption of linearity to approximate those impacts. Our approach helps identify regions where
more rigorous observations and modeling could be targeted for future work. Still, we address this
assumption further. The reviewer notes in particular that the response involves changes in several
processes (e.g. non-linearity in chemistry, transport and changes in background ozone).

In response to the reviewer’s comment, we have made two changes:

(1) We have changed the manuscript to be more clear about our intentions with using the assumption
linearity between perturbations in dry deposition velocity and ozone concentrations, and include a
stronger caveat in this interpretation:

2018). We use this sensitivity to identify areas where local uncertainty and variability in vq is
expected to affect local surface O3 concentration, and we use the assumption of linearity to estimate
those impacts to a first order (e.g. Wong et al. 2018). [...] However, we note this first-order
assumption may not be able to capture the effects of chemical transport, changes in background ozone
and non-linearity in chemistry, which can contribute a non-linear response of Oz concentration to va.
Our experiment helps identify regions where more rigorous observation and modeling efforts could
be targeted for future work.

(2) To provide an estimate of the error introduced by assuming linearity, we further investigated this
assumption in two ways:

(a) We have mathematically derived an argument for our first-order approximation to
calculate AOs under small Avg, and included this in a new Supplemental Information
section.

(b) We ran another GC sensitivity simulation with 15% increase (instead of the 30%
increase) in vq and to test a second-order approximation to calculate July AOs with the



Z03_BB deposition parameterization. This approach is compared with our original
approach in the new Supplemental Information section.

Based on our analysis, the uncertainty introduced by first-order approximation is within 30%. We
have added the following to the manuscript:

In the Methods Section of the manuscript:

We use this sensitivity to identify areas where local uncertainty and variability in vd is expected
to affect local surface O3 concentration, and we use the assumption of linearity to estimate those
impacts to a first order (e.g. Wong et al. 2018). In the Supplemental Methods, we justify this
first order assumption mathematically, as well as demonstrate the impact of using a second
order approximation, and estimate the uncertainty using an assumption of linearity to be
within 30%. However, we note this first-order assumption may not be able to capture the effects
of chemical transport, changes in background ozone and non-linearity in chemistry, which can
contribute to response of O3 concentration to vd. Our experiment could help identify regions
where more rigorous modelling efforts could be targeted in future work.

Supplementary Information, Section 1:
Mathematical analysis for sensitivity of O3 to Ava/vg:

Assume that AO; is due to changes in dry deposition flux (with proportionality constant kq) and
other first-order processes (e.g. NO titration, loss to HO, and OH, having total reaction rate k):

d03 = d(—kCO3 - kdvd03) (51)

Here, ke and kq (which are related to meteorology and concentration of other relevant chemical
species), are assumed to be relatively constant, so that that the perturbation in vy does not trigger
significant non-linearity. Expanding the differential and rearranging the terms yields:

d03 _ _kd dvd
03 1+k.+ky

(52)
Integrating S2 between perturbed (O3 + AQOs, v+ Avg) and unperturbed (O3 and vq) values yields:

1 (1+A03)— 1 (1+ kadvq ) 3
n 03 N n 1+kc+kdvd ( )

Since AOs is small compared to Osy, first-order expansion is valid. When Avg is small enough
relative to vq for first-order approximation, Taylor’s expansion of S4 yield:

80s _ a Avy (S4
03 B 1+ kc + kdvd Va ( )
S5 can be rearranged to yield:
kav40 Av Av, kav40
AOy = —— 2273 = p—% wherep = ——223 <0 (S5)
1+ kC + kdvd Vg Vg 1+ kC + kdvd

This shows that when the Avg/vg is small enough (In(1+x) = x) and does not cause non-linearity (k.
and kq = constant) in chemistry, AOz is linearly proportional to Avg/vg. The error of linearizing the
natural logarithms equals to the difference between In(1+x) and x. This analysis gives the



2)

conditions for when the first-order approximation is reasonable, and allowing us to estimate the
error when deviating from these condition. Assuming f is correctly estimated by chemical
transport model, the error of linearization at Avg/vy = £ 50% (the upper bound of Avg/vg consistent
with our analysis), is on the order of 25%. For more typical value of Avg/vy (20%), the error is
around 10%.

As Avglvqg gets larger, we can expand R.H.S of S3 to the second order and investigate sensitivity
of AOj3 to Avylvy:

203 Vg

A0, = ,BAvd B B? (Avd>2 _ <[g B2 AUd) (szd) Avy

=p—2 (s6
Vg 203 Vg ﬁ Vg ( )
Where £ is the “corrected 7, which is a function of Ava/vq.

To illustrate the potential impact of such non-linearity on AOs, we compare July AOs3 z03 8
estimated using first-order estimation with f derived from Ava/vq = +15% and +30%, and second-
order approximation, and the result is shown in figure S1. The three different methods produce
very similar AOs, and their differences have little impact on our conclusion. For simplicity, we
only show the result using g derived from Ava/vq = +30% in the main manuscript.

As noted above and in the main manuscript, our approach is limited by the assumption that
chemistry and transport do not introduce non-linear terms which may not be realistic. Rather, our
approach is intended to identify hotspots of impact, and quantify these potential impacts to a first
order. More rigorous modeling efforts could then be targeted in future work.

Supplemental figure 1:

Figure S1. July AOsz03 gs calculated using a) first-order method where £ is derived from Ava/vq =
+30% GC sensitivity run, b) first-order method where f is derived from Avglvy = +15% GC
sensitivity run, and c) second-order method with 8 derived from Avg/vy = +15%.

The authors’ attribution of biases and intermodel differences are entirely speculative. there is no
rigorous evaluation of the processes/aspects leading to differences. | tend to not be in favor of
such speculation and I think it masks the strength of the model evaluation (that not any one
parameterization is best or worst) and model intercomparison.



Response:

We appreciate the reviewer’s caution, and do not want to detract from other strengths of the
manuscript. We have identified several speculative statements in our model evaluation, and have
removed them from the manuscript.

We have removed the following statements from the manuscript:

We believe additional cases are addressed in response to the Reviewer’s minor comments below.

Minor issues:

10: | tend to think the sinks of ozone are chemistry and dry deposition so “second largest sink” doesn’t
say much to me:

Response: We agree with the reviewer that this wording is unnecessary. In response, we have
changed our manuscript to:

Dry deposition is the-secendargest a major sink of tropospheric ozone.

15-16: “to drive four ozone dry deposition parameterizations”
Response: We have made the suggested changes:

We use consistent assimilated meteorology and satellite-derived leaf area index (LAI) to
drive four ozone dry deposition parametrizations simulate-vs-over-1982-2011 driven-byfour

sets-of-ozone-dry-deposition-parametrization that are representative of the current

approaches of global ozone dry deposition modelling over 1982-2011 ...

62: I wouldn’t say Silva & Heald 2018 is a review
Response: We have made the suggested correction:

A recent review study (Silva and Heald, 2018)...



66: “account for” is vague; in general this sentence implies canopy column models are better than big-
leaf ones, which has yet to be shown in the literature, and

67: the authors said previously that reaction with BVOCs is a nonstomatal pathway so here saying that it
is in addition to surface sinks is a little confusing

Response: We agree that “account for” is vague. Our intention was to discuss the additional
processes and details that canopy column model simulates comparing to big-leaf model, rather
than commenting which one is better (in terms of more accurate simulation of vg). In response to
the reviewer comment we have reworded this:

...which are able to aceountfor simulate the effects vertical gradients inside the canopy
environment, and gas-phase reaction with BVOCs in-addition-to-surface-sinks...

67-71: canopy column models still use resistance networks ...

Response: We agree that the main difference between canopy column model and general CTM
parameterizations is multi-layer vs big-leaf representation, rather than the use of resistance
network. In response to the reviewer comment we have reworded this.

...and horizontal resolution for resolving the plant canopy in such detail, instead represent

plant canopy foliage as 1 to 2 big leaves, and rely-en-parameterization vq is parameterized as
a network of resistance...

T7-80: this has yet to be shown... these formulations can be variable across models ...

Response: We acknowledge the formulations can be variable across model. Wu et al. (2018)
show that out of the 4 big-leaf parameterizations that are considered in their work, all of them
shares very similar formulae for ry. ra is mostly based using Monin-Obukhov similarity theory
and the difference in universal function is not found to affect vq significantly. Other
parameterizations that are not included in that study (e.g. Simpson et al., 2012) often use very
similar formulae for r, and Monin-Obukhov similarity theory for r.. In response to the reviewer
comment, we have reworded this:

The calculation of R, (mostly based on Monin-Obukhov similarity theory) and Ry...

80-88: the connection between these paragraphs (last sentence of previous one and first sentence of next
one) could be articulated better

Response: We agree with this suggestion. In response, we have added the following wording:

Such formalism is empirical in nature and does not adequately represent the underlying
ecophyioslogical processes affecting Rs (e.g. temperature acclimation). An advance of these
efforts includes harmonizing Rs with that computed by land surface models...



101: Hardacre et al. show factor of 2-3 differences across models - so are all models’ seasonal cycles
well represented? also I suggest changing “demonstrating” to “suggesting”.

Response: We agree with the reviewer. In response to the reviewer comment, we have reworded
this sentence:

This work found-that the-seasonal-cycle-iswell-simulated-across-modelswhile
demoenstrating suggests that the difference in land cover classification is the main source of

discrepancy between models...

125: “unable” seems harsh, it doesn’t seem Clifton et al. even tried to do this
Response: We have reworded this:

...although they were-unable-to-conclude do not show how the 1AV of vq may contribute to
the 1AV of Os...

128: cut “physics”

Response: We have made this change as requested.

145: I find the placement/existence of this sentence strange. the authors don’t investigate the same
parameterizations that Wu et al. do.

Response: We agree with the reviewer, and have removed this sentence.

153: refs for strong empirical relationship
Response: In response to the reviewer comment, we have added references to this statement:

...strong empirical relationship between photosynthesis (An) and stomatal conductance (gs)
(e.g. Ball et al., 1987; Lin et al., 2015)...

162-173: | see that the authors have basically organized their parameterizations according to model (w/
exception of #2)

1) The GEOS Chem parameterization
2) Zhang parameterization

3) The CESM parameterization

4) The UKCA parameterization

1 didn’t realize this at first and the parameterizations chosen seemed quite strange. I would urge the
authors to re-frame their parameterization description (but also noting that their parameterizations are
not exact replicates of a given model)



Response: We agree with the reviewer that our choice of configurations is broadly implemented
in some CTMs as mentioned. We intentionally separated our choice of parameterizations from
their actual implementation in CTMs because we want our result to be representative of classes of
approaches of modelling vg, as we have explained this in line 150 — 158. Furthermore, the choice
of doing Z03_BB and W98 BB comes from recent efforts to harmonize CTM R; with Earth
System Model/Land Surface Model Rs as a viable option for improving vg simulations (line 86).
However, we agree with the reviewer that we could reframe these descriptions to be more clear,
and use examples in their description. In response to the reviewer’s comment we have made the
following changes:

3) W89 with Rs calculated from a widely-used coupled An-gs model, the Ball-Berry model
(hereafter referred to as W98 _BB) (Ball et al., 1987; Collatz et al., 1992, 1991), which is
similar to that proposed by Val Martin et al. (2014), and therefore the current
parameterization in Community Earth System Model (CESM). This represents Type 3 in
stomatal and Type 1 in non-stomatal parametrization.

4) Z03 with the Ball-Berry model (Z03_BB), which is comparable to the configuration in
Centoni (2017) implemented in United Kingdom Chemistry and Aerosol (UKCA) model.
This represents Type 3 in stomatal and Type 2 in non-stomatal parametrization.

175: It doesn’t quite make sense to me that the authors say the Zhang parameterization is “open source”
in one sentence and a couple sentences later say that implementing it required personal communication
with Zhiyong and Leiming.

Response: This is a good point. We deleted the word “open-source”.

180: Given that GEOS Chem doesnt have a land surface model, | think the authors need to clarify how
exactly Anet is calculated.

Response: We have added a brief description of the A,-gs model in the new supplemental material
section:

A brief description of photosynthesis-stomatal conductance (Ar-gs) module in TEMIR (a
manuscript is in prep)

TEMIR largely follows Oleson et al. (2013), where net photosynthetic rate (An, umol CO, m?2 s?),
stomatal conductance for water (gsw, pmol m? st) and CO, concentration in leaf mesophyll (c;,
mol mol?) are solved simultaneously by the following coupled set of equations:

— gSW

1.6

An (Ca - Ci) (57)

A
Isw = Btgo + 91 C—"RHS (58)

S
A, =A—Ry (59)

Here, cais CO, concentration (mol mol™), g is soil moisture stress factor (unitless), go is
minimum stomatal conductance (umol m™ s?), A, is net photosynthetic rate (umol CO, m?2st), A



is gross photosynthetic rate (umol CO2 m?s?) and Rq is dark respiration rate (umol CO, m2s?).
Furthermore, ¢cs and RH; are the CO; concentration (mol mol?) and relative humidity (unitless) at
leaf surface. A is calculated following Bonan et al. (2011), which is based on Farquhar et al.
(1980) and Collatz et al. (1992):

0 ;A7 — (Ac + 4j)A; + AcA; = 0 (510)
0;A% — (A; + Ap)A + AiA, =0 (S11)

For C3 plants, O = 0.98 and Oj, = 0.95. For C4 plants, O = 0.80 and ®;, = 0.95. Rubisco-
limited rate (Ac, pmol CO, m? s, light-limited rate (A, umol CO, m? st), product-limited rate
(Ap, pmol CO2 m?2 s) and Ry are calculated as:

V. ci — T,
cmax lOZlP) for C; plants
Ac = o+ K (1+ =74 (512)
o

V. max for C,plants

](Ci—_r*)forC lants
A; ={%c, T8, 3PURES (513)

0.23¢ for C, plants

3T, for Cs plants
A= Ci

. (514)
P Patm

for C, plants

R, = {0-015chax for C; plants 1
a7 0.025V, jpax for Cqplants (515)

Here, Vemax, I'*, Pam, J, ¢, Tp and kp are the maximum rate of carboxylation (umol m? s?), CO;
compensation point (mol mol?), atmospheric pressure (Pa), electron transport rate (umol m? s?),
absorbed photosynthetically active radiation (PAR) (W m), triose phosphate utilization rate
(umol m? st) and initial slope of C4 CO; response curve (umol Pa* m? s?). K¢ and K, are the
Michaelis-Menten constants for CO; and O (Pa). Furthermore, J is calculated as the smaller root
of the following equation:

0.7J% + (1.955¢ + J;max)] + 1.955¢ = 0 (S16)

Where Jmax is the maximum potential rate of electron transport (umol m? s). AS Jmax, @, Vemax and
the variables related to Vemax (I'+, Jmax, Tp, Ra) differ between sunlit and shaded leaves, the above
set of equations are solved separately for sunlit and shaded leaves.

The parameters (Vemax, I's, Ke, Ko, Jmax, Tp, Ra) are functions of vegetation temperature (T,), and
the temperature scaling formulae are given at eq. 8.9 to eq. 8.14, while the effect of temperature
acclimation (Kattge and Knorr, 2007) on Jmax and Vemax are given at eq. 8.15 and 8.16 in Oleson et
al. (2013). Other details of the model formalism (e.g. canopy scaling and effect of £; on Vemax)
also follow Chapter 8 in Oleson et al. (2013), therefore we will focus on describing the main
differences between CLM 4.5 and TEMIR.

First, TEMIR is driven entirely by assimilated meteorology. Instead of solving the whole surface
energy balance equation, TEMIR consistently calculates T, from 2-meter air temperature (T2, K)



and sensible heat flux (H, W m2) using Monin-Obukhov similarity theory (Monin and Obukhov,
1954):

H
T, =T, + —rgn + 1p,n) (516)
pCy

Where p, ¢, rapand rpnare air density (kg m2), specific heat of air at constant pressure (J kg™ K-
1), aerodynamic and laminar boundary-layer resistance (s m?) of heat, respectively.

Secondly, MERRA-2 only provides soil moisture output at two levels (surface and root zone),
which is not compatible with the multi-layer soil module in CLM. Therefore, instead of
aggregating g: from multiple soil layers, TEMIR calculates f: from the root-zone soil wetness of
MERRA-2. Soil wetness (s) is first converted into soil matric potential (y, mm) using the
following equation:

Y =saes ™" (517)

Where ys: and B are the soil matric potential (mm) at saturation and Clapp-Hornberger exponent
(Clapp and Hornberger, 1978), which are related to soil property. Then £ is calculated as:

Ve =P (sar = Oice
ch—lPo( t

Where . and o are the soil matric potential (mm) at which stomata are full close or fully open,
and the term in the bracket account for the fact that frozen water are not available for plants.

B, = )osm31@w)

Hsat

182-183: It’s fine not to test Ra and Rb, but i suggest that the authors do not use this qualifier. This isn’t
well understood (Does Fares et al. even show this?)

Response: In response to the reviewer’s comment we have deleted this qualifier:

...which is numerically stable (Sun et al., 2012). Since-discrepanciesin-R.parameterizations
typically-dominates-the uncertainty-of deposition-velocity of O3 v (Fares-et-al2010:e.g-

188-9: has this model been evaluated? or used previously?

Response: An evaluation paper of this model is in prep by collaborators who hope to have this
submitted shortly in a Discussion format, and we intend to add this citation if possible before
publicatio.

194-5: what are these variables used for?

Response: These variables are needed to drive the dry deposition parameterizations, as they
require land cover classification (basically PFT) and LAI. Soil property is required for running
the Ar-gs model. In response to the reviewer’s question we have added the following text to our
manuscript:



...We use the CLM land surface dataset (Lawrence and Chase, 2007), which contains
information for land cover, per-grid cell coverage of each plant functional type (PFT); and
PFT-specific LAI, which are required to drive the dry deposition parametrizations, and soil
property, which is required to drive the A,-gs model in addition to PFT and PFT-specific
LAL

195: presumably the authors' decisions about land type mapping (& differences for “W89” vs “Z03”)
impact the authors' results... one implication of this is that the authors' statement in the abstract or
introduction that the only thing different across parameterizations is the model structure is not
necessarily true

Response: The reviewer raises an excellent point. We agree that this is one of the key uncertainty
of our approach and deserves more discussion. This is mostly limited to herbaceous and shrub
land type as the CLM forest PFT correspond pretty well to W98/Z03 land types. In response to
the reviewer’s comment, we added the following:

... do not resolve croplands into such detail. Having land cover maps that distinguish
between more crop types could potentially improve the performance of Z03. The evaluation
for herbaceous land types also suggests that as CLM PFT do not have exact correspondence
with W98 and Z03 land types, our results over herbaceous land types are subject
uncertainty in land type mapping (e.g. tundra vs grassland, specific vs generic crops, C3 vs
C4 grass).

197: I would suggest cutting the "(eg. leaf physiological and soil iydrauilic constants)” - becoming more
specific here doesn’t help readers when the parameterizations are not laid out and we have no idea what
these terms do/stand for

Response: This was removed as suggested.

198: what’s z0?
Response: We have clarified this in the manuscript:

... while land-cover specific roughness length (zo) values follow Geddes et al. (2016).

198: how is leaf wetness calculated? how is snow calculated?
Response: We have added the following to our manuscript:

...follow Geddes et al. (2016). Leaf is set to be wet when either latent heat flux <0 W m= or
precipitation > 0.2 mm hr. Fractional coverage of snow for Z03 is parameterized as a land-
type specific function of snow depth following the original manuscript of Z03, while W98
flags grid cells with albedo > 0.4 or permanently glaciated as snow-covered.



203: how do the authors scale PFT-specific LAI? is there an established method of doing this?
presumably this has implications for the findings

Response: We choose to derive scaling factors as the direct disaggregation method of Lawrence
and Chase (2007) is very difficult to replicate, and derived the grid-cell level scaling factor at
2°%2.5° by comparing the monthly mean LAI at each year with that of the 30-year mean. In
theory PFT-specific LAI can be simulated by land surface model, but that will be even more
uncertain and less empirically-constrained then using satellite LAI. In response to the reviewer
comment, we clarify our approach in the manuscript:

We use this-data-sette derive the interannual scaling factors as the ratio between the
monthly LAI at specific year and that of the 30-year mean of GIMMS LAI3g, that can be
applied to scale the baseline CLM-derived LAI (Lawrence and Chase, 2007) for each month
over 1982 to 2011...

217: 1 think the authors need to articulate here or in the introduction the various effects that high CO2
may have on ozone dry deposition velocity and the various uncertainties in our understanding of CO2
fertilization (& reference previous work examining this)

Response: We added the following:

...enhanced cuticular O3 uptake under leaf surface wetness (Altimir et al., 2006; Potier et
al., 2015, 2017; Sun et al., 2016). Furthermore, terrestrial atmosphere-biosphere exchange is
also directly affected by CO, as CO- can drive increases in LAl (Zhu et al., 2016) while
inhibiting gs (Ainsworth and Rogers, 2007). These can have important implications on vg, as
shown by Sanderson et al. (2007), where doubling current CO level reduces gs by 0.5 -2.0
mm s?, and by Wu et al. (2012) where vq increases substantially due to CO, fertilization at
2100. Observations from the Free Air CO; Enrichment (FACE) experiments also CO;
fertilization and inhibition of g effects, but the impacts are variable and species specific
such that extrapolation of these effects to global forest cover is cautioned (Norby and Zak,
2011).

229: is the proper/up-to-date way of referencing GEOS-Chem?

Response: We have replaced the citation to Bey et al. (2001) with a link to the GEOS-Chem
model, which is up-to-date and we believe is consistent with the GEOS-Chem community’s
approach (in addition to including citations to the most relevant developments in the GEOS-
Chem chemistry, as we have done).

237: binned = jargon
Response: We changed the sentence to:

Both of the maps are binned remapped from their native resolutions to 0.25°x0.25°.



243-246: discussing about dry deposition of other species and impacts on ozone requires introducing
some concepts (or cutting talking about dry deposition of other species)

Response: We removed the sentence talking about dry deposition of other species.

249-251: this seems like a strange choice to me. it's not differences in transport per se, it's differences in
background ozone caused by changes in 0zone dry deposition. why wouldn 't the authors want to capture
this? because it contributes to nonlinear responses to ozone dry deposition?

Response: We agree with reviewer’s comment that perturbation in vy causes changes in
background Os, and this can be potentially important. Our main objective is to study the local
uncertainty in O3 due to local uncertainty in vq. Therefore, we choose to limit our study to regions
with sufficiently high vy, where the changes and uncertainties in surface O3 are more likely to be
dominated by the direct effect of vq rather than changes in background Os, and avoid the potential
non-linearity as suggested by the reviewer. In response to the reviewer’s comment, we have
clarified this in our mauscript:

Nevertheless-we We use this sensitivity to identify areas where local uncertainty and
variability in vq is expected to affect local surface Oz concentration, and we use the
assumption of linearity to estimate those impacts to a first order (e.g. Wong et al. 2018).

...are expected to be attributed more to ehemicaltranspert changes in background Os
rather than...

249: what is the baseline simulation?
Response: We make the following change:

...where the monthly average vy is greater than 0.25 cm s? in the baseline unperturbed
GEOS-Chem simulation...

254: Why not CLIM+LAI+CQO2 as well?

Response: As we show later, over these 30 years, CO; has very minor effect on vq4 (fig. 9). In
response to the reviewer’s question, we have added the following:

...largely based on the evaluation presented in Silva and Heald (2018). We do not include
the evaluation of vq from [Clim+LAI+CO;] scenario as we find that the impact of CO;
concentration on vy is negligible over the period of concern, as we will show in subsequent
sections.

261-3: How many sites does this cut?

Response: This removes 1/3 of the original data (25 data sets). In response to the reviewer’s
guestion, we have added this:



While this leads-toreduction-of- dataset size-comparingto removes 1/3 of the original data
sets used in Silva and Heald (2018)...

265: Fractional coverage of what? (please spell out in text) Why are these figures shown? they are not
very useful for the reader

Response: For fractional coverage, we refer to “each major land type” in line 267. We do agree
that our description did not help readers to understand the graph. In response to the reviewer
guestions, we have made the following changes:

Nearly all the observations are clustered in Europe and North America, except three sites in
the tropical rainforest and one site in tropical deciduous forest in Thailand. For most major
land types, there are significant mismatches between the locations of flux measurements
and the dominant land cover fraction, which may hinder the spatial representativeness of
our evaluation.

270-1: Not sure what the point of this sentence is

Response: We agree that the statement is unnecessary. We have removed the sentence.

273 it seems strange to me that the authors would generalize such as bias, given that it’s unclear if the
bias is caused by a particular attribute of a land type or process, and that the land type-specific biases
differ across the parameterizations

Response: We agree with the reviewer that it may not be a good choice to generalize such bias.
We have made the following change:

ves-(we-subsequen ofer-to-this-as-the—land ye-speei bias? unigue-to-each
parameterization)-The performance metrics of each parameterization at each land type are
summarized in table 2.

282: what does N=5 mean? 5 sites? 5 data points?
Response: Thanks for pointing out this ambiguity. We have made the following changes:

... by the four dry deposition parameterizations, with N referring to number of data points
(1 data point = 1 seasonal mean).

288: if the authors are implying ambient chemistry is happening then they should just say it

Response: As suggested in earlier response, this sentence contains unnecessary speculation and
therefore we have deleted the sentence.

300: meaning that the authors do not leverage it



Response: Yes. We have clarified this in our manuscript:

...as most global land cover data sets do not resolve croplands into such detail. Having land
cover maps that distinguish between more crop types could potentially improve the
performance of Z03...

301-302: I'm not sure that the following lines illustrate this, in other words, i think BB “generally but not
universally leads to improvements” is not supported by the actual findings — it seems to be for Z03 — but
not for Wesely — which may suggest that we need to be paying attention to nonstomatal deposition
estimates too.

Response: We agree that non-stomatal deposition should not be overlooked, and we agree that the
improvement of Z03_BB over Z03 is more significant than that of W98_BB over W98. We find
that W98 BB and W98 have comparable performance over forests, but W98 BB significantly
outperform W98 over herbaceous land types. We also agree that nonstomatal parameterization
probably contributes to the different responses between W98 BB vs W98 and Z03_BB vs Z03.
We changed our wording as follows:

...improving spatial distribution of mean vq. The different responses to substituting native gs
with that from Ball-Berry model highlight the significant differences in parameterizing non-
stomatal uptake between W98 and Z03, which further suggests that the uncertainty in non-
stomatal deposition should not be overlooked.

313-4: what particular problem has been highlighted?

Response: This refers to the mismatch between EC footprint and model resolution. In response to
the reviewer comment, we have clarified this in our manuscript:

Fhisproblem The mismatch between model resolution and the footprint of site-level
measurements...

315: sampling biases meaning that the authors are not evaluating most locations on earth, right? the
authors are sampling the time/place of the measurements

Response: This is correct and we acknowledge our ambiguity in wording. We make the following
change:

... the evaluation may be further compromised by inherent spatial sampling biases (fig. 1).

317-320: not sure what the point of this paragraph is. what is the hypothesis being investigated?

Response: The main purpose of the section is to show that our model implementation gives
reasonable result at seasonal scale. Comparing the W98 result from our implementation with that
from GC further supports our argument. In response to the reviewer question, we have added the
following wording:



W98 run with static LAI, providing further evidence that our implementation of W98 is
reliable...

334-5: recommend that the authors don’t speculate here or elsewhere
Response: We agree that it is unnecessary. We removed the speculative statement:

In India, Australia, western US, and polar tundra Mediterranean region, July mean
daytime vq is low (0.2 - 0.5 cm st). which-could-be-due-to-either-the-high-temperature-or-the
sparsity-of vegetation{er-a-combination-of-both)-

349-50: on a similar note as the above comment, how do the authors know this?

Response: We agree that we should provide more information to support our argument, and will
make our explanation much clearer. We added the soil moisture stress factor map as figure S2. In
July, over southern Africa, the soil stress factor is exceptionally low, indicating that drought
stress does strongly limit gs over the region. We have also changed our wording to be more
cautious in our interpretation (instead of “because”, we state, “which may be due to”. We
changed line 350 to:

...which may be due to the explicit consideration of soil moisture limitation to A, and gs
(demonstrated by the spatial overlap with soil moisture stress factors shown in Fig. S2)...

And in the Supplemental Information:

Figure S2. July average soil moisture stress factor (#). f: = 1 represents no soil moisture
stress, while smaller g means stronger soil moisture stress and more stomatal closure. g =0
signifies that soil moisture stress is so strong that it completely shuts down stomatal activity.

353: "is not desiccated"?
Response: We have clarified this in our manuscript as follows:

.. as long as the soil does not desiceate-become too dry to support stomatal opening...



358: i don't think the authors show this; they just speculate that this is the cause.

Response: In response to the reviewer’s comment, we have omitted this comment.

368: will the authors more carefully articulate what Centoni finds so that the reader knows how to
compare the findings

Response: We agree this reference may not be ideal since Centoni (2017) did not explicitly talk
about all four parameterizations. We have removed this reference:

..We find AOs is the largest in tropical rainforests for all the parameterizations (up to 5 to

8 ppbv) which-agreeswith-the resultfrom-Centoni- (2017} ..

370: i assume that the authors are identifying the hot spot regions through their large delta O3. related:
perhaps the authors are missing a delta on the v_d,i in Equation 3.

Response: We thank the reviewer for catching this oversight. We have amended equation (3) to:

3)

Avg,

A0 *’*ﬁ
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378: are the authors really "exploring the importance of seasonality in predictions of vd and their
subsequent impact™ with their current approach? (see comment below for line 404)

404: are the authors actually showing the impacts on seasonality? showing the impact in each season is
not the same as showing the impact on seasonality (a couple of easy calculations could help here)

Response: We agree with the reviewer that “showing the impacts in different season” is not
equivalent to “showing the impact on seasonality”. In response to the reviewers’ comments, we
have clarified our intentions:

To explore the impact of different prediction of vq on surface Os in different seasons,

importance of seasonality in prediction of vy and their subsequent impact...

..not only affects the mean of predicted surface ozone, but also has different impacts in

dlfferent seasonsythe-seasonahity-of predicted-surface-ozone. ..

382-4: i suggest a semi colon connecting these two sentences

Response: Changed as suggested

385: “shifts from the south to the north relative to July”

Response: Changed as suggested



387: i'm not a fan of the authors' use of the term hydroclimate — it's vague — can the authors just say
soil moisture or VPD or leaf wetness?

Response: We agree that “hydroclimate” is vague. We have clarified this in the manuscript:

... driven primarily by the response to hydroclimate-related parameters such as soil
moisture, VPD and leaf wetness, in addition to anrd land type-specific parameters...

398: the suggestion that “hydroclimate [is] a key driver of process uncertainty” seems limited to the
tropics/subtropics. am i correct in this interpretation? if so, this should be emphasized.

Response: We agree with this interpretation. We have clarified our interpretation as follow:

These findings identify hydroclimate as a key driver of process uncertainty of vd over
tropics and subtropics, and therefore its impact on the spatial distribution of surface ozone
concentrations, independent of land type-based biases, in these regions.

409: briefly describe this method such as the limitations/strengths of it
Response: We add this to our manuscript:

We use Theil-Sen method (Sen, 1968), which is less susceptible to outliers than least-square
methods, to estimate trends...

413: what trends? trends in meteorology, LAI, and/or CO2?
Response: We are referring to vq. We have clarified this:

Figure 9 shows the potential impact of these-trends the trends in vq on...

415: how is the annual change in vd estimated? is it using the Theil-Sen method? this part needs better
explanation; the reader needs to at least have some concept of what the method used is

Response: We have clarified our methods as follows:
AO3py,; = B X my,, X 30 (4)

where AQOs 30y, and mygi#s are the absolute change in ozone inferred to a first order as a
result of the trend of vg and the normalized Theil-Sen slope (% yr?) of vq, for
parameterization i the over the 30-years (1982-2011).

423-4: but they are small or nonsignificant per the first line of the paragraph?



Response: Our wording here was indeed confusing. We have clarified this by making the
following changes:

In [Clim] simulations (where LALI is held constant), the-trend-ef Juby-daytime vd-is-either
smal-or-hon-significantover- the-vastmajority-of the NH- significant decreasing trends in
July daytime vd are simulated by the Z03, W98 BB and Z03_BB parameterizations—-An

execeptions-observed-in-theregion-of over Mongolia, where significant increasing trend in T
(warming) and decreasing trend in RH (drying) detected in the MERRA-2 surface
meteorological field in July daytime resuts-in-significant-deereasing-trends-using-the-Z03;
W98 BB-and-Z03-BBparameterizations.

439: or it may decrease as plants acclimate or as nutrients become limiting

We acknowledge that the sensitivity of terrestrial biosphere to CO2 can be highly variable. In
response to the reviewer’s comment, we have elaborated and included citations to related
literature:

We note that the importance of the CO2 effect could grow as period of study further extend
to allow larger range of atmospheric C02 concentratlon (Hollaway et al., 2017; Sanderson
etal., 2007) i )

452: assuming that ozone dry deposition should be a strong function of LAI
Response: We have clarified this statement to include this correction:

...since both stomatal and non-stomatal conductance in W98 are assumed to be strong
functions of LAL...

455: “complex”

Response: Changed as advised

466. “suggesting”

Response: Changed as advised

466 suggestion to cut “natural” here and in other spots - natural IAV has ambiguous meaning

Response: Cut as advised

475: heterogeneity?

Response: We changed this line:



... show more spatial discontindities heterogeneity compared to W98 and Z03.

478: soil moisture data?

The advent of microwave remote sensing data provides excited opportunities for assimilating soil
moisture. However, converting soil moisture into soil matric potential, which is measures of
attraction between soil matrix and water, and therefore ecophysiologically relevant, requires data
of soil property, which is less constrained globally. In response to this comment, we have made
the following clarification:

Given the uncertainty in seil-data(Felberth-et-al520146)— global soil property maps (Dai et
al., 2019)...

480: refs for good performance at site level?
Response: We have added a reference as follows:

... despite their relatively good performance in site-level evaluation (e.g. Wu et al., 2011).

495-6: whether 1AV in vd at Blodgett is caused by chemistry is unknown

Response: We agree that our wording is ambiguous. Rather than claiming chemistry causing
IAV, we have reworded this sentence as follows:

In Blodgett Forest, where-Os-uptake-is-more-controlled-by gas-phasereactions(faresetal;
2010 Woelfe et-al2011)-we...

491-497: steps on how authors calculated averages and CVs for long term data needed

Response: We agree with the reviewer that this subsection would benefit from some clarification.
As most of the IAV section presents result for July, we now recalculate and present the July CV.q
for all the 3 sites based on the raw data, and the details of calculation is given in supplemental
material. We calculated July mean daytime vq for each year by averaging the individual hourly
averages to avoid hourly sampling bias, and derive CV,q by dividing the standard deviation by the
mean of July mean vq over all years. The recalculated numbers do not change our conclusion
significantly. In response to the reviewer’s suggestion, we have made the following changes to
our manuscript:

We compare the simulated +AM-efvd July CV.q from all four deposition parameterizations
with those recorded by publicly available long-term observations. Hourly vq is calculated
using eq. (1) from raw data. We filter out the data points with extreme (> 2 cm s?) or
negative vy, and without enough turbulence (u~ < 0.25 m s?). As vq4 in each daytime hours are
not uniformly sampled in the observational datasets, we calculate the mean diurnal cycle,
and then calculate the daytime average July of vq4 for each year from the mean diurnal cycle,
from which CV,q can be calculated.



The 1AV predicted by all four parameterizations at Harvard Forest is between 3% to 7.9%,
which is 2 to 6 times lower than that presented in the observations (19 18%). by-Cliften-et
ak2017)- We find similar underestimates by all four parameterizations compared to the
long-term observation from Hyytiala (Junninen et al., 2009; Keronen et al., 2003;
https://avaa.tdata.fi/web/smart/smear/download), where observed CV.q (3£16%0) is
significantly higher than that predicted by the deposition parameterizations (3.5% - 7.1%0).
In Blodgett Forest, where Os uptake is more contrelled-by attributable to gas-phase
reactions (Fares et al., 2010; Wolfe et al., 2011), we find that the models underestimate the
observed annual CVyy more seriously (~1%— 3% compared to 12 18% in the observations)

499: Olivia has a new paper on this

Response: We agree that Olivia’s new paper is an excellent reference of furthering our
discussion. We have added this reference:

Clifton et al. (26472019) attribute this to the 1AV in deposition to wet soil and dew-wet
Ieaves and in-canopy Chemlstry under stressed condition for forests over northeastern u.S.

sueh—vanabt—hty— Some of these processes (e g. in-canopy chemlstry, wetness slowmg 30|I
ozone uptake) are not represented by existing parameterizations, contributing to their

imphying-the difficulty in reproducing the observed AV by-existing-parameterizations.

526: a vague reference to an effort in asia doesn't do much to help the reader
Response: We add the reference to the measurement in Asia as follow:

We know of only one multi-season direct observational record in Asia (Matsuda et al., 2005)
and none in Africa...

527: "constrain”; why all of a sudden call it gaseous dry deposition?

Response: We agree that our paper does not discuss about other gaseous species. We clarified
this:

To better constraint regional O3 dry deposition, effort must be made in making new

observations ef-gaseous-dry-deposition...

528: what do the authors mean by reported? do they mean in the peer reviewed literature? there are
many reasons why people report fluxes rather than deposition velocities in peer-reviewed publications,
and previous work doesn 't simply exist to provide deposition velocities for future model evaluation! many
datasets are available by contacting the research groups that made them.

Response: We agree that our wording could be misinterpreted and requires clarification. We have
simplified the text in our manuscript:



A

Evaluation and development of ozone dry deposition parameterizations will continue to
benefit from publicly available ozone flux measurements and related micrometeorological
variables that allow for partitioning measured flux into individual deposition pathways (e.g.
Clifton et al., 2017; 2019, Fares et al., 2010, Wu et al., 2018).

536: do the authors actually show that the four parameterizations differ most in leafy parts of the world?
if not, i suggest rephrasing

Response: We have rephrased this statement.

We find that these discrepancies are in general a function of both location and season. In
NH summer, vq simulated by the 4 parameterizations are considerably different in many

vegetation-dominated regions over the world.

542-544: is this something that is assumed widely?
Response: We have reworded this statement:

This demonstrates the potential impact of parameterization choice (or, process uncertainty)
on vgq is neither spatiotemporally uniform nor negligible in mestvegetated many regions
over the world.

543: demonstrates that

Response: Changed as advised

549: why “at least increase the spatiotemporal representativeness if not the absolute accuracy” - is there
some limitation of the Ducker dataset that | am missing?

Response: This is because FLUXNET-based data can provide a constraint stomatal deposition,
but with limited opportunity to constrain other individual pathways. Potentially, if the biases in
stomatal and non-stomatal deposition offsets each other, constraining stomatal deposition may
lead to substantial biases in vq. Whether better constrained gs leads to significantly better
constrained vy we believe is still an open research question and is something we are investigating
in a follow up study. In response to the reviewer’s question, we have added the following text to
the manuscript:

...increase the spatiotemporal representativeness, if not the absolute accuracy, of dry
deposition parameterization, since it would be difficult to constrain non-stomatal sinks with



this method. Further research is required to more directly verify whether better
constrained gs leads to improved vy simulation.

554-6: the authors could do a better job at illustrating why they are linking these two ideas
Response: We clarified our statement as follow:

The predicted IAV from all four models is smaller than what long-term observations
suggest, but its potential contribution to IAV in Os is still comparable to the long-term
variability of background ozone over similar timescales in U.S. summer (Brown-Steiner et
al., 2018; Fiore et al., 2014).

561-3: yet the authors barely make use of long-term datasets that are available!

Response: Our intention was to draw attention to the fact that our experiment shows many
interesting and notable impacts occurring in parts of the world where there are no available long-
term observations to our knowledge, and therefore are these effects are difficult to evaluate. We
have clarified by replacing this sentence in question with the following:

timeseales: While our results show notable impacts across the globe, in many regions there
are no available long-term observation to evaluate the model predictions over interannual
timescales.

583: what does low baseline vd actually mean?

Response: Here we were referring to the mean vq in the unperturbed GEOS-Chem simulation. We
deleted the word “baseline” to avoid confusion.

586: v_d

Response: We have made this correction.

587: do the authors mean the simulation year for the 30% testing?
Response: We refer to the whole sensitivity simulation. This has been clarified:

...and possibly the choice of simulation year for the sensitivity simulation...

588: is this somewhat inherently in the LAI product?

Response: This is an interesting question and can be answered in two dimensions. First, LAI
retrieval is land cover-dependent (Fang et al., 2013). LAI products spanning before MODIS era



(2000) mostly use static land cover (e.g. Liu et al., 2012; Zhu et al., 2013) that may not even
correctly capture the impact land use and land cover change (LULCC) on LAI. Also, at least in
those parameterizations, changes in land type causes changes in LAl-independent parameters
(e.g. in-canopy aerodynamic resistance, cuticular resistance), which also cannot be captured by
LAI changes. In response to the reviewer comment, we have made the following modification to
the text:

...source of variability for vg, and even long-term LAI retrieval (Fang et al., 2013).

593-600: as is, this seems like a stretch to me

Response: We agree that this is a speculative element of our discussion. We meant to emphasize
that uncertainty in gaseous dry deposition is not exclusive to Os. We want to encourage similar
research attention on the uncertainty in dry deposition of other gases (e.g. NO2, SO,). We have
reworded this statement to avoid speculation:

The impact of dry deposition parameterization choice may-be-generalizable-to-other-trace
gases may also have impacts which we have not explored in this study on other trace
gases....

608: what is the difference between a model-observation integration and an empirical study?

Response: We have reworded this sentence to avoid confusion:

{e-g-—Baldocchi-et-al2001Junninen-etal;2009). This makes a strong case for additional
measurement and model studies of ozone dry deposition across different timescales, which

would be greatly facilitated by an open data sharing infrastructure (e.g. Baldocchi et al.,
2001; Junninen et al., 2009).



