Reviewer #1

General comments: This manuscript describes the implementation of several different emissions
parameterizations to prognostically simulate grass pollen in one region of Australia. The paper is
relatively narrow in scope in that it is focused on one type of pollen (grass) in one small region of the
globe. That said, it will be useful model for the region and has the potential to be applied to other
regions for grass pollen. My comments are mostly minor and regarding changes for clarity and
additional supporting information. | recommend the article for publication following these revisions.

We thank reviewer #1 for their helpful comments on our manuscript. This work is the inaugural version
of VGPEM, which we hope can be expanded to cover other pollen taxa suited to all of Australia. The
choice of ryegrass pollen in this initial version was because of its high human allergenic properties.

Line numbers review to the Discussions version of the manuscript.

Comments on the analysis

1. Regarding the statistical model functions shown in Figure 4: It is helpful to see what the
dependencies look like, but it is unclear how these meteorological factors physically relate to what we
know about pollen emissions. Can these observed dependencies be related to any physical processes?

As these statistical relationships are based on the pollen concentrations at the receptor sites (and
therefore not the emissions), the relationships take into account transport and dilution effects.

We suggest that increased dilution due to an increased boundary layer height during warmer days
might be responsible for the fall in the pollen response with temperature. The pollen response also
decreases with increased relative humidity, as humid conditions would prevent pollen release from
the plant.

Zink et al (2013) also show nonlinear temperature and RH functions describing pollen emission, which
are similar to ours. They show an emission function for temperature peaking at 22°C then declining,
and a relationship with relative humidity decreasing emissions between 50% and 90%. These
relationships were achieved through minimization of errors between model and birch pollen
measurements. Our relationships are similar, with temperature peaking at ~25°C and RH decreasing
above 40% in V1 and 20% for V2. Sofiev et al (2013) suggest that pollen emission is neither inhibited
nor promoted outside of 50-80% RH.

In terms of rainfall, Sofiev et al (2013) uses 0.5 mm hr-1 (the grid cell average rate) is taken as the
threshold suppressing the pollen emission. Our rainfall term shows a sharp decline until about 2 mm
day?, after which little additional pollen suppression occurs, although there is considerable
uncertainty given the infrequent high-rainfall days.

Replace text on page 10 line 27. “The statistical parameterisations were based on ambient pollen
concentrations rather than emissions, and thus the non-linear terms take into account transport and
dilution processes. The temperature response in both models increased until 25 to 30°C. The decline
in pollen response at higher temperatures is likely due to the dilution with a higher planetary boundary
layer (associated with higher temperature); in this case, the assumption of declining emissions with
increased temperature is likely incorrect. There is relatively little non-linearity with humidity, and the
general trend is for increased concentrations (or emissions) in dryer conditions; this is explained by
the drying required for anther dehiscence. The rainfall term shows a sharp decline until about 2 mm
day?, after which little additional pollen suppression occurs, although there is considerable



uncertainty given the relative paucity of high-rainfall days. The suppression of grass pollen
concentrations (or emissions) is likely due to the low potential for anther dehiscence in moist
conditions, and wet deposition of ambient pollen.”

2. Risk category definitions: Page 4 — line 14 — Can you place these count categories (low, moderate,
high, extreme) in context as compared to other counts in other regions (e.g., Europe, US)? This would
give readers an idea of how high/low Australian counts are relative to other locations in the world.
Additionally, for the evaluation based on risk categories on page 12, how do uncertainties in these
thresholds influence the analysis?

Table of pollen count categories for grass where possible. P="pollen”

Australia MeteoSwiss UK Met Office US National Allergy
(Zink et al 2013) | (Osborne et al 2017)? Bureau®
Low <19 <10 <29 1<P<4
Medium 20<P<49 10<P<70 30<P<49 5<P<19
High 50<P<99 70<P<300 50<P<149 20<P<199
Extreme >100 >300 >150 >200

a Grass pollen. UK Met Office have 4 different grading systems dependent on taxa.
b https://www.aaaai.org/global/nab-pollen-counts/reading-the-charts

Text added to page 4 line 15. “The Australian grass count categories are similar to those used in the
UK and Europe at the low and medium count categories, but the Australian extreme category is
reached at pollen counts up to 3 times lower than Europe and the US (Zink et al., 2013; Osborne et al.,
2017; US National Allergy Bureau).”

And correction at page 4 line 14 “...graded low if the count is 19 m or less”

Figure 7 deals with the second point nicely, as modelled pollen concentrations falling just outside the
defined risk category are defined as a ‘miss’, even though the modelled value may be just outside the
category bin. In figure 7 we examine the Gerrity score, probability of detection, equitable threat score,
and false alarm rate based on whether the model captures the high pollen risk category correctly. The
r correlation and root mean squared error are only based on how close the modelled pollen is
numerically to the observed pollen, and therefore ‘decategorised’.

The categorised Gerrity score gives a worse result if the model misses by more than one category. The
model/observed comparison is assessed using a weighted matrix. The further from the diagonal the
model is, the weightings decrease (negative) producing a worse score. In this paper we present a range
of statistics which assess different aspects of the model skill.

Add text to page 12 line 6. “Statistical evaluations using categorised and decategorised pollen counts
will show how the Australian grass pollen thresholds impact our results.”

We see that the best performing methods in each of the panels in figure 7 do not change much, with
E8, E9 and E10 performing best in all cases. In terms of the uncertainty in the Australian grass pollen
thresholds, the difference between the categorised and decategorised skill tests is small, ranging
between 0.1 and 0.2 units.


https://www.aaaai.org/global/nab-pollen-counts/reading-the-charts

E8 ES E10
Average r Decat 0.54 0.47 0.65
Average RMSE/100 Decat 0.55 0.51 | 0.45
Average Gerrity categorised 0.44 0.32 0.42
Average (r and RMSE) 0.545 0.49 0.55
Difference (above — Gerrity) 0.105 0.17 0.13

Add text to page 14 line 11. “Comparing the results of the decategorised Pearson correlation and
RMSE against the categorised Gerrity score yields minor differences between 0.1 and 0.2 units, and
suggests the Australian grass pollen thresholds influence the analysis by ~15%.”

3. Page 6 line 24 — Any local evidence for why temperature would be increasing emissions? Because
the temperature component seems to be driving the statistical models, it would be useful to
understand why there is such a shift around 300C.

Page 6 line 24 refers to the immediate timing function which is used for pollen emission
methodologies and not the two statistical models. The temperature function applies a sliding scale
between 6°C and 24°C, the function becoming 0.95 at temperatures higher than 24°C. These equations
are not related to those from the statistical model on page 10.

Text changes concerning the pollen emission response to temperature above 30 °C are included in our
answers to comment 1.

4. Page 10 - line 29 — The explanation of the sharp drop off with temperature and the growing BL
height doesn’t make very much sense. Can you verify if these changes with time/temperature relate to
the simulated PBL height by the model?

We are not saying the boundary layer increases with dropping temperatures, rather higher
temperatures increase the boundary layer and cause more dilution. Thus the pollen concentrations
decrease.

increase in PBL above 25 C
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There is a large increase in model boundary layer with higher temperatures, particularly above 30°C.

The average modelled boundary layer on November days below 25°C = 282 m, max =1742 m, and on
days above 25°C =378 m, max=3083 m.

Add sentence on page 10 line 29. “On days in November where the temperature is above 25°C, the
maximum modelled boundary layer height is nearly double the height modelled on days below 25°C.”

5. Page 12, lines 25-30: What are the relative magnitudes of u and v winds in the region? E.g, If the u
winds are higher than v (as they frequently are), would that explain the improved correlations?
Additionally, how does this relate to the wind parameterization that is implemented? E.g., if the
magnitude of v winds are always below the threshold, then this might explain the lack of correlation.

The observed (and modelled) average and maximum V winds are higher than the U winds for all the
sites in west and central Victoria. The Max U winds are higher in the east of Victoria (Shepparton and
Latrobe Valley, valley runs E-W so not surprising), but the difference is not as large as in the west.

AWS site Average U obs Max U obs Average V obs Max V obs
(model) (model) (model) (model)
Hamilton airport -0.07 (0.17) 8.7 (6.58) -0.82 (-0.54) 13.53 (10.04)
Ballarat aerodrome | 0.46 (0.10) 9.68 (6.20) -0.86 (-0.55) 13.9 (10.13)
Bendigo airport 0.65 (0.23) 8.05 (4.61) -1.35(-1.05) 10.14 (7.36)
Geelong racecourse | -0.56 (-0.30) 5.83 (5.59) -1.21 (-0.87) 10.15 (7.76)
Melbourne Olympic | -0.24 (-0.43) 4.75 (5.50) -0.63 (-0.73) 9.3 (8.51)
park
Scoresby -0.06 (0.01) 4.75 (4.97) -0.35(-0.38) 15.48 (8.70)
Shepparton airport | -0.18 (0.01) 9.21(6.51) -0.92 (-0.74) 8.49 (6.20)
Latrobe valley -1.00 (-0.12) 7.24 (5.29) -0.35 (-0.12) 6.7 (5.29)
airport

The emission parameterisation uses wind speed rather than the wind components U and V
independently, therefore there are no U and V thresholds. There is no threshold minimum wind speed
either, and the function yields 0.33 at a wind speed of 0 m/s. We do use a saturation wind speed of 5
m s! to scale the model wind speeds, which Sofiev et al (2013) describes as the maximum speed that
wind actively helps the release of pollen.

Add text to page 7 line 1 to minimise confusion about there not being a lower wind threshold: “ ...lower
rate (0.33 for fstagnant) in still conditions...”

We add text to page 7 line 4: “... above which the wind speed does not promote the release of pollen.”

Neither the above analysis of U and V nor this saturation wind speed explains the lack of correlation.
Individual correlations for observed data are not strong (0 and 0.4) for U and V. average U correlation
was 0.32 and average V is 0.22, which isn’t a huge improvement.

| think the better U correlation is more a case of the geography of the pollen source regions being
west of most of the pollen count sites, and thus the east-west wind component has a stronger
relationship than north-south. We have also included wind roses for each AWS site in the
supplementary material, together with a brief wind climatology of the 2017 season on page 12.



Include text on page 12 line 29. “We include a wind rose for each AWS site in the supplementary
section to determine the strength of the winds. The roses show a strong southerly influence,
corresponding with the afternoon sea breeze at most sites apart from Churchill, located within an
east-west aligned valley. Sites further west in Victoria (Hamilton and Creswick) also show a northerly
influence, generally with a greater percentage of wind speeds above 4 m s than elsewhere.”

6. Page 13 — line 10: Can you explain why the modeled RH correlation would be higher given that the
model simulated observed RH with good fidelity?

Here we have difficulty in that the observations of pollen are not coincident with measured
meteorological variables. However we are able to compare the observed meteorology with the model
as we can extract model variables from any location in the grid. Thus the comparison of modelled RH
with observed RH was at the same location. The comparison of observed RH at the AWS with observed
pollen at the count sites was less strong, as the pollen count sites are some 10 — 29 km distant from
the AWS sites.

The model is a simplification of reality, and modelled pollen has been coded to have a strong
dependence on RH. Thus it is not surprising that the modelled correlations are stronger than those
observed.

Added text to page 13 line 11. “The observed relationship may be weaker as the pollen measurements
are not coincident with the AWS.”

7. Page 13 (and conclusions, page 15 line 25)- It is unclear why wind speed is not a good predictor in
your models. Can this be compared with other studies to place this finding in context.

Wind speed used alone in the intermediate timing is not a good predictor of pollen. Sofiev et al (2013)
suggests wind promotes the pollen emission, but is not solely responsible. A plant needs to flower first
before pollen is released, which tends to be controlled by temperature. After flowering, pollen that is
ready to be released is easily picked up by the wind. However once this supply is exhausted, the
strength of the wind does not matter (the saturation wind speed is 5 m s2). Sofiev et al (2013) also
sees a low correlation with wind speed, suggesting that stronger wind speeds increase the emission
rate but also increases ventilation and turbulent mixing.

Zink et al (2013) add “Theoretically, if unlimited amounts of pollen were available, higher wind speeds
would yield stronger entrainment, and hence more airborne pollen. In reality, this is limited by the
fact that at a certain point, the flowers will run out of pollen grains.”

Viner et al (2010): “An unexpected result was the absence of a relationship between wind speed and
pollen shed in our observations. However, we measured the same range of pollen shed rates at 1 m
s—1, the lowest reliable measurement of wind speed by our anemometer, and 5 m s—1, indicating that
only a light wind is necessary for pollen shed and stronger winds may not necessarily cause more
pollen to be shed.”

Add text to page 13 line 22. “...which provided poor prediction skill scores (average r=0.25, 0.18 and
0.17 respectively), similar to results by Viner et al (2010) and Zink et al. (2013). Wind promotes pollen
emissions, but the plant must flower first - a process not controlled by wind speed (Sofiev et al.,
2013).”



8. Section 4.3: There is little discussion of why performance is different at the eight different sites. This
could be expanded in a revised manuscript.

The results section discusses how model performance tends to be better at sites outside of the city.
In order for pollen to get to city locations there is more transport involved, and the pollen size is large
and dense. Perhaps local sources are missing. There is also increased heat and turbulence in the city,
and being relatively close to the coast introduces sea breezes. The strength and frequency of these
southerly winds are shown in the supplementary for each site.

Most of the pollen emission methodologies rely on the distribution of pasture grass. We include
satellite maps of each site and their surrounding fraction of pasture grass cover in the supplementary
section. As the pollen has a relatively short lifetime, those sites located next to grass pixels tend to be
modelled better than those which are not. The least well modelled site is Geelong, which has very
strong southern ocean influences (approx. 15 km from the coast. There are limited grass pixels
between the coast and the pollen count site.

Include sentence on page 8 line 33. “We include larger scale maps of the pasture grass coverage
surrounding the pollen count sites in the supplementary material.”

Add text to page 14 line 11. “The sites vary considerably in terms of surrounding land use, whereas all
the pollen in the model comes from pasture grass. This impacts the individual site performance against
the pollen observations. Hamilton, Dookie and Churchill are close to pollen source areas. Creswick is
surrounded by forest. The Burwood and UoM sites are in heavily built up areas with green space,
which is not included in the model pasture grass maps.”

Include text on page 14 line 10. “The wind rose for Geelong shows the strong Southern Ocean
influence, and there are few grass filled pixels between the coast and pollen count site which the
model relies upon (supplementary).”

The model assumption is that all grass pollen comes from pasture grass. The meteorological
parameters are all modelled very well, therefore individual site performance could come down to
whether we have the correct spatial distribution of the pollen source regions. Inverse modelling could
highlight discrepancies between our pasture grass emission source areas, and other grass land use
categories contributing to grass pollen. However this is out of scope of the current paper.

Include text at page 15 line 18. “Inverse modelling could highlight where other grass land use
categories contribute to grass pollen.”

To test whether the pollen observations at all the count sites are related, we plot r? correlations.
Observations in yellow, left, and modelled E10 scenario right.

HAM CWK BGO GEE UoM BUR DOK CHU
HAM 0.78 0.91 0.79 0.86 0.79 0.85 0.59
CWK 0.55 0.84 0.70 0.80 0.85 0.68 0.83
BGO 0.10 0.17 0.89 0.90 0.88 0.91 0.69
GEE 0.25 0.37 0.19 0.92 0.88 0.80 0.70
UOM 0.37 0.55 0.31 0.38 0.96 0.79 0.75
BUR 0.28 0.40 0.22 0.36 0.72 0.74 0.84
DOK 0.00 0.06 0.39 0.05 0.05 0.05 0.57
CHU 0.44 0.56 0.06 0.17 0.37 0.34 0.02




Add text to page 15 line 16.”Correlations between observed pollen at each site are not particularly
strong (average r* = 0.28), suggesting that the pollen sources may not be related, or are highly
localised. The modelled correlations between all sites are very strong because they share the same
pollen source characteristics (average r?=0.80)".

Editorial comments

1. Page 2 — line 1: Does this mean that throughout the world Melbourne has the highest population of
allergy sufferers, or just in Australia? Does the reference support this? It appears to discuss the
European community.

Table 1 (top line) of Bousquet et al (2008) shows Melbourne has the highest allergy rate in the world.
Melbourne has the highest prevalence of nasal allergy (46), and the highest atopic nasal allergy (32)
of any region studied. The title of the Bousquet paper is somewhat misleading as it refers to the
European Community Respiratory Health Survey.

Alter text at page 2 line 1 to read “Melbourne, on the south east coast of Australia, has the highest
prevalence of allergic rhinitis in the world (Bousquets et al 2008). Melbourne, in the State of Victoria,
is a city of approximately 4.9 million inhabitants.”

2. Page 2- lines 30-35: There are a few other dispersion model studies missing (e.g., oak study in
CMAQ; Pasken and Pietrowitz, 2005)

Add text to page 2 line 32. “An understanding of pollen release biology together with accurate
meteorological data is crucial for pollen forecasting (Pasken and Pietrowitz, 2005).”

Add text to page 2 line 33. “Indeed, climate induced spread of ragweed is predicted to double the
number of Europeans suffering allergic responses by 2060 (Lake et al, 2017).”

3. Page 3 — line 10 — Does the lack of other wind-driven pollination species also apply to all other
grasses? It is unclear if there are other Australian species that would be contributing to the grass pollen
count outside of the ryegrass. My understanding is that different genuses of the Poaceae family are
very hard to distinguish in daily counts.

Correct, grass pollen is counted, not ryegrass pollen. We use the physical properties of ryegrass to
represent all grass pollen in the model, as it is the major allergen.

Other Melbourne researchers also comment on the dominance of ryegrass. Ong et al (1995) suggest
that the Melbourne count, which is the most resolved for species, that it is all introduced species such
as ryegrass and canary grass. The Medek et al (2016) paper talks about C3 grasses dominating in the
temperate southern region of Australia (e.g. Victoria), mainly pasture grasses. And Schappi et al (1998)
“In the cool temperate climate of this region, rye-grass (Lolium perenne) pollen is more abundant than
pollen from other grass species (Smart and Knox, 1979), since rye-grass is grown extensively as pasture
grass in this area and has a very high pollen output (Smart et al., 1979)”

Seminal work done by Smart et al (1979) counted anthers per flowering spike of grasses to the north
of Melbourne. “Some grasses, for example brome and wild oat, have a low pollen output while others,
particularly agricultural grasses, for example ryegrass, Yorkshire fog and canary grass, have a very high



output. The high pollen producers are all introduced cool temperate pasture grasses. Native grasses,
for example wallaby and kangaroo grass, are low pollen producers.” Combined with the large areas of
land given over to ryegrass production, ryegrass must be the dominant pollen producer in Victoria.

Alter text on page 3 line 10 “Native Australian grasses such as wallaby and kangaroo grass are generally
not wind-pollinated and produce little pollen, whilst introduced agricultural pasture grasses such as
ryegrass (Lolium perenne) and canary grass are high pollen emitters (Smart et al., 1979). Ryegrass is
grown extensively in Victoria.”

Change text at page 3 line 13 “attributed to ryegrass”

Add text to page 4 line 3. “DNA sequencing at UoM indicates ryegrass can contribute 60 to 90% of
grass pollen counted over the 2016 pollen season (personal communication, E. Newbigin).”

4. Page 3 — line 30: Genus distinctions can be made based on volumetric sampling methods.
Additionally, it would be helpful to note how many different pollen types (e.g, at the family or genus
level) are counted at the Australian sites.

Grass pollen cannot be further categorized by microscopy (not to genus or species).

20 pollen taxa are listed in Haberle et al (2014) as species contributing more than 80% of annual pollen
in Australia and New Zealand, of which 15 are found in Melbourne.

Add text page 4 line 1 “In Victoria, routine pollen counting since 2017 distinguishes between 15 pollen
taxa, with Haberle et al. (2014) finding 70 % of the total pollen..., however we concentrate on.....”

5. Page 6 — line 10 — Other studies (e.g., van Hout et al, 2008; Viner et al, 2010) have shown an early
morning timing peak. Any ideas as to why ryegrass might be different?

The van Hout and Viner references refer to corn. | think the key here is that ryegrass and corn are
entirely different plants. Ryegrass flowers in spring whereas corn flowers in summer. The time of
pollen release also depends when pollen can get into the air (ie needs vertical uplift). If cool and damp
(spring), the time of pollen release is likely to be later in the day.

Melbourne evidence for the later peak comes from Smart & Knox (1979) who measured rye-grass
emissions with two daily peaks [early morning and late afternoon], the latter afternoon peak being
3.5 times higher than the morning. We have approximated this relationship by centring the release at
noon, with a 4 hour standard deviation.
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Plants differ as to what conditions they need to dehisce: Zink et al (2013) “some grasses need high
relative humidities for the opening of their anthers since they have to swell in order to crack.” In Viner
et al (2010) “Once an anther has lost sufficient moisture, the structure opens at its tip, releasing the
mature pollen grains within.”

Alcazar et al (2019) “Different grass species flower at different times of the year (Beddows 1931; Jones
1952) and day; this may affect the diurnal patterns in pollen from this family. As an example, Agrostis
and Festuca flower at midday, whereas Anthoxanthum and Holcus flower in the morning or late
afternoon (Hyde and Williams 1945; Peel et al. 2014).”

Peel et al (2014) “Vapour Pressure Deficit may be considered a proxy for the drying power of the air,
and greater VPD earlier in the day may thus lead to earlier drying, emission and concentration peaks.”

However I’'m not sure any of the above is relevant to our study. Alter/add text to page 6 line 10.
“...(measured as the number of exposed anthers) occurs in the early afternoon. As ryegrass flowers in
spring when mornings are cool and damp, the anthers need to dry before pollen is released.”

6. Figure 2- It’s hard to see the correlation between the EVI and pollen count. A climatological average
would show the timing better.

We present climatologies of the time series for figure 2 panels a and b.

Change figure 2 caption to read “(a) 16 year climatology in EVI from South West Victoria....”

7. Figure 4 — Can you put the V1 and V2 x axes on the same scale to improve visual comparisons?

Done.

8. Page 9 — I’'m confused about the loss factor in Equation 11 — how were these set, and how are they
different from a regular deposition rate?

Zink et al (2013) also propose a production and loss model, where the pollen reservoir is considered
to be pollen available for release but has not left the plant. The pollen can rest on leaves etc. A loss
can be incurred at this stage by animals brushing past or loss to the ground. Zink then suggest this
‘random’ loss process is similar to a half-life, such that after 12 hours, half the reservoir is lost. We
extend this idea to provide a variable loss rate which is accelerated in wet conditions.

Rewrite page 9 line 7. “...and once exhausted by in-plant dry and wet deposition, or pollen release,
the pollen reservoir is only replenished at a finite rate. Scenario E7 is a production-loss model for this
pollen reservoir.”

Rewrite section beneath equations on page 9. “where emissions, E are set to be the product of the
available pollen reservoir, A and the instantaneous emission factor, | at grid-point (x,y) at time t. 6t is
the model time-step. The pollen produced, P is given by the product of the spatial and gross-timing
terms, proportional to the fraction of the grass pollen season covered between t and t + &t, L is the
amount lost between t and t + 6t, T is the total length of the grass pollen season and A is the loss rate
due to direct deposition before the pollen leaves the plant. This loss can occur direct to the ground or
via animals brushing past, and differs from the in-atmosphere wet and dry deposition rates. Zink et al



(2013) suggest this loss process is similar to a half-life, which we extend to provide a variable loss rate
accelerated in wet conditions. The loss decay parameter (M), is defined as a piece-wise polynomial
function based on the rain rate such that pollen has a half-life on the plant of two days in dry conditions
and 12 hours in wet conditions, with the latter corresponding to a rain rate of 2 mm h*.

9. Page 13 — lines 18-20: Move this text to the figure caption.

Already in figure caption so have removed from the main text.
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