Remark to editor:
Dear Editor, dear Dr Nagvi,

we have adapted all comments by the referees and felt that these have been very beneficial to the paper.
Furthermore, we have restructured the discussion in our paper substantially in an attempt to improve
clarity of the paper. For the same reason we have redesigned Fig. 3. We sincerely hope that the paper is
now suitable for publication in Biogeosciences.

Response to Referee 1:

We very much appreciate this detailed and insight full review. It has helped substantially improve the
manuscript. We respond to the referee's points below, and have adopted the points for any revised
version of the manuscript accordingly.

“Overall Statements: The manuscript ”Hurricane Arthur and its effect on the short-term variability of
pCO2 on the Scotian Shelf, NW Atlantic” by J. Lemay, H. Thomas, S.E. Craig, W.J. Burt, K. Fennel,
and B.J.W. Greenan presents the interaction between physical and biogeochemical processes on the
Scotian Shelf, an open shelf sea with a complex water mass structure. The manuscript focusses on a
strong wind event in July 2014. As shown, similar events emerge in this area very often. The authors
did the first step in broadening the studied time interval by applying a spectral analysis. But this
analysis has no further consequences within the manuscript. I would suggest to omit the spectral
analysis or to use its results for further storm event-related carbon flux estimates on longer time scales
(or other biogeochemical analysis). “

We agree to omit the spectral analysis, as it, in essence, confirms results of earlier studies. We now
reworded the section stating that the data used in the present paper reflect the (reoccurring) winter
storm pattern as reported by Smith et al., 1987, Shadwick et al., 2010, or Thomas et al., 2012, but do
not present our own analysis and Fig. 6 any longer.

“The manuscript is well structured and is equipped with mostly significant figures, but it contains
several partly severe errors. The conclusion repeats more or less the findings. This section could be
used for more general statements on storm effects on biogeochemical fluxes. “

We have thoroughly checked the manuscript for severe and less severe errors and apologize for having
overlooked these. In the concluding section, we have placed storm events in a broader perspective.

Detailed remarks:
L29: land, ocean, sediment, and atmosphere
We modified the text accordingly.

L60: give the extent of the Scotian Shelf (lon1-lon2, lat1- lat2)
This information has been added to the text (43N-46N, 66 W-60W).

L61: at which position are the annual cycles in Fig. 2 valid?
This information has been added to the caption of Fig. 2.



L61ff: Which is the origin of the deep high salinity water?
This information has been added to the caption to the section (the warm slope water).

L70: Indicate “CIL” in Fig. 3
The CIL has already been indicated in our original figure, spelled out though.

L73: 1 do not see 20 °C in Fig. 3i
We agree with this point, however think that this is an issue between observed peak values (20C) and
long-term mean values (15C). We have reworded the section to solve this.

L75: The given salinity range does not fit to Fig. 2ii
Thank you, this was a typo on our side.

L85: Fig. 2iv
Thank you, this was a typo on our side.

L.131: At which depth are the measurements taken?
Measurements were taken at the surface at approx. 1m depth. We have added this information to the
document.

L131: Give here the time interval when the buoy was applied.
From February 20" to December 31 We have added this information to the document.

L175: You mean DICS? Where S is upper case?
Thank you, this was a typo on our side.

L176: represents the freshwater end member
We modified the text accordingly.

L.178: + DICS=0
Thank you, this was a typo on our side.

1.182: In Wanninkhof (2014) the gas transfer velocity has the unit (cm/h), so I would expect another
constant to end up with mol m-2 s-1.
Indeed, the unit in our text contained an error. The corrected unit is 10° mol m? hr.

L205: Give a motivation for the choice of the time interval.

The reason for the choice of time interval is that a small storm event during that period happened while
both the SEAHORSE profiler and CARIOCA buoy were in the water. We have added this explanation to
the paper.

L.234: The denoted time interval in Fig. 5 does not fit to the time interval in the text.
Thank you, this was a typo in the text.

L263: “Figure 8 also shows that the density steadily increases with depth (Fig. 8a), and ..”
We modified the text accordingly.



L.264: You combine T/S profiles from June 28 (other year?) with DIC profiles in July/August 2014.
Why is this valid?

The profiles used in Fig. 8 are from the same year. Fig 8a shows the pre-storm conditions, Fig 8b
shows the reestablishment of the system after the storm had passed. We have clarified this in the
caption, thank you.

L.262: My mixing calculations result in a depth of 40-50m. Mixed T=9 -C. Upper value 14-C. Makes
4-C as lower value, to be found at 50m depth.

Thank you, this was a typo on our side.

L.278: This sentence fits to my calculation (40-50m).
Indeed!

L.301: There must be other sources of heat. Mixing alone should have reduced surface temperature.
Please discuss this.

We agree with this point. We have added the following statement to the text: “As the data presented in
Fig. 10 - in particular temperature - show, lateral processes, either cross-shelf or along-shelf may have
impacted the system, as well. These features, however, cannot be further resolved referring to single-
point moored observations.”

L301: From day 186 to the maximum value I see an increase of 40%.
Thank you. We assume that this comment refers to the statement in line 306. We agree the increase is
approximately 40%. The text has been modified accordingly.

L335: For a reduction of one unit in salinity the mixing should have taken place from the surface to
about 70m depth (compare Fig. 2)

Thank you for this comment. Again we think that this is an issue between single observations and
climatology means as shown in Fig 2. We have added a statement reiterating that Fig.2 uses
climatological mean values.

L.342: where does this number (45 mmolC m-2 day-1) come from? Which C:Chl ratio did you use?
We think that this could be a misunderstanding on the referee’s side. The fluxes have been computed
directly from our buoy observations. We reworded the sentence for clarity.

L376: Reference missing.
We have added the reference to the list, thank you.

L495: Give position.
As per our response above, we have added the position of the station to the caption.

L519: Why “Climatologies”?
Thank you, we agree. We have replaced here climatologies by observations.

Fig. 5: Please give more time ticks.
These will be provided in the revised figure.



L527: which DIC profile is used? July 22 or Aug 3?
We used the August 3"-profile. This has been mentioned in the caption now.

L.530: refer to Fig. 8
We have modified the text accordingly.

Fig. 11: Omit this figure. It is not necessary. Omit also “Figure 11” in L365.
We no longer use Fig. 11 in the paper.



Anonymous Referee #2

We are grateful for this constructive review, allowing us to clearly improve the paper.

“The authors present high-resolution biogeochemical data from the Scotian Shelf (Northwestern
Atlantic) before, during, and after a hurricane event. Hourly pCO2 data re used to assess the short-term
impact of the storm on the surface and subsurface properties of the water column, and the resulting
impact on the air-sea CO2 exchange. The paper reports that there is a layer of cold water depleted in
inorganic carbon (DIC) just above the thermocline, which is attributed to a population of phytoplankton
that grows under reduced light conditions, assuming sufficient nutrients are available. The presence of
the phytoplankton is confirmed by chlorophyll data, which the authors treat qualitatively having shown
some disagreement between measured and sensor observations of fluorescence. With a storm event, the
layer of high-biomass (and reduced DIC) is entrained into the surface layer and results in an
undersaturation in pCO2 that drives a flux of CO2 from the atmosphere to the ocean (uptake). This
short-term event is found to be comparable to the spring bloom in terms of contribution to the uptake of
CO2, and thus short-term wind events may have a large impact on the annual CO2 exchange in this
region.

The paper is well written and structured, and most assumptions are satisfactorily justified. I believe the
paper is suitable for publication in Biogeosciences following some minor revisions based on my
comments below:

Line 151: was the pCO2 really measured using the VINDTA 3C — I was not aware this was possible. I
thought pCO2 was computed on the basis of the DIC and TA analyses? Please clarify.

Thank you. This was a typo on our side. DIC has been measured by the VINDTA. For clarification the
CARIOCA buoy performs direct measurements of the pCO2. We do not present any pCOZ2 values here,
which are computed from DIC and TA, only direct obervations.

Line 288: While I understand that the SeaHorse profile data was not available for the hurricane
observations, it does seem odd to rely so heavily on subsurface data from a short period several years
earlier. I think the text would benefit from more information/validation about these data and how
representative they are of the conditions preceding the 2014 storm event. Is there other climatological
data that could be used to provide greater context for these short term observations below the surface?
Conclusions: I found the description of the schematic to be oddly placed in the conclusion — please
consider relocating to the discussion. I also found Figure 11 to be a somewhat confusing representation
of the more clearly described mechanistic understanding of the system in the text.

In accordance with reviewer 1 we have attempted to clarify the supporting use of climatological data
and data from other years throughout the paper. Further we have delete Figure 11 from the manuscript.

I believe the other reviewer suggested that Fig. 11 was not necessary, and I’m inclined to agree. If you
do want to include a schematic, I would suggest coming up with something that has multiple panels
contrasting the situation where there is a short-term wind event with when there isn’t — or a time
evolution of the 2 to 3 layer system. As shown it does not convey the arguments the author’s are trying
to make.

Again, we agree with to point, have deleted the Figure 11, and think that Figure 3 shows the situation
properly. Also, we have reworked Fig. 3 throroughly.



Caption for Fig. 7: I don’t see how these are “climatologies?
We have adopted this suggestion, which also has been made by referee 1.
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Abstract

The understanding of seasonal variability of carbgcling on the Scotian Shelf, NW Atlantic
Ocean, has improved in recent years, however, litdey information is available regarding its
short-term variability. In order to shed light drist aspect of carbon cycling on the Scotian Shelf
we investigate the effects of Hurricane Arthur, ethpassed the region on Jul{) 8014. The
hurricane caused a substantial decline in the srirfeater partial pressure of g(CQ,), even
though the Scotian Shelf possesses, @Eh deep waters. High temporal resolution data of
moored autonomous instruments demonstrate that ither distinct layer of relatively cold water
with low dissolved inorganic carbon (DIC) slightipove the thermocline, presumably due to a
sustained population of phytoplankton. Strong steetated wind mixing caused this cold
intermediate layer with high phytoplankton biomt&sée entrained into the surface mixed layer.
At the surface, phytoplankton begin to grow mor@idly due to increased light. The
combination of growth and mixing of low DIC watedl to a short-term reduction in partial
pressure of C@until wind speeds relaxed and allowed for theregification of the upper water
column. These Hurricane-related processes caude@tg CQ uptake by the Scotian Shelf
region that is comparable to the spring bloom, texerting a major impact on the annual CO

flux budget.



1. Introduction

Coastal oceans constitute the interface of fourpatments of the Earth system: land,
ocean, sediment, and atmosphere. Relatively shallaters in the coastal oceans facilitate the
immediate interaction between the atmosphere aditnsat (e.g. Thomas et al. 2009, Thomas
and Borges, 2012). Coastal oceans receive runaffi fiand (Chen and Borges, 2009) and are
impacted by the open oceans. They are a hot spdiidtogical production, accounting for a
disproportionate amount of global ocean product@ative to their surface area (Cai et al. 2003;
Borges et al. 2005). Nutrients from rivers, theropeean (e.g. Thomas et al., 2005), regenerated
nutrients, and nutrients from shallow surface sedits fuel primary producers in coastal oceans.
Consequently, coastal seas account for one-fiftbn-third of ocean primary production even
though they only account for 8% of the ocean serfaea (Walsh, 1991). Due to their dynamic
nature, coastal oceans experience much higherabpatil temporal variability (diel, seasonal,

and annual) than the open oceans.

The Scotian Shelf is a coastal ocean and thesplea, multifactorial interactions result
in challenges in determining the processes thatratine high degree of variability reported in
this region (Shadwick et al. 2010, 2011, Signosahial. 2013, Shadwick and Thomas 2014).
Recent studies of the Scotian Shelf have focusedapity on monthly, seasonal, and inter-
annual variability of carbon cycling (Shadwick &t 2010, 2011, Shadwick and Thomas 2014,
Craig et al. 2015), but these longer-term trendsoaerlain by significant short-term variability
(e.g. Vandemark et al. 2011, Thomas et al. 2012} tb date, have remained relatively
unstudied. Storm activity on the Scotian Shelf Hmen shown to affect chlorophyll
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concentrations and timing of the phytoplankton blo@.g. Fuentes-Yaco et al. 2005, Greenan et
al. 2004), but little is known regarding the role short-term variability in governing carbon
cycling on the Scotian Shelf. A deepened mechanistilerstanding is required to reliably assess
the role of short-term events on longer-term valitgband to facilitate future predictions with
respect to climate change and ocean acidificationthe present study, we utilize autonomous
moored sensors, and in-situ sampling to investigateshort-term variability of the G@n the
Scotian Shelf, with a focus on the impact of Huanie Arthur, which passed the Scotian Shelf

region on July 8, 2014.

2. Oceanogr aphic Setting

The Scotian Shelf is located in the North West (NAtlantic Ocean at the boundary
between the subtropical and subpolar gyres andhéstizom the Laurentian Channel to the Gulf
of Maine spanning approximately the region of 43NN, 66°W-60°W (Figure 1). The
primary feature on the Scotian Shelf is the Novati&cCurrent, which is mostly derived from

the Gulf of St. Lawrence (Dever et al. 2016).

The Scotian Shelf can be described as a 2-lay¢emys the winter (Fig. 2, 3a,b), when
convective activity and wind-driven mixing contriile mixed layer depth (MLD) and prevent
stratification of the surface layer. During thigipd, the MLD is at its deepest and temperature
and salinity are homogeneously distributed withia tmixed layer. Any deeper layers are beyond
direct impact of seasonal processes. As the MLlshaduring spring and summer due to lower
wind speeds, warmer surface temperature, and freghr input (Urrego-Blanco and Sheng
2012, Thomas et al. 2012), the Scotian Shelf ttiansi into a 3-layer system (Loder et al. 1997).

The top layer of the 3-layer system in the summerarm, shallow, and less saline; a result of



the increased discharge from the St. Lawrence (Letal. 1997). Below the warm, shallow
fresh layer is the cold intermediate layer (CILhigh consists of colder, saltier winter water.
The third layer, beneath the CIL, consists of tternw slope waters from southern origin (e.g.

Loder et al. (1997).

Sea surface temperature (SST) on the Scotian @rédfs significantly over the course of
the year, ranging from approximately 0°C during t@irto a mean of 15°C during the summer,
with peak highs of 20°C during the summer monthgufe 2i). Surface salinity (Fig. 2ii) in the
shelf region is relatively fresh, ranging from amdu32 during the winter to 31.5 during late
summer when the peak discharge of the St. LawrBia arrives (Loder et al. 1997, Shadwick
et al. 2011, Dever et al. 2016). Salinity incredsether off the shelf as a result of the warmysalt
water from the Gulf Stream, which transports wataith of the Scotian Shelf towards Western

Europe.

Nitrate on the shelf is heavily influenced by thewth and decay of phytoplankton
(Figure 2). During the winter months, when phy&ton productivity is low and wind-driven
mixing of the water column is strongest, nitrateels at the surface are high. As light levels

increase in the spring, a phytoplankton populatidominated by diatoms, begins to grow,

intense, bloom heavily influences carbon cyclingtlba Scotian shelf. During this period, the
region shifts from being a source of £ the atmosphere to a sink because of the bdbgi
CO, drawdown (Shadwick et al. 2010, 2011). Chloroplayttoncentration, the commonly used
proxy for phytoplankton abundance (Fig. 2Div), destoate the intensity of the spring bloom

during the months of March/April. The timing ofetbloom varies between these two months

depending on several factors including the onsettddtification and availability of light

Comment [SC1]: | think we've
seen that it's really not

stratification driving the bloom, as
it often occurs when the waters are
very deeply mixed. Use our recent
paper as a reference if you want to
support a statement to this effect

Ross, T., Craig, S.E., Comeau, A|,
Davis, R., Dever, M., & Beck, M.
(2017). Blooms and subsurface
phytoplankton layers on the

Scotian Shelf: Insights from

profiling gliders. Journal of Marine
Systems, 172, 118-127
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(Shadwick et al. 2010, Greenan et al. 2004, Ross. 2@017). Once the phytoplankton bloom
consumes the available nitrate, the assemblagakentover by smaller phytoplankton that

prosper in the higher temperature, lower nutriemditions (Craig et al. 2015; Li et al. 2006).

The subsurface chlorophyll maximum layer (SCML)aideature almost ubiquitously
found in stratified surface waters (Cullen 2015)riDg the late spring and summer period, the
surface layer on the Scotian Shelf, which is natrigoor following the intense growth of the
spring bloom, becomes strongly thermally stratifi€de phytoplankton, therefore, accumulate in
deeper waters where nutrient concentrations afeisnft to support growth, but where there is
still enough light available to drive photosyntlsege.g. Cullen 2015). This occurs at the
nutricline, i.e. the transition from the warm, nemt poor surface layer to the cooler,
comparatively nutrient rich second layer. Additityain these lower light conditions,
phytoplankton often employ the survival strategypbibtoacclimation, whereby they increase
their intracellular chlorophyll concentration to xiraize light absorption. This can result in an
increased ratio of chlorophyll to carbon (Chl:Cigatat the SCML (Cullen 2015). There is a
suggestion of this summertime SCML in the climagidal data from the region (Fig. 2iv) and in
a recent glider study of the Scotian Shelf by Reisd. (2017)

Observational studies reveal the Scotian Shdbketa source of CQo the atmosphere,
except during the period of the spring bloom (Shakwet al. 2010, 2011, see also Signorini et
al. 2013 for discussion). Fluxes of €@ the atmosphere are highly variable outsidehef t
spring bloom period (Shadwick et al. 2010). Wipeeds impact the mixed layer depth, which
in turn, can impact Cofluxes on the shelf (Shadwick et al. 2010, Greegiaal. 2008). DIC
increases with depth, which means mixing causedtimng wind events can bring carbon rich

water to the surface. Shadwick et al. (2010, tRar 8) demonstrate how weather patterns can



have a significant impact on monthly variation @dlux. The strength, timing and frequency
of winter storms impact the timing of the springdain (Shadwick et al. 2010). Spectral analyses
have shown that storm events occur at periods days and 3 weeks (Smith et al. 1978,

Shadwick et al. 2010, Thomas et al. 2012).

A significant contributor to annual storm activion the Scotian Shelf comes from
hurricanes, with the 2003 hurricane season gengrat named hurricanes in the Atlantic Ocean
(Fuentes-Yaco et al. 2005). Hurricanes that atfeetWestern North Atlantic are formed mostly
in the Eastern Atlantic Ocean near Africa (Fuentase et al. 2005). After formation, the
hurricanes move westward on the trade winds, vegheast around 30° to 35°N as they meet
the eastern prevailing winds from North Americag amove towards, and often over, the Scotian
Shelf and/or the Newfoundland Shelf (Fuentes-Yaal.€2005). Hurricanes passing through the
northwest Atlantic can entrain cold nutrient riclater to the surface, which has been found to
stimulate primary production (Fuentes-Yaco 199@ttRit al. 2005, Han et al. 2012). The timing
of these storms has also been found to affectithing and strength of the spring phytoplankton

bloom (Greenan et al. 2004)

In this paper, we will focus on the effect of thaspage of Hurricane Arthur on pgO
observed at our study site on the Scotian Shelfwilleconsider the partial pressure of O
pCQ,, conditions before, during, and after the storpdssage using highly temporally resolved

measurements, and present mechanistic explandtiotiee observed phenomena.

3. Methods

3.1 Sampling Procedures



The CARIOCA buoy used in this study was equippethgensors to acquire hourly
measurements at the surface (approximately 1m yepthtemperature, conductivity, the partial
pressure of C@(pCQ), salinity, sea surface temperature (SST), andraphyll-a fluorescence
between February $0to December 3 2014. An automated spectrophotometric technicag w
used to estimate pGQand is fully described elsewhere (Bates et ad02®Bakker et al., 2001;
Bates et al. 2001; Hood and Merlivat, 2001). Comiglitg and temperature were measured using
a SeaBird conductivity sensor (SBE 41) and a Betaththermistor respectively. A WETstar
fluorometer (WETLabs) measured chlorophyll-a (Chfkaorescence. The buoy was deployed at
the Halifax Line Station 2 (HL2; 44.3N, 63.3W, ~30loffshore from Halifax, Nova Scotia)
from February 2014 to January 2015 in addition tttep deployments that took place between

2007 and 2012 (e.g., Thomas et al. 2012)

From April 2007 to the end of July 2007, a SeaHonsered vertical profiler was placed
at the location of HL2, where it acquired profifesm the surface to a depth of approximately
100 m every 2 hours. It was equipped with tempeeatsalinity, and Chl-a fluorescence sensors.
A complete description of the SeaHorse operati@hsamsor suite can be found in Greenan et al.

(2008), or Craig et al. (2015).

Water column samples were collected through thé-aemual Atlantic Zone Monitoring
Program (AZMP) operated by the Canadian Departroéftisheries and Oceans. The AZMP
cruises occur during the Spring (April) and Falef8mber — October) every year. Bi-weekly
sampling of HL2 is also conducted whenever wegbleemits. Water samples are collected using
10 L Niskin bottles mounted on a 24-bottle rosetith a SeaBird CTD. Collected samples are
then poisoned with mercury chloride (HgClto prevent biological activity before the DIC

concentration was measured using a VINDTA 3C sys{&marsatile Instrument for the



Determination of Titration Alkalinity by Mariandal.his was also used to determine alkalinity
(TA) and DIC, and the measurement method is destrib full detail by Johnson et al., 1993,
Fransson et al., 2001, or Bates et al., 2005. fiaettreference material was provided by G.
Dickson (Scripps Institution of Oceanography) ttedmine the uncertainty of DIC and TA to +2

and +3 pmol kg, respectively.

Non-photochemical quenching (NPQ) in phytoplanka mechanism by which excess
absorbed solar radiation can be dissipated in mathwther than Chl-a fluorescence (e.g., such
as heat), and can reduce chl-a fluorescence by 8p% (Kiefer, 1973). In order to minimize the
impact of NPQ, only nighttime fluorescence from 0BOC was used in analyses of Chl-a
fluorescence. . Chl-a fluorescence was regressamhsigchl-a concentration determined from
fluorometric analysis ofn situ water samples; this enabled creation of a caldaturve for

both the CARIOCA and SeaHorse data to allow corspardf measurements.

3.2 Computational Analysis

Temperature normalized pG@vas calculated using the equation from Takahashi.e

(2002) (Equationl).
pCO,(T™"|=pCO%<[exp(0.0423 T™="_ 7o) 1)

This normalization removes the thermodynamic éffeaf temperature on pGGand
reveals the non-temperature related, i.e., lardablogical effects on pC® The mean

temperature used for this calculation is 10°C.

Using the method developed by Friis et al. (20@3)C is normalized to salinity to
remove the overlying salinity signal to better detime biological and anthropogenic impacts.
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DICS represents DIC normalized to salinity*&epresents the measured salinity value, ®IC
represents the measured DIC valué’ ®presents the salinity standard used to calcli#@s,
which in this case is 32, and DiC represents thefreshwater end member, which isy6odl

DIC kg taken from Shadwick et al. (2011).

obs _ S=0
chszwmse‘ +DIC™® )

Sea-air fluxes from the CARIOCA dataset were daled using the flux calculation

functions from Wanninkhof (2014) (Equation 3).

S
660

-0.5
=- 0.25% U% ( ) + K (pcOZ- pcos| @)

Where F is in 10mol m? h, U is wind speed (m™, Sc is the Schmidt number, ks
gas solubility (mol ' atm?), pCO°™ (uatm) is observed pGQand pCG™™ (uatm) is
atmospheric pCg for which 400 patm is used. The widely used fedculations from
Wanninkhof (2014) were used, and have an estim2@8d level of uncertainty. Full details

regarding the flux equation can be found in Wanhof2014).

3.3 Comparison CARIOCA / SeaHorse

For mechanistic analysis, we use the SeaHorsecakeprofiler from 2007 to help
underpin the observations made from the 2014 CARIOdataset. Chl-a concentration
determined in the laboratory using fluorometriclgsia ofin situ water samples were regressed
against factory calibrated nighttime fluorescermoenfthe CARIOCA and SeaHorse data séts. r

(RMSE) values were found to be 0.532 (0.2 i) mnd 0.743 (0.4 mg 1) for the CARIOCA
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and SeaHorse, respectively. The poor agreementebatihe bottle and fluorescence Chl-a
estimates is unsurprising since factory conversafftuorescence to chlorophyll concentration
rarely correspond well. This is due to severaldectthat include differences in fluorescence
yield between the factory calibration standard aatliral phytoplankton, differences in the water
mass sampled (small volume illuminated by the fimoeters versus the larger water mass
sampled by the Niskin bottle) and the fact thathbestimates are subject to significant
uncertainties. For these reasons, fluorescencmatsis of Chl-a will be used in a qualitative

manner to examine patterns and trends, rathertthdetermine exact concentrations.

A subset of the CARIOCA data collected from JunteBith (year days 160-168) 2007
were used to compare with the Seahorse data (Fur®uring this time, the CARIOCA and
Seahorse instruments were simultaneously depl@jtedying for a comparison between the two
datasets. The fluorescence for both data setsaoenesrted to chlorophyll using the calibrations
curves described above. Both sets showed chlorbphgimilar magnitude, as well as a similar

trend over the time series (data not shown).

4. Results & Discussion

4.1 Observations of pGOwind speed and fluorescence in 2014

Annual pCQ data from the 2014 CARIOCA dataset reveals thatethis significant
variability over the course of 2014 (Figure 5a)lthAugh impacted by the variability, the key
annual features are obvious and include: the plgégon bloom (year days 80-110), a summer
baseline (year days 150-300), and a winter basdlear days 50-75 and 300-365). The
variability (or amplitude of variability) in pC£s more pronounced during the summer months

compared to the winter and spring bloom periode @so Thomas et al., 2012). The low
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variability during the winter and the bloom is like result of the deeper, homogenous surface
mixed layer, which in turn acts as a buffer for amprt-term variability. The data used in the
present paper reflect the reoccurring winter stpattern, with a periodicity of approximately 6
days as reported earlier for the region (Smith.et1l&87), Shadwick et al. (2010), or Thomas et

al. (2012)).

Wind speeds for 2014 (Figure 5b) show that durirgwinter, winds are stronger on the
Scotian Shelf, with higher storm frequency, whileavspeeds are generally lower during the
spring and summer months. During the period of idane Arthur, wind speeds of up to 30 th s

were observed.

Fluorescence over the year (Figure 5c) clearly shibv spring bloom increase of up to a
factor of 4 above the winter baseline. Similarlyridg Hurricane Arthur, there is a doubling in
fluorescence above the summer baseline values cethpathe adjacent days. Later in the year,
around year day 300, the fluorescence shows sontesidzated values due to the minor fall
bloom that occurs as increased wind speeds begiedpen the mixed layer bringing nutrients to

the surface (Greenan et al. 2004).

4.2 Hurricane Arthur

A prevalent feature of the time series is the stdegprease in pCQas wind speeds
increase during the hurricane (Figure 5, days 18%-1Dissolved inorganic carbon increases
with depth in this region (Shadwick et al. 2014)erefore it is expected that increased wind
speed would increase pg@s more carbon rich water is mixed to the surfadewever, wind
and pCQ are negatively correlated (r =-0.77, significateeel, a = 0.05; data not shown), for

the whole year. Decreases in pGA&th increases in wind are most evident from gptim early
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fall. This coincides with the period where the @ratolumn becomes a 3-layer system as a result
of solar insolation and increased discharge froem@ulf of St Lawrence (Loder et al. 1997).
For this study, we chose the most prominent deereapCQ, which occurred during Hurricane
Arthur on July 8. The underlying assumption is that Hurricane Artban be compared to other
periods where low pCfQis correlated with high wind events within the isgrto early fall

period.

To identify the cause of the decrease in p@@en wind speeds are high, surface water
properties observed during the Hurricane Arthuiqoeare examined in detail (Figure 6). SST
drops by roughly 6°C over a half day period indiogitthat water from the cold intermediate
layer (CIL) was mixed into the surface layer byosfy winds, causing rapid cooling (Fig. 6a).
However, upon close inspection, it can be seentlleapCQ(Tmean) decrease occurs prior to
the temperature decrease, indicating that a nopdeature related CQuptake process is at play
before wind-driven CIL entrainment occurs e (Figéey. The disconnect between temperature
and pCQ can be explained by considering the position efghbsurface chlorophyll maximum
layer (SCML, Figure 3). This layer straddles therthocline between layers 1 and 2, where
phytoplankton can utilize nutrients diffusing acdhe boundary, but still receive enough light
for photosynthesis. As the upper layer is mixedaliyd, these phytoplankton are redistributed
throughout the upper layer where they experiencee@sed light exposure (compared with that
at the SCML) that allows them to photosynthesizearefficiently and, therefore, draw down

more CQ.

Following the initial mixing of the surface layenixing energy then becomes sufficient
to entrain waters from the deeper CIL between yeardl86 and 187. This results in a rise in

pCO,(Tmean), a decrease in temperature (Fig. 6a) anddse in salinity (Fig. 6d). The increase
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in salinity occurs in two separate steps (Fig. dakhed grey box): The first coincides with the
sharp decline in pCQTlnean, indicating the redistribution of phytoplanktorom the SCML
throughout the surface layer and their correspandiptake of C@ This is also evident in an
initial increase in fluorescence prior to the salimaximum (Figs. 6c¢, d). The second step
aligns with the sharp increase in p£Qnea) pointing to continued vertical mixing into deeper
saline waters rich in DIC from the CIL. When comgzito the wind speeds (Fig. 6¢), the second
step also occurs during the wind speed maximumnwhixing would be at its strongest. Fig.
2(ii) shows the 3-layer system during the summerkcblue, blue and yellow layers), with
approximately one salinity unit difference betweath of the climatological mean layer values.

The magnitude of salinity change during Hurricaménir is comparable.

Chlorophyll-a fluorescence increases by approxilpa®% during the hurricane,
indicating that the mixed conditions of the watetuenn favor phytoplankton growth (Fig. 6c).
Nutrients at the surface are depleted during thenser months (Fig. 2iii) and, therefore, the
response of the phytoplankton implies that theibame mixed nutrients upward from deeper in
the water column. This line of argument is alsopsufed by the observed corresponding salinity
increase. Wind-driven mixing breaks through thelirgvater layer at the surface, reaching into
the deeper saline waters of the CIL where nitratenore abundant. Interestingly, despite the
increase in chlorophyll-a fluorescence (and implégtoplankton abundance) during yeardays
187-190 (Fig. 6¢) , pC®Tmean) continues to rise. This suggests that,itdegrreased primary
productivity produced by the mixing event, the stgie is a net source of G@uring this time
as the entrainment of G@ich deeper waters out-competes the effects ofgslyathetic CQ

fixation.
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Normalizing the DIC observations from HL2 to a cam salinity (of 32) reveals the
biological DIC fingerprint (Figure 7b). This appabayields a minimum in DIC in the subsurface
layer at a depth of approximately 20-25 m, whicHidgates DIC uptake by phytoplankton.
Further support for the existence of this encldagdr is provided by a study by Shadwick et al.
(2011), in which negative apparent oxygen utilzat{AOU) values at this depth level were
observed during the summer period. The encloseér lay both sufficiently shallow for
photosynthesis to occur and sufficiently deep tppsuthe required nutrients through vertical
diffusion across the nutricline (Figure 2). Whenmparing the temperature minimum and
salinity maximum from Figure 6 with the T/S profité Figure 7 (see also below discussion of
Fig. 9), they reveal a deepening of the mixed lagearound 50 m, which matches well with the
DIC profiles. Figure 7a also shows that the densigadily increases with depth, and that the
DIC minimum lies below the upper part of the miXagler in a stable layer between waters of

lower (above) and higher (below) density.

To shed light on processes occurring within the,Glie employ high-resolution water
column data at HL2 collected from the 2007 SeaHwsestical profiler. Although the Seahorse
data was collected during a different year, we m&sthat the observed features are present every
year as characteristics of the overall system. dat from the SeaHorse profiler reveal a

variable but persistent chlorophyll-a maximum beltive surface post-spring into summer
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(Figure 8).| This persistent chlorophyll-a maximeecurs at roughly 25 m below the surface.

This matches well with the profiles in Figure 7ttdésplay normalized DIC minima at roughly

A snapshot of SeaHorse surface profiles from Jwig"92007 were extracted and
compared to data from the CARIOCA buoy during tame period (Figure 4, see methods). As
with Hurricane Arthur (Figure 6), a passing stowheaker strength) during this period shows
the same negative correlation between p@6d wind speed. pCQlecreases for a period of
time as wind speeds increase. There is also aease in chlorophyll-a for both the CARIOCA

and SeaHorse data (Figure 4), showing that botiuiments detect the increase at roughly the

The selected 3 days shown in Figure 9 reveal tioduton of the water column during
the 2007 storm event (same event as Figure 4).or8ehe storm there is a sub-surface
chlorophyll maximum, which is below the maximumtbé density gradient. The Brunt-Vaisala
frequency (Fig. 9) also shows stable stratificaibnoughly 18 m depth on Jun® Jollowed by
stable stratification at 38 m for June™.@nd on June 17 stratification stabilizes further up the
water column at 25m. Once the storm approachewdter column becomes mixed, increasing
surface salinity and chlorophyll-a as well as hoaroging water density for the top 40 m. In
this example however, temperature does not decidasee surface as in Figure 6. However,
Hurricane Arthur was a much stronger storm thatlted in deeper mixing of the water column
and more cooling of the SST. When the storm sessithe water column restores within 2 days
to its original state. Surface chlorophyll andrsg} return roughly to their pre-storm levels, and
the SCML is again below the density gradient. Tlkadpresented in Fig. 9 - in particular

temperature - show, lateral processes, either @los or along shelf may have impacted the
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system, as well. These features, however, canndurtieer resolved referring to single-point

moored observations.

With water column data containing fluorescenceuFégse is then analyzed to determine

how much of the fluorescence is attributed to neamgh or mixing. As discussed by Cullen - { Comment [MP4]: Added this
sentence

(2015) the SCML contains a higher ratio of chlorgph to carbon as a result of survival
strategy in reduced light, therefore it can be sfzed that the rapid increase of fluorescence

could be the result of redistributed cells rathemt new production. Integrating salinity over a

read “in the later analyzed Figur
9"?

Comment [MP5]: Should this %

m and 1482 m, respectively [unit {m}. salinity{uless} * integration depth{m}]. On the
assumption that mixing is conservative, integratibichlorophyll-a for June'®and June 15is
also performed. The results were 105 mgCHland 158 mgChl frespectively, indicating that
the majority of chlorophyll a (approximately 2/3)served at the surface is redistributed over the
5 day period the integration took place. The gtowf the remaining 53 mgChl fn
(approximately 1/3) can be attributed to rapid ppjankton growth that would be expected to
take place as a result of nutrients being mixetthédit surface layer. This helps explain the rapid
increase in fluorescence observed in Figure 6 ast wibthe increase is due to redistributed

phytoplankton from the SCML.

4.3 Impact of Hurricane Arthur on Carbon Cycling

In order to quantitatively estimate the direct imip&lurricane Arthur had on carbon
cycling, air-sea fluxes were calculated for 2014KJE 1). The average daily flux for July was 0
mmolC m?day", however when the impact of Hurricane Arthur imeeed from the average the
new flux value is -7 mmolC thday®. If Hurricane Arthur was averaged alone, the fluould

be 19 mmolC rf day’, nearly half the rate observed during the phytuktien bloom (45
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mmolC m?day'). The impact of the hurricane was substantial ghdo cancel out the overall
emission of C@to the atmosphere for the month of July. Thisdatés that short-term storm
events can have a significant impact on annual p&@ling for the Scotian Shelf in the regions

affected by the storm.

5. Conclusions

The data provides compelling evidence that themmisnteraction between wind speed,
pCO,, and sub-surface phytoplankton. However, the tingha storm event dictates the strength
of its impact. Previous work has shown that degger is rich in DIC compared to the surface,
and it was expected that mixing of deeper wateulshincrease pC@as a result. However, sub-
surface phytoplankton has a relatively strong ifice on carbon cycling during storm events.
The effects of storms on pG®@ary based on whether the water column is a 3-lager system,
and their timing during these 2- and 3-layer pesiddurricane Arthur was a special case in that
it impacted the shelf while it was it's a 3-laydrgse. During this time, the entrained layer was
stable as a result of the warm freshwater capeastinface. This allowed phytoplankton to thrive
at the boundary of the surface layer and the Chene there are more nutrients than in the upper
mixed layer, but still enough light to drive photothesis. When the storm arrived and perturbed

this enclosed layer, it caused a sharp decregse@s.

Some possible implications of the interaction bemvetorm events and carbon cycling is
through climate change. If storms frequencieseiase as climate changes, it could lead to more
CO; being taken in by the coastal ocean. This woedtl Ito more acidic water on the coast,

harming organisms that rely on shell formation.idt anticipated that these findings will
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contribute to the general body of knowledge of r&iarms and their associated timing impact

carbon cycling on the Scotian Shelf.

The study presented in this work largely rests @tadfrom moored autonomous
instruments such as the CARIOCA buoy, which suppdgervational data with high temporal
coverage. The complementing use of SeaHorse dateex@anded the observations into the
vertical dimension, which facilitates the considienra of water column properties and their
influence on the surface water g@riability. In observational studies, a balanagstralways be
found between temporal and spatial coverage, asXample discussed by Schiettecatte et al.,
(2007). It is clear that the use of data from mdoistruments provides the high temporal
resolution data needed to understand high-frequeadgbility. This strength of this study is at
the expense of spatial coverage, and accordingty,cannot fully exclude lateral processes,

which might contribute to the variability of the @€ystem as observed by our instruments.
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Figure Captions

Fig. 1: Regional view of the Scotian Shelf withrpary currents shown. The red star depicts the
location of the Seahorse and Carioca moorings.iRegrwith permission from Shadwick et al.
(2010) ©Shadwick et al. 2010

Fig. 2: Climatologies for the Scotian Shelf, obsehat station HL2 (44.299°N 63.247°W). i)
Temperature, ii) salinity, iii) nitrate, and iv) Ca. Reprinted with permission from Shadwick et
al. (2011). © Elsevier

Fig. 3: Schematic demonstrating the evolutiorhefwater column over the course of the year.
The dashed line intersecting panels i), ii), ajddépresents the mixed layer. SCML in green
represents the sub-surface chlorophyll maximumrlayénd mixing is represented by the
circular arrow in panels i), ii), and iii). Tempgure and Salinity profiles provide an idealized
view of the upper water column where panel a) apoeds to panel i), b) to ii), and c) to iii).
The solid lines in panels a), b), and c) repretfentocation of the borders between the layers in
their corresponding i), ii), and iii) panels.

Fig. 4: 2007 CARIOCA data set for June 9th-17tmfritne with the x-axis representing year
days. The black line is pCO2 (patm), red lineiisdM(m s1), blue line solid is calibrated CARIOCA
fluorescence (mg m-2), and the blue dashed licalibrated SeaHorse fluorescence (mg)m-3

Fig. 5: 2014 time series data collected from théRBACA buoy with the x axis representing

year day. Panel a shows p£0 patm, revealing a large amount of variationrdfie course of

the year; with a minimum during the spring bloond @rhigh maximum over the course of the
summer. Panel b shows wind speeds in'nwath higher wind speeds during the winter period
and lower speeds during the summer. Panel ¢ sfioarescence in arbitrary units with a spring
broom clearly visible, and the rest of the yeahvgieénerally low values. There is some evidence
at a prolonged fall bloom after year day 300. féwbands represent the period where
Hurricane Arthur (July 5th 2014) took place, andwsalected as this feature stands out amongst
the others.

Fig. 6: Observations during Hurricane Arthur takemm the CARIOCA 2014 dataset, with the x
axis representing year days. Each panel has p€0laék (Latm) and pCO2(Tmean) (Latm) in
blue; with a different variable in each panel oaeri (a) temperature, (b) wind speed, (c)

flourescence, and (d) salinity. The grey box ingdal is used to highlight the change in salinity.

Fig. 7: Pre- (a) and post storm (b) vertical pesfitaken from in-situ samples for HL2 collected
in 2014. a) salinity, and temperature (°C), anaisity (kg m°) were collected on June 28th, 7
days before Hurricane Arthur. b) Post-storm DI&@ghkg?) profiles for July 22 and August 3,
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2014 collected at HL2 along with their correspogdii C.orm profiles normalized to a salinity

value of 32, revealing the reestablishment of feegporm situation. __ - Comment [MP6]: Do you mean

Fig. 8: SeaHorse vertical time series data colteateHL2. Fluorescence data is in mg m-3 and
calibrated to in situ bottle data collected at HMZhite gap represents when the mooring was
removed from the water for repairs. The black liegresents the mixed layer depth in meters.
The red line is the DIgm profile (Aug. 3, 2014) from Figure 7, with its scale at the taghtiof
the figure. Please note that the DIC profile ilembed from the 2014 year, while the SeaHorse
data is from 2007. This comparison is made to halgerpin the mechanistic understanding of
the water column structure.

Fig. 9: SeaHorse snapshots of a storm event betieen9th to June 17th 2007. X-axis
contains chlorophyll (mg i), salinity, temperature (°C) and density (kg)mand y-axis is depth
in metres. Wind speeds (if)or each day (5:00am to correspond with time ediiSorse data)
are included in each panel. Fluorescence valwesalibrated to in-situ bottle data collected at
HL2. The right hand side panels show the Brunts¥E frequency for the respective days.
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Table 1: Average daily sea-air fluxes (mmofaay?) for each month available for the 2014 year
using the Wanninkhof 2014 method. July is broken B components: the month as a whole,
the 8 days Hurricane Arthur impacted p£@nd the remaining 22 days averaged without
hurricane Arthur. pCO2 (patm), wind speed (H $emperature (°C), and salinity are averaged
for each month (or segment in the case of Arthdrida Arthur).

Month CO; Flux pCO, Wind Speed Temperature  Salinity
(mmol 4
m? day?) (natm) (ms?) (°C)

March 18 374 14.9 0.1 30.9
April 45 316 14.5 1.2 31.2
May 2 395 9.0 4.5 31.2
June -3 430 9.1 9.9 30.9
July 0 423 12.2 12.6 31.1
Arthur 19 385 14.9 9.7 31.2
No Arthur -7 436 11.2 13.6 310
August -27 506 10.8 18.7 30.8
September -30 481 13.4 17.8 30.8
October -5 409 17.3 15.0 30.9
November 4 405 17.5 10.3 30.5
December -8 413 16.3 55 30.5
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