Detailed responses to reviewer 1 (reviewer comments are included in black, responses
in blue font)
Overview
The study addresses the important question of whether the Earth system models can
accurately simulate biogeochemical processes/fields on the Northwest North Atlantic shelf
and if they are suitable for projecting the regional impact of climate change. The study
ranks the CMIP5 and CMIP6 models in terms of capturing the observed seasonal variability
in surface temperature, chlorophyll and nitrate in the Northwest North Atlantic shelf,
highlighting that ESMs are not adequate to project accurately future changes in the NWA
shelf. Based on the comparison with these ocean surface observations the study clearly
demonstrates how a regional model outperforms the Earth system models in terms of
capturing the seasonal variability in the region during the historical period. The study then
provides plausible reasons for the better performance of some of the Earth system models
and the improvement from the CMIP5 to CMIP6.The study is interesting, timely and I
believe it is a substantial contribution towards improving our understanding and ability to
provide accurate regional projections of climate change on the Northwest North Atlantic
shelf, particularly in the context of biogeochemical fields. The methods and results are
reasonable, justified and well presented. Hence, in my opinion the study fits well the
Biogeosciences scope and should be consider for publication after addressing some very
minor comments/revisions as I explain below.
Response: We appreciate the positive and constructive feedback. We provide detailed
responses to the comments below.
General comments
Comment:
1. I agree that not all the ESMs are suitable to force regional model projections and
should be selected carefully as not to force the regional model with unrealistic large-scale
patterns. The choice of the ‘parent model’ should be based on its performance on
capturing the large scale patterns/features that are introduced in the regional models such
as: large scale circulation patterns, and biogeochemical and physical fluxes in-out of the
regional model domain (the study highlights well this point in the introduction, lines 4859 and in discussion, lines 343-351). Misrepresentation of the ESMs surface fields in the
Gulf of Maine, Scotian Shelf and Grand Banks may be due to the models not being able
to accurately represent on-shelf fine-scale biogeochemical and physical processes due to
lack of resolution (which is inadequate to resolve the physical/biogeochemical processes
on the shelves in all the ESMs, as mentioned in the manuscript), lack of accurate river
discharge, biogeochemical model parameter optimisation for global use rather than the
region of interest, or lack/misrepresentation of other local processes (e.g., enhance
mixing associated with tides). The regional model is meant to address the above on-shelf
problems, and as long as the large-scale patterns are introduced correctly at the open
boundaries it should be able to perform well. Hence, I am a little reserved about the
conclusion that 3 specific ESMs are most appropriate to force regional model projections
in NWA (lines 21-23 and 77-79) based on the ESMs’ performance on the shelf at the
surface. In my understanding, there is no explicit analysis in the study to link the ESMs

ranking on the shelf with the large-scale physics/circulation patterns off-shelf, or acrossshelf properties exchange beyond a moderate correlation of surface temperature and
surface chlorophyll, and no explicit link between the ESMs performance on the shelf and
their performance off the slope in the vicinity of the regional model boundaries. So in my
opinion, I would suggest to further discuss and clarify this issue: does low ranking on the
shelf translate directly to low ranking of the larger scale patterns in the region and
specifically to low ranking in the quality of the ESMs exchange/input of physical and
biogeochemical properties at the location of the open boundaries offshore the Scotian
shelf, Gulf of Maine and Grand Banks? Why are the ESMs with high ranking on the shelf
the ones that can provide the best open boundary conditions coming off the shelf?
Response: We agree with the reviewer that ESMs performance offshore, along a regional
model boundary such as the ACM, is most important for regional downscaling and may
differ from those on shelf, although we suspect that the performance on the shelf is
related to the performance along the boundaries. To address this specific point we now
provide an additional analysis of ESM performances along the ACM boundaries and
compare those with the results from the shelf, see supporting Figures S10–13 and the
following text on lines 272 to 281:
“Model scores and ranking were also calculated along the boundaries of the regional
model (see supporting Figure S10). The ranking shows that model performance on the
shelf is not necessarily indicative of the performance along the boundaries of the
regional model (supporting Figure S11, Table S2). Moreover, individual rankings are
much more variable at the boundaries, even for the best performing models. The 8 best
ESMs along the boundaries (22, 11, 30, 28, 16, 10, 26, 6) have an average rank of 9.2–
10.5. There are no significant correlations between individual rankings, including
temperature and salinity. Nonetheless, there is some agreement between the shelf and the
outer boundary ranking for chlorophyll (ρ="0.80" ), nitrate (ρ="0.81" ) and salinity
(ρ="0.81" , supporting Figure S12 and Table S3). Interestingly, the agreement is better
with CMIP6 models (Table S3). However, there is no agreement for temperature. A
similar pattern is found for individual boundaries (Figure S13). In this case, and apart
from temperature, the model ranks along the northeastern boundary agree the most with
those from the shelf.”
We also clarified the objectives and findings of our analysis and provide further context
about regional applications using ESM output, which is not only used to provide
boundary conditions for regional downscaling. For example, ESM projections are used to
drive higher trophic level models and to assess societal impacts of climate change, such
as fish catch, that affect mainly Exclusive Economic Zones (EEZ), i.e. coastal
ecosystems. Our results indicate that the choice of ESM for these projections is very
important. We added the following text on lines 60 to 64:
“Despite these issues, CMIP historical simulations and future projections have been used
to characterize biological responses to climate change in the NWA (e.g., BryndumBuchholz et al., 2020a; Greenan et al., 2019; Lavoie et al., 2019; Stortini et al., 2015;
Wilson et al., 2019; Wilson and Lotze, 2019). ESM selection in these regional studies is
either qualitative or based on either scenario outcomes (e.g. variability across models) or

global assessments rather than on regional model performance. However, ESMs that
poorly represent the dynamics of the NWA will affect the results of regional studies.”
Specific comments
Comment:
2. Line 75 (typo): I think an ‘on’ is missing such that: ‘based on the mismatch...’
Response: Corrected.
Comment:
3. Lines 147-148 (just a suggestion): The authors can refer and link R and Rbio symbols
in Table 2 directly with the rank for temperature, chlorophyll and nitrate, and the rank of
chlorophyll and nitrate only, respectively, to help the readers follow more easily the
ranking metric.
" and R
"bio as follows:
Response: Thank you for the suggestion, we now refer to R
L160-162: “The overall rank was determined by ranking models by the averages of their
"). For models with
ranks for surface temperature, salinity, chlorophyll, and nitrate (R
equal averages the ranking was determined by the average of chlorophyll and nitrate
"bio ).”
ranks (R
Comment:
4. Line 179: Please can you clarify which months you consider for the winter bias for
nitrate? In my understanding winter is defined as December-February (based on Table3)
but November-January are excluded from the observations for nitrate, so is it only
February?
Response: Nov–Jan were excluded from the World Ocean Atlas (open/close circles in
Fig 5g-i) and therefore in the Gulf of Maine there are only February data for the winter.
However, for the Scotian Shelf and Grand Banks AZMP data were also available (black
squares in Fig 5h-i) and are included in the winter (December-February) bias calculation.
This was be clarified as follows in the captions of Figures 4 and 5:
“Nov–Jan WOA nitrate data are excluded (open circles). Model comparison with
observations in the Gulf of Maine is therefore only available from February to October.
For the Scotian Shelf and the Grand Banks additional AZMP data are available. In case
of multiple observations, the data are monthly averaged.”
And in the main text as follows:
L199-200: “Note that since Nov.–Jan. nitrate WOA observations were excluded from the
analysis (see section 2.3), winter observations are only available in February in the Gulf
of Maine and in December and January in Grand Banks.”
Comment:
5. Line 233 (just a suggestion): Maybe if you could clarify that here you mean the best
overall ESM in terms of nitrate and chlorophyll (the Rbio in Table 2) by adding

something along the lines: ‘ACM and model 22 (the best overall ESM for combined
nitrate and chlorophyll) indicates...’.
Response: The sentence was changed to:
" and R
" bio , Table 2)
L263-264: “The gap between ACM and model 28 (ESM with best R
indicates that none of the ESM performs best for all fields, especially for both chlorophyll
and nitrate.”
Note that the nitrate field was reprocessed for model 22 after we found an error in the
original file and its nitrate score degraded slightly. The best ESM is now model 28.
Comment:
6. Lines 268-270: I agree that some of the errors in chlorophyll are linked with the
temperature bias and the misrepresentation in general circulation. However, in my
opinion i) the relative moderate correlation between chlorophyll and temperature r=0.51
and ii) the improvements in chlorophyll in CMIP6 relative to CMIP5 models that are not
associated with any improvement in temperature (as discussed in lines 321-328) indicate
that the errors in surface chlorophyll are also driven to a significant degree by a poor
biogeochemical model component rather than by the ocean physics only. Hence, I
suggest that the authors could modify this sentence to reflect this.
Response: This paragraph was modified as follows:
L311-322: “The correlation between temperature and chlorophyll scores (and to a lesser
extent salinity) and the concomitant poor scores in chlorophyll and temperature/salinity
(i.e. Group C in Figure 7) indicate that errors in surface chlorophyll concentration are
partly driven by a misrepresentation of the general circulation and, more generally, of
ocean physics. The improvement in chlorophyll from CMIP5 to CMIP6 without an
associated improvement in temperature suggest that the errors in surface chlorophyll
were also driven to some extent by errors in the biogeochemical model component.
Lavoie et al. (2019) indicated that the misrepresentation of primary production in the
NWA may be associated with the misrepresentation of particulate organic matter sinking
and remineralization in the subsurface layer. They found an annual subsurface nitrate
peak in CanESM2, GFDL-ESM2M, NorESM1-ME, CESM1-BGC (models 2, 7, 18 and 3,
respectively) similar to the high surface nitrate found in this study (supporting Figures S1
and S3). However, all these models had poor scores in our assessment and therefore do
not provide an appropriate representation of the biogeochemistry on the NWA shelf
(Figure 8) or along the ACM boundaries (Figure S11). However, it is not possible, and
beyond the scope of this work, for us to draw conclusions about the source of the
regional mismatch in surface chlorophyll and nitrate in the ESMs.”
Comment:
7. Section 4.2: Although the authors mention it, in my opinion, they could highlight even
more that the lack of correlation between resolution and rank is not surprising as none of
the ESMs have the resolution to explicitly resolve the processes in shelf-scales rather
than parameterise them. Maybe the authors could add a sentence after line 303 along the
lines: ‘This lack of correlation between model resolution and accuracy on the NAW shelf

and the primary control of performance by the model set-up is not surprising as all ESMs
are coarse and do not explicitly resolve the shelf-scale processes but rather rely on their
parameterisation.
Response: The following sentence was added:
L390-392: “The lack of correlation between model resolution and performance on the
NWA shelf is not surprising as all ESMs are still coarse and do not explicitly resolve
shelf-scale processes but rather rely on their parameterisation. Much higher resolution
will be necessary…”
Comment:
8. Figure 8 caption (just a suggestion): The authors mention that the temperature rank is
hidden for model 6, however, in my understanding ranks for other models are also hidden
as they coincide (model 1, 30 and 18). Maybe just for clarity and to make the link
between figure 8 and table 2 explicit, you could mention in the caption something along
the lines ‘Coinciding ranks as shown in table 2 are hidden’.
Response: The following sentence was added to Figure 8 caption:
L805: “Hidden coinciding ranks (models 2, 3, 6, 10, 11, 18, 27, 28 and 30) are provided
in Table 2.”

Detailed responses to reviewer 2 (reviewer comments are included in black, responses
in blue font)
General comments
Comment:
1. In this paper, the authors compare the output of CMIP5 and CMIP6 Earth System
Models (ESMs) to observations in order to determine which models are suitable to build
boundary conditions for projections. A ranking analysis was performed on a large array
of ESMs. However, they are only looking at surface values of 3 variables and far away
from the regional model boundaries, even though they mention on lines 44-46 that it is
important to look at the information imposed at the boundaries. I think the objective
stated on line 67 “Our objective is to assess the performance of a number of available
ESMs in reproducing present conditions on the NWA shelf in contrast to a highresolution regional model” is more in line with what is presented in the manuscript since
there is no analysis at the boundaries.
Response: We agree with the reviewer that ESMs performance offshore, where the
regional model boundary is located, is most important for regional downscaling and may
differ from those on shelf, although we suspect that performances on the shelf is similar
to performance along the boundaries. To address this specific point that was also raised
by reviewer 1, we added an analysis of ESM performance along the ACM boundaries and
compare those with the results from the shelf (see section 3.2 and supporting Table S2
and Figures S10–S13).
As mentioned in the response to reviewer 1’s general comments, we also clarified the
objectives and findings in the revised manuscript and now provide further context about
the regional use of ESM data. ESM projections are used to drive higher trophic level
models and to assess societal impacts of climate change, such as fish catch, that affect
mainly Exclusive Economic Zones (EEZ), i.e. coastal ecosystems. Our results indicate
that the choice of ESM for these projections is very important. We added the following
text on lines 60 to 64:
“Despite these issues, CMIP historical simulations and future projections have been used
to characterize biological responses to climate change in the NWA (e.g., BryndumBuchholz et al., 2020a; Greenan et al., 2019; Lavoie et al., 2019; Stortini et al., 2015;
Wilson et al., 2019; Wilson and Lotze, 2019). ESM selection in these regional studies is
either qualitative or based on either scenario outcomes (e.g. variability across models) or
global assessments rather than on regional model performance. However, ESMs that
poorly represent the dynamics of the NWA will affect the results of regional studies.”
Comment:
2. They are not discussing the processes that lead to the observed values in the region
under study and they are not analysing if the models do represent these processes
correctly. I believe salinity should be included, as surface temperature depends strongly
on atmospheric forcing while salinity is more representative of the different water masses
in that region.

Response: The objectives of our study are: 1) to provide users of ESM output with
information about model performance, either for direct use in shelf regions (see previous
comment) or for regional downscaling, and to compare with a high-resolution regional
model. We now distinguish more clearly between the two types of usage of ESM output.
We also discuss some potential sources of mismatch between models and observations
but since only limited output is available from the ESMs (e.g., only monthly means of
surface properties for CMIP5) we are not able to properly analyze the underlying reasons.
We note that such an analysis is not the objective of this study and outside of the intended
scope. We now discuss the findings of Lavoie et al (2019) about the parameterization of
vertical fluxes and remineralization in the biogeochemical models. For instance, we
added the following discussion:
L315-322: “Lavoie et al. (2019) indicated that the misrepresentation of primary
production in the NWA may be associated with the misrepresentation of particulate
organic matter sinking and remineralization in the subsurface layer. They found an
annual subsurface nitrate peak in CanESM2, GFDL-ESM2M, NorESM1-ME, CESM1BGC (models 2, 7, 18 and 3, respectively) similar to the high surface nitrate found in this
study (supporting Figures S1 and S3). However, all these models had poor scores in our
assessment and therefore do not provide an appropriate representation of the
biogeochemistry on the NWA shelf (Figure 8) or along the ACM boundaries (Figure
S11). However, it is not possible, and beyond the scope of this work, for us to draw
conclusions about the source of the regional mismatch in surface chlorophyll and nitrate
in the ESMs.”
L403-407: “Lavoie et al. (2019) suggested that the PISCES biogeochemical model may
underestimate subsurface remineralization in the CNRM and IPSL models, resulting in
low surface nutrients where the Gulf Stream detaches from the coast. Our rankings (shelf
and offshore) do not support this hypothesis; high surface nitrate concentrations were
present in the CNRM models (throughout the region) and the IPSL-CM5A models
(around the GoM) (Figures S1–4, S7, S9).”
We included temperature in the comparison because it is an important variable for higher
trophic level studies and climate change impacts. The fact that surface temperature is
available at high spatial and temporal resolution on the shelf, similar to chlorophyll, is
also important. Despite the tight control by atmospheric forcing, we did find significant
differences in surface temperature across the ESMs. We believe these differences are of
interest and relevant to many users.
Also, based on the Reviewer’s suggestion, we have now included salinity as a fourth
variable in our assessment (see Table 2, Figures 4–8, 12), that is discussed throughout the
manuscript, such as in Sections 3.1 and 3.2:
L180–183: “The range of simulated surface salinity is large (Figure 4d–f). Most models
overestimate salinity in the GoM (bias = +1.46, Figure 4d). The mismatch is large on the
SS and GB but not consistent among models, except for an annual, positive bias in
CMIP6 models (bias = +1.42 and +0.76 respectively, Figure 4e–f). In the two latter

regions, the biases in CMIP5 models compensate each other, resulting in an ensemble
mean close to the observations.”
L215–217: “For temperature and salinity, models 3, 20–21, and 24–25 have the largest
discrepancy with observations and some clearly represent better the annual cycle than
others. The best models for temperature (5–6, 14, 16 28) do not always match the best for
salinity (5, 16, 27–28, 30).”
L226–232: “As observed previously in Figure 6, the scores of ESMs have a much larger
range of variability for temperature (1.5–7.8), salinity (0.5–4.2) and nitrate (1.4–13.2)
than for chlorophyll (0.81–1.42) due to the large mismatch observed with a few models
(Figure 7, supporting Figures S1–S5). For temperature, 4 of the 6 poorest (largest)
scores (> 4.5) are in the CMIP6 group. They all markedly overestimate temperature,
especially in the GoM (see supporting Figures S1, S4–S5), except for model 4 that
underestimates temperature in SS and GB. The other models have also the poorest scores
with respect to salinity. They all largely overestimate salinity in the 3 regions and are
clearly outliers with respect to their CMIP category.”
Comment:
3. Moreover, it is very surprising that a similar study (Lavoie et al. 2019) in the exact
same area, with the same purpose, and using some of the same ESMs is hardly mentioned
at all. No comparison of the results of this study with the 2019 study is made.
Response: The study of Lavoie et al (2019) is different in that their main focus is on
future projections, but it is carried out in the NWA and is therefore relevant, of course.
We now discuss and cite their findings where appropriate and also included a recent
report by Lavoie et al (2020) on regional downscaling in the NWA as well as a previous
report by Lavoie et al (2013) that provided qualitative comparisons of CMIP5 models
with observations.
Comment:
4. Also there is not enough details on the comparison with the data, they appear to be
comparing different time periods (see detailed comments) or on how the ESMs were
brought to a single grid.
Response: We provide the information about time range, averaging and spatial mapping
in the Methods. Additional information is now added for completeness sake, as detailed
in the responses to detailed comments 18–20, 27 and 30 below.
Comment:
5. There is only a vague mention of what the improvements are between the CMIP5 and
CMIP6 models. What was improved should be stated (not only biogeochemistry of
physics) so that the reader can judge on the potential impact on the ranking.
Response: See response to comment 2 above and comment 25 below. Model changes
from CMIP5 to CMIP6 can be significant, including in the atmospheric and terrestrial
realms. This study is not meant to pinpoint the sources of improvement in performances.
Given the limited output available from these models, we can only speculate on the

sources of improvement based on our results. The reader is referred to the specific papers
listed in Table 1 for the list of changes in the models. To clarify this point, we added the
following statement:
L424-425: “For specific changes in the CMIP6 model versions, the reader is referred to
the references listed in Table 1.”
Comment:
6. Increasing the model resolution in order to improve the representation of the
circulation in the NWA has been mentioned by many authors (e.g. Loder, Brickman,
Yool). Here it is stated that the resolution does not have an impact. This is a big
statement, considering the general agreement, and it should be demonstrated. The authors
could show the changes in circulation of a few models they are giving in example for
this.
Response: Our findings are in line with previous work, including the ones cited above,
see responses to detailed comments 9, 16, and 34–35.
Comment:
7. All these points should be addressed in order for the conclusions to be more
convincing (ranking based on analysis of shelf surface conditions representative of
boundary conditions).
Response: These points are addressed in the detailed comments below.
Comment:
8. Also, Lavoie et al. (2019) estimated that the boundary conditions obtained with the
ESMs were not as reliable for the simulation of the conditions on the Scotian Shelf and in
the Gulf of Maine. It would good to know if there was an improvement in this regard
with the CMIP6 ESMs.
Response: An analysis of model performance along the ACM boundaries is now
provided in the revised manuscript. We found similarities in the CMIP5 and CMIP6
rankings for all variable except temperature but with more variability in the ranking of
individual variables. This further supports the findings of Lavoie et al (2019). The
variability tends to decrease in the CMIP6 models, which suggests more reliability of
boundary conditions obtained from the ESMs. However, given the disagreement between
shelf and boundary ranking for temperature, we do not feel that we can go further in our
discussion of the reliability of boundary conditions than we have.
Specific comments
Comment:
9. Line 11: Here you say that the coarse resolution is not appropriate to represent the
circulation and elemental flux but later on you say that increasing the resolution does not
matter. Is it important or not?

Response: The two statements are not in contradiction. It is well known that the coarse
resolution of ESMs is an issue with regard to resolving shelf-scale processes and that a
high resolution is necessary in these areas, as mentioned in comment 6 above. However,
even the highest resolution ESM in the ensemble is too coarse to resolve shelf-scale
processes and therefore it is not surprising that we do not yet see better performance with
increasing ESM resolution. We have now clarified this point by adding the following
sentence on Line 392:
“The lack of correlation between model resolution and performance on the NWA shelf is
not surprising as all ESMs are coarse and do not explicitly resolve shelf-scale processes
but rather rely on their parameterisation. Much higher resolution will be necessary…”
Comment:
10. Line 14: ability to reproduce surface observations...
Response: Done.
Comment:
11. Line 15: why is it particularly sensitive?
Response: We refer to the effects of climate change on the location and strength of the
Gulf Stream and Labrador Sea currents. We modified the sentence as follows:
L13-15: “The NWA region is biologically productive, influenced by the large-scale Gulf
Stream and Labrador Current systems, and particularly sensitive to climatically induced
changes in large-scale circulation.”
Comment:
12. Line 16: The spatial mismatch in large-scale circulation was not demonstrated. There
are references for CMIP5 but what about CMIP6. Changes, or not, in circulation should
be shown/mentioned after an inspection of the ESMs results.
Response: We mentioned a warm bias in the Gulf of Maine that is in line with the results
of Loder et al. (2015) and Saba et al. (2016) (Lines 365-266). Although smaller, a cold
bias appears on Grand Banks in most models (Figures 4c and 5c). The biases suggest a
mismatch in the large-scale currents. However, since we did not compare the position of
the currents across the models, we rephrased the sentence L15-16 as follows:
“Most ESMs compare relatively poorly to observed nitrate and chlorophyll and show
differences with observed temperature and salinity that suggest spatial mismatches in
their large-scale current systems.”
With the addition of salinity, we now have more support for this statement:
L305-307: “A warm bias and a general overestimation of surface salinity in most models
indicate a mismatch in the location of the Gulf Stream that influences conditions on the
shelf, in line with the previous results of Loder et al. (2015) and Saba et al. (2016).”
Comment:

13. Line22: How can we say just by looking at the surface temperature, nitrate and chl a
that the top three models are appropriate for boundary forcing? The model boundaries are
hundreds of meters deep (and more) and are not located in the regions analysed. It should
be mentioned what are the tracers that will be downscaled at the boundaries? Salinity is
certainly one of them, why was is not included in the analysis?
Response: The revised manuscript includes salinity and a comparison along the offshore
boundaries of the ACM, see responses to comments 2 and 8 above, and response to
comment 1 by reviewer 1. Based on the new results we modified our statement as
follows:
L22–24: “An additional evaluation of the ESMs along the regional model boundaries
shows larger variability but is generally consistent with the ranking on the shelf. Overall,
11 ESMs were deemed satisfactory for use in the NWA, either directly or for regional
downscaling.”
Comment:
14. Main text Line 71: why look only at three variables? What about salinity?
Response: Salinity is now included, see response to comment 2 above. Not all variables
were available for all models (ESMs and ACM) and could be compared to observations,
so we restricted the comparison to 4 variables (with the addition of salinity) in the revised
manuscript. The selected variables are, arguably, the most important to potential users.
Comment:
15. Line 78: historical simulations are not used for projections. This should be rephrased.
Response: The sentence was rephrased as follows:
L85-88: The comparison provides an overview of ESM performance in the NWA and
shows sufficient confidence for only a third of the ESMs. The regional model clearly
outperformed all the global models and regional downscaling using single ESM forcing
(as opposed to an ensemble) is recommended.
Comment:
16. Lines 115-116: The ESMs horizontal resolution in the region of interest should be
given in Table 1. Some models have a variable resolution and it might not be that bad in
the NWA.
Response: To give a sense of horizontal resolution that is easily comparable across
models we have provided the number of grid cells in the three zones of interest in Table
1. This value also depends on the coverage, which can be very poor for coarse grids (e.g.
IPSL–CM5), and therefore we believe this provides the most readily useful information
to the reader. However, as suggested by the reviewer and since resolution is typically
reported in degrees for ESMs, we added a column to Table 1 with average ∆lon × ∆lat on
the NWA shelf. We also added the number of vertical levels.
Comment:

17. Line 117: MR and HR mean medium resolution and high resolution respectively. If
they share the same grid where does the change in resolution come from?
Response: MR stands for Mixed Resolution and HR for Higher Resolution in the MPI
model names. MPI‐ESM‐MR (CMIP5) and MPI‐ESM1-2‐HR (CMIP6) have the same
ocean circulation model, but the horizontal resolution of the atmospheric component was
improved from ~200 km (MPI‐ESM‐MR) to ~100 km (MPI‐ESM1-2‐HR). Thus, model
names are not related to the ocean model, which can be confusing. A similar confusion
can occur from the IPSL CMIP5 model names. In this case, the models share the same
ocean model, but the horizontal resolution of the atmospheric model is higher in the
medium resolution (MR) version compared to the low resolution (LR) version. To avoid
the potential for confusion, the following text was added to the caption of Table 1:
“Note that the IPSL-CM5 models share the same ocean component with a higher
resolution atmospheric component in the MR version. Similarly, MPI-ESM-MR and MPIESM1-2-HR share the same ocean component with a higher resolution atmospheric
component in the HR version.”
Comment:
18. Line 123: From where were the satellite data obtained. Who did the averaging?
Response: Links to the data were added as follows:
L132-137: “1) satellite surface chlorophyll observations from the Sea-viewing Wide
Field-of-view Sensor (SeaWiFS) as 8-day averaged maps at 1/12˚ resolution (1999–2010,
https://doi.org/data/10.5067/ORBVIEW-2/SEAWIFS/L3M/CHL/2018), 2) surface nitrate
from the World Ocean Atlas 2013 (WOA; Garcia et al., 2014) at 1˚ resolution, 3) daily
surface temperature from the Operational SST and Sea Ice Analysis (OSTIA) system
(Donlon et al., 2012) at 1/20˚ resolution (2006–2016, https://doi.org/10.5067/GHOST4FK01) and 4) surface salinity from the WOA at 1/4˚ resolution (Zweng et al., 2013).
Monthly climatologies were calculated for each of these.”
The following references were added:
SeaWiFS. NASA Goddard Space Flight Center, Ocean Ecology Laboratory, Ocean
Biology Processing Group. Sea-viewing Wide Field-of-view Sensor (SeaWiFS)
Chlorophyll Data; NASA OB.DAAC, Greenbelt, MD, USA. doi:10.5067/ORBVIEW2/SEAWIFS/L3M/CHL/2018. Accessed on 2014/03/12.
OSTIA. UK Met Office. 2005. GHRSST Level 4 OSTIA Global Foundation Sea Surface
Temperature Analysis. Ver. 1.0. PO.DAAC, CA, USA. doi:10.5067/GHOST-4FK01.
Accessed on 2019/12/06.
The original data were daily (OSTIA) and 8-day (SeaWiFS) maps which were converted
to monthly climatologies, as mentioned on Lines 133–137.
Comment:

19. Line 128: Which data from the AZMP were used? Along the Halifax line only? Why
were the data averaged seasonally and not monthly like the other data?
Response: See also response to comment 30. Yes, we used data along the Halifax Line
where both high-resolution glider data and ship-based bi-monthly or seasonal data are
available. The location of the data is presented in Figure 1. The glider missions and the
AZMP data collection frequency along the Halifax Line were seasonal, which is why the
spatially resolved dataset was averaged into seasons rather than months. This information
was added in the paragraph (see above). At station 2, we were able to use a bi-weekly
frequency for the AZMP climatology. We rephrased the text in the manuscript as follows
for clarity:
L138-143: “In addition, the regional model was validated using high-resolution in-situ
observations along the Halifax Line (Figure 1) from the Atlantic Zone Monitoring
Program (AZMP, 2000–2014, http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmppmza/index-eng.html) and glider transects between 2011 and 2016 (Ross et al., 2017). To
enable a quantitative comparison between the glider and ACM data (Table 3), we
spatially interpolated both datasets onto a transect following the Halifax Line (black line
in Figure 1). Glider missions were seasonal and therefore both glider and AZMP
transects data were seasonally averaged. For each mission, data were extracted at
Station 2 to produce a monthly climatology.”

Comment:
20. Line 132: So the model results are brought back onto 3 different grids, one for each
variable. Are the time period also adjusted? For example SST goes from 2006 to 2016.
The CMIP5 historical period ends in 2005. How can the two be compared then? Also,
there are probably models that have a higher resolution than 1◦ (see my comment for
lines 115-116), what is the impact of decreasing the resolution (converting from higher to
lower resolution) and having on the ranking analysis. And how is the conversion of one
grid to the other done?
Response: Since we used a heterogeneous data set, we brought the data and model to the
same temporal (monthly) and spatial (observation grid) scale for comparison. We used a
long-term climatology for robustness, so that our conclusions aren’t affected by
interannual variability. Ideally, we would use the same time range for observations and
models, but this was not possible. All the ESMs used the same time range (30 years
climatology, 1976–2005) so their intercomparison is robust. Note that Line 193 should
read “(1976–2005)”, not “(1975–2005)”, which was corrected in the revised manuscript.
Unfortunately, we could only run the ACM simulation for 15 years starting in 1999 so the
ESMs and ACM simulations overlap for 6 years only. Since the CMIP6 historical
simulations end in 2014 it was possible to use the range 2000–2014 with the CMIP6
models. However, the ESM intercomparison would have been less robust and we decided
to use the same time range for all the ESMs. To assess the potential bias associated with
the selected time range, we compared the scores of the CMIP6 models when averaged
over the years 2000–2014, the same time range as for the regional model and similar to

the observations of chlorophyll and temperature. Except for temperature in model 30, the
scores and ranks are consistent with the previous, see Figures R1 and R2 below. Figure
R1 is now included in the revised supplement (Figure S14) and we have now added a
paragraph on scores uncertainties in the Discussion (L361-374).

Figure R1. Relationships between scores from CMIP6 model climatologies averaged
over 1976–2005 (x-axis) and 2000–2014 (y-axis). ACM (1) is indicated as reference.

Figure R2. Relationships between ranks from CMIP6 model climatologies averaged over
1976–2005 (x-axis) and 2000–2014 (y-axis). ACM (1) is indicated as reference.
The conversion from grid to grid is simply a nearest neighbor interpolation onto the
observations grid. This information is added as follows:
L145-146: “For comparison with the observations, each model was mapped onto the
SeaWiFS, WOA and OSTIA grids using a nearest neighbor interpolation.”
Comment:
21. Also, how the thickness of the first grid cell compares between the different models?
Response: The ESMs have various vertical resolutions. For completeness, the number of
vertical levels was added to Table 1.
Comment:
22. Line 175: What is the main difference between the CMIP5 and CMIP6 groups, why is
it better? Improved BGC? Same question hold for nitrate.

Response: In the discussion, we speculate about the source of improvement in surface
chlorophyll and nitrate fields (see section 4.6). The suggested sources of improvement
refer to the literature as we cannot substantiate the reasons for these changes from the
publicly available data.
Comment:
23. Line 200: Figure 6 does not show the annual cycle.
Response: Here we refer to the data that are used to calculate the RMSD. The sentence
was modified to:
L221-222: “some models are much better at representing the observed annual cycle
(Figure 6), as indicated by the lower RMSD.”.
Comment:
24. Line 208: Could you explain why? From local atmospheric forcing or circulation
change?
Response: We can only speculate about the reasons why some models have poor scores
for temperature. In Lines 305–307 we mention the warm bias associated with a mismatch
in the location of the Gulf Stream. These models also overestimate salinity, so this
explanation is plausible. This information was added as follows:
L229-232: “They all markedly overestimate temperature, especially in the GoM (see
supporting Figures S1, S4–S5), except for model 4 that underestimates temperature in SS
and GB. The other models have also the poorest scores with respect to salinity. They all
largely overestimate salinity in the 3 regions and are clearly outliers with respect to their
CMIP category.”
However, we do not know why some CMIP6 models (CESM2, GISS-E2-1-G-CC) have a
large temperature and salinity bias. These models already had poor scores for temperature
and salinity in their CMIP5 version. The following sentence was added:
L417-429: “Models with poor scores for temperature and salinity (CESM2, GISS-E2-1G-CC) had already poor scores in their CMIP5 version and therefore the cause of their
poor performance is likely the same.”
Comment:
25. Line 209: What are the improvements in the CMIP6 models?
Response: Here “improvement” refers to the lower chlorophyll scores for the CMIP6
models 22 and 23 (CNRM-ESM2-1 and GFDL-ESM4). These models have the best
chlorophyll scores after ACM. For clarity, “improvement” was removed and the sentence
is now:
L232-235: “The range of variability in chlorophyll scores did not reduce from CMIP5 to
CMIP6 and given the relatively low scores of a few CMIP6 models (i.e. 22 and 23), the

range is larger in the CMIP6 group (0.8–1.4, Figure 7, right panel) than in the CMIP5
group (1–1.4, Figure 7, left panel).”
Comment:
26. Line 215: So this means that the model ranked 2 (and others) might not be ranked as
high? What is the impact on the final choice?
Response: The numbers in the parenthesis correspond to the model ID. Since we
excluded Nov–Jan from the WOA dataset, i.e. when nitrate is high at the surface, models
with consistently low nitrate have lower scores than they would if all winter months were
included, and it increases their rank with respect to nitrate. The overall rank is an average
of the 4 variables so it should be less sensitive to this effect. Supporting Figures S1-S5j-l
indicate that this might be the case for models 4, 8, 14, 19, and 26–27. Models 4, 8, 14
and 19 are part of the outer ensemble so the underestimation of the nitrate score has no
effect on the final choice. However, for model 26–27, information on the underestimation
of the nitrate scores should be provided. To reflect a possible bias in the ranking of these
models we added an asterisk in Table 2 beside the overall rank of these models and the
caption was updated accordingly.
Comment:
27. Line 218: Could the fact that you are using different time periods and different grid
resolution for the three variables explain the lack of correlation?
Response: We used climatologies to remove the influence of time on the comparisons as
much as possible. The new comparison of the scores calculated over the period 19762006 and 2000–2014 shows that time does not influence the scores (see response to
Comment 20 above. Correlations are consistent between physical and biological
variables, despite the different grid resolutions. Nitrate scores did not correlate with any
of the other variables and therefore the source of errors for nitrate seems to differ from
that of the other variables.
Comment:
28. Line 221: How do you explain that?
Response: We do not wish to speculate about the reasons for each models’ individual
ranking. As stated before, given the limited output that is available for each of the models
we would have to guess, but this is outside the intended scope of this study. The objective
is to report on the models’ behaviour.
Comment:
29. Line 230: Why? Does it relate to temperature-dependant phytoplankton growth?
Response: Again, we can only speculate. Temperature-dependant phytoplankton growth
is a possibility, large scale circulation is another. Except for models 14 and 19, all the
models in Group C have poor temperature and salinity scores, and therefore their poor
representation of chlorophyll is likely due to a mismatch in large scale circulation. Model
14 has poor salinity and chlorophyll scores but is the best ESM for temperature, whereas
model 19 has poor temperature and chlorophyll scores but represents well salinity. Given

the mismatch in error statistics for temperature and salinity in these 2 models, the
influence of circulation is probably different. We added the following discussion about
the source of mismatches in chlorophyll and nitrate:
L311-322: “The correlation between temperature and chlorophyll scores (and to a lesser
extent salinity) and the concomitant poor scores in chlorophyll and temperature/salinity
(i.e. Group C in Figure 7) indicate that errors in surface chlorophyll concentration are
partly driven by a misrepresentation of the general circulation and, more generally, of
ocean physics. The improvement in chlorophyll from CMIP5 to CMIP6 without an
associated improvement in temperature suggest that the errors in surface chlorophyll
were also driven to some extent by errors in the biogeochemical model component.
Lavoie et al. (2019) indicated that the misrepresentation of primary production in the
NWA may be associated with the misrepresentation of particulate organic matter sinking
and remineralization in the subsurface layer. They found an annual subsurface nitrate
peak in CanESM2, GFDL-ESM2M, NorESM1-ME, CESM1-BGC (models 2, 7, 18 and 3,
respectively) similar to the high surface nitrate found in this study (supporting Figures S1
and S3). However, all these models had poor scores in our assessment and therefore do
not provide an appropriate representation of the biogeochemistry on the NWA shelf
(Figure 8) or along the ACM boundaries (Figure S11). However, it is not possible, and
beyond the scope of this work, for us to draw conclusions about the source of the
regional mismatch in surface chlorophyll and nitrate in the ESMs.”
L403-407: “Lavoie et al. (2019) suggested that the PISCES biogeochemical model may
underestimate subsurface remineralization in the CNRM and IPSL models, resulting in
low surface nutrients where the Gulf Stream detaches from the coast. Our rankings (shelf
and offshore) do not support this hypothesis; high surface nitrate concentrations were
present in the CNRM models (throughout the region) and the IPSL-CM5A models
(around the GoM) (Figures S1–4, S7, S9).”
Comment:
30. Line 245: What are the years compared for the ACM and the glider data?
Response: Information on the ACM and glider data is provided in the Methods. The
ACM data are the same as for the comparison with the ESMs, i.e. years 2000–2014 but
presented as a seasonal (Figure 9) and daily (Figure 10) climatology to match the
resolution of the glider data. The AZMP years are the same as ACM. The glider missions
were carried out between 2011 and 2016 but were heterogeneous in time and space (see
tracks on Figure 1). To enable a quantitative comparison between the glider and ACM
data (Table 3), we spatially interpolated both dataset onto a transect following the Halifax
Line (black line in Figure 1). The glider missions were seasonal, which is why the
spatially resolved dataset was averaged into seasons (Figure 9). For each mission, data
were extracted at Station 2 to produce a monthly climatology (Figure 10). ACM data
were extracted at this location for comparison. We added this information as follows in
the Methods section:
L140-143: “To enable a quantitative comparison between the glider and ACM data
(Table 3), we spatially interpolated both datasets onto a transect following the Halifax

Line (black line in Figure 1). Glider missions were seasonal and therefore both glider
and AZMP transects data were seasonally averaged. For each mission, data were
extracted at Station 2 to produce a monthly climatology.”
Comment:
31. Line 260: Correlation coefficients are high for nitrate despite having a large bias and
RMSD. This should be explained.
Response: The correlation coefficient is a complementary measure to bias and RMSD.
Correlation and bias are largely unrelated. The former is a measure the similarity in
spatial or temporal variations but does not account for bias. In other words, the same
correlation coefficient can occur for very different values of bias. Likewise, high
correlation does not imply low RMSD. In a noisy data set the RMSD will be higher than
in a data set that is smooth, while both might display the same correlation.
Comment:
32. Line 270: See my previous comments about time-period and grid differences. I think
that a statement about a misrepresentation of ocean physics as the cause should be backed
up since later on the cause for nitrate mismatch is stated as coming from the BGC
behavior (line 279). There are refs for the CMIP5 models but was there an improvement
in circulation with the CMIP6 group or not?
Response: Likely, the mismatch is partly associated with ocean physics and partly due to
the BGC model. To reflect this, the sentence was modified as follows (see also the
response to Comment 29 above):
L311-315: “The correlation between temperature and chlorophyll scores (and to a lesser
extent salinity) and the concomitant poor scores in chlorophyll and temperature/salinity
(i.e. Group C in Figure 7) indicate that errors in surface chlorophyll concentration are
partly driven by a misrepresentation of the general circulation and, more generally, of
ocean physics. The improvement in chlorophyll from CMIP5 to CMIP6 without an
associated improvement in temperature suggest that the errors in surface chlorophyll
were also driven to some extent by errors in the biogeochemical model component.”
Comment:
33. Line 288: So here again, the model-data comparison was made on a different grid
than for the ESMs. Shouldn’t it be done on the same grid for an appropriate comparison?
Response: No, the grid for comparison depends on the dataset. Here, since we have both
high (glider) and low (AZMP) spatial resolution data, we mapped the data along the
Halifax Line.
Comment:
34. Line 295: Lavoie et al. (2019) also point at the misrepresentation of the
remineralisation depth in those models as a likely cause. This also explain why some
models having a coarse resolution still have good results with biogeochemistry. But the
statement made below that improving the model resolution does not improve the
representation of circulation and main features in the models, such as the representation

of the Gulf Stream detachment point and flow around the Grand Banks should be
demonstrated. There is a large consensus on that and it should not be stated lightly. The
authors could actually show the mean currents between the two versions of a same model
with improved resolution. Especially that you state that higher resolution is required to
refine the projections on line 306. There is a contradiction here.
Response: See also response to comment 9 above. We agree with the Reviewer that there
is a large consensus on the effect of grid resolution on large scale circulation and our
discussion is in line with this consensus. The resolution of the CMIP models is much
coarser than the resolution of the models used to study the effect of grid resolution on the
large-scale current systems of the NWA. Therefore, as also pointed out by Reviewer 1
(see comment 7 by Reviewer 1), it is not surprising that current ESMs do not show the
effect of grid resolution on model performances; much higher resolution will be
necessary to see this effect. We clarified this point as follows after Line 390:
“The lack of correlation between model resolution and performance on the NWA shelf is
not surprising as all ESMs are still coarse and do not explicitly resolve shelf-scale
processes but rather rely on their parameterisation. Much higher resolution will be…”
We also added the following sentence Line 315:
“Lavoie et al. (2019) indicated that the misrepresentation of primary production in the
NWA may be associated with the misrepresentation of particulate organic matter sinking
and remineralization in the subsurface layer. They found an annual subsurface nitrate
peak in CanESM2, GFDL-ESM2M, NorESM1-ME, CESM1-BGC (models 2, 7, 18 and 3,
respectively) similar to the high surface nitrate found in this study (supporting Figures S1
and S3). However, all these models had poor scores in our assessment and therefore do
not provide an appropriate representation of the biogeochemistry on the NWA shelf
(Figure 8) or along the ACM boundaries (Figure S11).”
Comment:
35. Line 310: Here again it appears to be contradictory as you previously mentioned that
BGC improvements we the cause for improvements in the CMIP6 ranking. There are
likely different versions of the 4 BGC models mentioned, which should be specified in
the table and considered in the analysis. Also, it could relate to the processes that control
nitrate in the regions under study, they are different for your 3 regions. And how well are
these processes represented by the ESMs?
Response: Here we refer to the general BGC component. There are not enough data
available to compare specific model versions or parameterizations. This paragraph is
meant to point out that, in our comparison, there was no relationship between the type of
model and the overall performances. But we cannot go further, and this is not the
objective of the study. For clarification the paragraph was modified as follows:
L395-402: “Although model performance is likely influenced by the biogeochemical
model structure, we did not find a clear relationship between the type of biogeochemical
model and performance. Here we only refer to the model type because the same model
may have different parameterizations when used by different groups. While the inner and

outer ensembles share only 3 biogeochemical models (PISCES, HAMOCC, TOPAZ2) out
of 13, there was no indication of consistently better performance for the biogeochemical
models in the inner ensemble. For example, models using similar ocean biogeochemistry
(e.g., PISCES: 5, 12–14 (CMIP5), 22 and 26 (CMIP6), and HAMOCC: 15–16, 18
(CMIP5), 28–29 (CMIP6)) had very different ranks, with no obvious relationship
between overall model rank and the ocean biogeochemical model component. Moreover,
5 and 4 biogeochemical models were represented in the 5 best ranked ESMs on the NWA
shelf and outer ACM boundaries, respectively, similar to previous findings by Rickard et
al. (2016). Lavoie et al. (2019) suggested that the PISCES biogeochemical model may
underestimate subsurface remineralization in the CNRM and IPSL models, resulting in
low surface nutrients where the Gulf Stream detaches from the coast. Our rankings (shelf
and offshore) do not support this hypothesis; high surface nitrate concentrations were
present in the CNRM models (throughout the region) and the IPSL-CM5A models
(around the GoM) (Figures S1–4, S7, S9).”
Comment:
36. Line 335: What was updated in the ocean biogeochemistry?
Response: As mentioned in the response to previous comments above, our goal is not to
discuss the details of the models. The HAMOCC biogeochemistry module includes a new
parameterization of detritus sinking, which may influence surface chlorophyll and nitrate,
as suggested by Lavoie et al (2019). However, this explanation is speculative and we do
not think that it should be included here.
Comment:
37. Figure 4f: In the suppl. figures, there is more chl a in the model than in the obs. The
opposite is shown here.
Response: The supplemental figures S1–S5 present the individual chlorophyll time series
for the 29 ESMs, whereas Figure 4f shows ECM ensembles. The “all” ensemble time
series are calculated with all the individual ESM time series in Figures S1–S5. Figure 4f
shows that even though individual ESMs can be close to observations during the spring
bloom (e.g. HadGEM2, Figure S2f) and even significantly larger (e.g. CESM2, Figure
S4f), the ensemble of all ESMs underestimates the bloom.
Comment:
38. Figure 7: Maybe use ACM instead of ROMS.
Response: Done.
Comment:
39. Figure 8: Could specify that ACM has the same rank for the three variables (only see
one point)
Response: The following sentence was added to the figure caption:
L805: “Hidden coinciding ranks (models 2, 3, 6, 10, 11, 18, 27, 28 and 30) are provided
in Table 2.”
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Abstract. Continental shelf regions in the ocean play an important role in the global cycling of carbon and nutrients but their
responses to global change are understudied. Global Earth System Models (ESM), as essential tools for building understanding
of ocean biogeochemistry, are used extensively and routinely for projections of future climate states; however, their relatively
10

coarse spatial resolution is likely not appropriate for accurately representing the complex patterns of circulation and elemental
fluxes on the shelves along ocean margins. Here, we compared 29 ESMs used in the IPCC’s Assessment Rounds (AR) 5 and
6 and a regional biogeochemical model for the northwest North Atlantic (NWA) shelf to assess their ability to reproduce
surface observations of temperature, salinity, nitrate, and chlorophyll. The NWA region is biologically productive, influenced
by the large-scale Gulf Stream and Labrador Current systems, and particularly sensitive to climatically induced changes in
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large-scale circulation. Most ESMs compare relatively poorly to observed nitrate and chlorophyll and show differences with
observed temperature and salinity that suggest spatial mismatches in their large-scale current systems. Model-simulated nitrate
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and chlorophyll compare better with available observations in AR6 than in AR5, but none of the models performs equally well
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for all 4 parameters. The ensemble means of all ESMs, and of the five best performing ESMs, strongly underestimate observed
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chlorophyll and nitrate. The regional model has a much higher spatial resolution and reproduces the observations significantly
20

better than any of the ESMs. It also simulates reasonably well vertically resolved observations from gliders and bi-monthly
ship-based monitoring observations. A ranking of the ESMs indicates that only 1 ESM has good and consistent performances
for all variables. An additional evaluation of the ESMs along the regional model boundaries shows larger variability but is
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generally consistent with the ranking on the shelf. Overall, 11 ESMs were deemed satisfactory for use in the NWA, either
directly or for regional downscaling.
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1 Introduction
Elemental fluxes along ocean margins, which are areas of complex physical and biogeochemical interactions, are important
components of the global cycles of carbon (C) and nitrogen (N). For example, continental shelves host up to a third of oceanic
primary production and over 40% of carbon burial in the ocean (Ducklow and McCallister, 2004; Muller-Karger, 2005; Walsh,
1991). They also are important sites of sediment denitrification leading to a net removal of fixed nitrogen (Fennel et al., 2006;
1

Seitzinger and Giblin, 1996). Many shelf regions are thought to be a significant sink for atmospheric CO2 (Cai et al., 2006;
Chen et al., 2013; Laruelle et al., 2018), including the eastern margin of North America (Fennel et al., 2019 and references
40

therein), although there are significant discrepancies in available estimates. Despite their importance, the response of ocean
margins to climate change is understudied relative to the open ocean.
Future projections of ocean biogeochemistry rely heavily on Earth System Models (ESMs). These are state-of-the-art,
comprehensive representations of the major earth system components (including atmosphere, ocean, and land surface) and are
routinely used to perform climate scenario projections. The spatial resolution of the CMIP-class ESMs typically ranges from
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0.5 to 2˚ and is too coarse to resolve coastal ocean dynamics and interactions between shelf and the open ocean (Anav et al.,
2013; Bonan and Doney, 2018; Holt et al., 2017). This leads to uncertainty in future projections, not only for margin regions,
and a global underestimation of the high primary productivity in coastal regions (Bopp et al., 2013; Schneider et al., 2008).
Regional coupled circulation-biogeochemical models have been developed at much higher spatial resolution. These regional
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models have been used to investigate biogeochemical processes along ocean margins (Fennel et al., 2006, 2013; Lachkar and
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Gruber, 2011; Peña et al., 2019; Siedlecki et al., 2015; Zhang et al., 2019) and project future states resulting from climate
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change (Gruber et al., 2012; Hermann et al., 2016; Holt et al., 2016; Laurent et al., 2018). The regional models allow for the
temporal and spatial resolution necessary to resolve mesoscale processes and can be regionally calibrated (e.g., Kuhn and
Fennel, 2019; Mattern and Edwards, 2017). However, the dynamics of a regional model is strongly determined by information
imposed along the model’s open lateral boundaries, typically derived from a larger scale model, reanalysis product, or
55

observation-based climatology. For future climate simulations, a regional model requires boundary information from future
projections of large-scale models or ESMs.
The northwest North Atlantic (NWA), located at the confluence of the subtropical and subpolar gyres, is particularly
challenging to global ocean circulation models and highly sensitive to climate-induced modifications of the large-scale
circulation, which are thought to be responsible for a multi-decadal deoxygenation trend in the region (Claret et al., 2018;
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Gilbert et al., 2010). While the CMIP models reasonably describe the large-scale climatological features of ocean physics in
the NWA, the detailed current structure is poorly represented due to a mismatch in the location of the subtropical and subpolar
gyres (Loder et al., 2015). The Gulf Stream usually extends too far north and the branch of the Labrador Current flowing
southwest along the shelf edge tends to be missing (Lavoie et al., 2019; Loder et al., 2015). This leads to a warm bias in the
NWA, a common feature among coarse resolution ESMs (Saba et al., 2016). The absence of the shelf-break current
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significantly impacts cross-shelf exchange with much larger shelf water residence times in a high-resolution regional model
(Rutherford and Fennel 2018) compared to estimates from a global model (Bourgeois et al. 2016). These discrepancies have
been attributed to the coarse resolution of the global models (Lavoie et al., 2019; Loder et al., 2015; Rutherford and Fennel,
2018; Saba et al., 2016). Despite these issues, CMIP historical simulations and future projections have been used to characterize
biological responses to climate change in the NWA (e.g., Bryndum-Buchholz et al., 2020a; Greenan et al., 2019; Lavoie et al.,
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2019; Stortini et al., 2015; Wilson et al., 2019; Wilson and Lotze, 2019). ESM selection in these regional studies is either
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qualitative or based on either scenario outcomes (e.g. variability across models) or global assessments rather than on regional
model performance. However, ESMs that poorly represent the dynamics of the NWA will affect the results of regional studies.
Increased coastal model resolution can be achieved by downscaling large-scale or global models, the so-called parent models,
80

to high-resolution regional models, the child models (see, e.g. Hermann et al., 2019; Holt et al., 2016; Laurent et al., 2018;
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Lavoie et al., 2020). For future projections, the obvious approach is to downscale ESMs. Since simulation of the fine-scale
processes in the child model is strongly influenced by the parent model, it is important to assess the skill of ESMs in 115
reproducing historical observations prior to using them for downscaled future projections. Rickard et al. (2016) ranked ESMs
based on their misfit with regional observations around New Zealand in order to discard models with significant errors and
85

determine an ensemble of “best” models that can be used to study regional climate projections, either directly or indirectly 120
through regional downscaling. Here, we take a similar approach.
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Our main objective is to assess the performance of a number of available ESMs in reproducing present conditions on the NWA
shelf in contrast to a high-resolution regional model. This is an important information for users of historical and future
projections in the region. Additionally, we assess ESMs performance along the boundaries of the regional model. This
90

information is necessary when downscaling with a regional model. More specifically, we compare 29 ESMs used in the two
most recent IPCC Assessment Rounds (AR) as part of the Coupled Model Intercomparison Project 5 (CMIP5; Taylor et al.,
2012) and its currently ongoing successor CMIP6 (Eyring et al., 2016). We carry out a systematic and quantitative assessment
and ranking by comparing the CMIP5 and CMIP6 models against observed surface temperature, salinity, chlorophyll, and
nitrate and perform the same comparisons for a regional biogeochemical model. The latter is the Atlantic Canada Model (ACM,
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Brennan et al., 2016; Rutherford and Fennel, 2018) with biogeochemistry (Bianucci et al., 2016; Kuhn and Fennel, 2019) and
is intended for regional downscaling of ESM simulations in order to generate high-resolution future projections. For all models,
we present statistical metrics based on the mismatch of each model with climatological surface observations of temperature,
salinity, nitrate, and chlorophyll and a ranking based on these metrics. The regional model is further evaluated against in-situ
measurements, including high-resolution cross-shelf glider transects. The comparison provides an overview of ESM
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performance in the NWA and shows sufficient confidence for only a third of the ESMs. The regional model clearly
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outperformed all the global models and regional downscaling using single ESM forcing (as opposed to an ensemble) is
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recommended.
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2 Material and Methods
2.1 Models
105

2.1.1 Global models
The CMIP5 and CMIP6 framework provides state-of-the-art climate model datasets from the previous (AR5) and current
(AR6) IPCC Assessment Rounds (Eyring et al., 2016; Taylor et al., 2012). Of all the ESMs, those that include ocean
biogeochemistry with monthly outputs of surface temperature, salinity, chlorophyll and nitrate were included in our
3
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comparison. A total of 29 such ESMs were available (Table 1), 17 from CMIP5 (models 2–18, downloaded from the Earth
System Grid Federation (ESGF) data repository at https://esgf-node.llnl.gov/search/cmip5/) and 12 from CMIP6 (models 19–
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30, downloaded from the ESGF data repository at https://esgf-node.llnl.gov/search/cmip6/). These models vary in their
horizontal and vertical resolution and include a total of 13 different ocean biogeochemical models of varying levels of
complexity (Table 1 and references therein).
We accessed the historical simulations which were forced by observed atmospheric composition and land cover changes over
the period ~1850–2005 (CMIP5) and ~1850–2014 (CMIP6). Monthly, spatially resolved climatologies of surface chlorophyll,
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nitrate, and temperature were calculated over 30 years (1975–2005) from each ESM historical simulation.
2.1.2 Regional model
The ACM is a high-resolution, regional configuration of the Regional Ocean Modeling System (ROMS, version 3.5; Haidvogel
et al., 2008) for the NWA, nested within the larger ocean-ice model of Urrego-Blanco and Sheng (2012), that includes the Gulf
of Maine, Scotian Shelf and Grand Banks (Figure 1). The coupled physical-biogeochemical model has 30 vertical layers and
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an average horizontal resolution of 9.5 km on the shelf (Table 1). Detailed descriptions and physical model validation are
presented in Brennan et al. (2016) and Rutherford and Fennel (2018). The biogeochemical model is based on Fennel et al.
(2006, 2008) but was expanded by splitting phytoplankton and zooplankton state variables into size-based functional groups,
i.e. nano-micro-phytoplankton and micro-meso-zooplankton. The model was also modified by including temperaturedependent biological rates for nutrient uptake, phytoplankton and zooplankton mortality, grazing and zooplankton egestion
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and excretion (see supporting text). The model has 10 state variables: nitrate, ammonium, and two size classes each for
phytoplankton, chlorophyll, zooplankton and detritus (Figure 2). This ecosystem structure is of intermediate complexity similar
to the model of Aumont et al. (2015), which is used in 6 of the ESMs included in our study. Model parameters were optimized
by Kuhn (2017) and are listed in supporting Table S1. The model description and equations are available in the Supporting
Information.
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Initial and open boundary conditions for nitrate (NO3) were defined from a monthly climatology (Kuhn, 2017) based on insitu observations and the World Ocean Atlas 2009 (Garcia et al., 2010). Other biological variables were set to 0.1 mmol N m3

with a phytoplankton-to-chlorophyll ratio of 0.76 mmol N (mg Chl)-1 (Bianucci et al., 2016). The model was initialized on

January 1, 1999 and run through December 31, 2014. The first year was considered spin up. Monthly climatologies of surface
chlorophyll, nitrate, and temperature were calculated for comparison with the ESMs.
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2.1.3 Model resolution
The 30 models differ dramatically in their horizontal resolution and do not evenly cover the 3 regions of interest (Figure 3,
Table 1). The regional ACM has a much higher resolution than any of the ESMs with about 16 times more horizontal grid
cells than the highest resolution ESM and almost 300 times more than the lowest resolution ESM. Among the ESMs the highest
resolution is achieved by models 16 and 28, which share the same grid. These two have more than twice the number of
4
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horizontal grid cells than the next highest resolution models (3, 18, 20–21). The lowest resolution ESMs are models 3 and 12–
14 with only 26 horizontal grid cells within the NWA shelf resulting in a coarse representation, particularly in the SS region.
The median number of grid cells in the NWA shelf region is 72 and 102 for the CMIP5 and CMIP6 models, respectively,
compared to 6875 in the ACM.
2.2 Observations
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Four types of observations were used in the model intercomparison: 1) satellite surface chlorophyll observations from the Sea- 190
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viewing Wide Field-of-view Sensor (SeaWiFS) as 8-day averaged maps at 1/12˚ resolution (1999–2010,
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https://doi.org/data/10.5067/ORBVIEW-2/SEAWIFS/L3M/CHL/2018), 2) surface nitrate from the World Ocean Atlas 2013
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(WOA; Garcia et al., 2014) at 1˚ resolution, 3) daily surface temperature from the Operational SST and Sea Ice Analysis

Deleted: (WOA; Garcia et al., 2010) at 1˚ resolution, and 3)

(OSTIA) system (Donlon et al., 2012) at 1/20˚ resolution (2006–2016, https://doi.org/10.5067/GHOST-4FK01) and 4) surface
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salinity from the WOA at 1/4˚ resolution (Zweng et al., 2013). Monthly climatologies were calculated for each of these.
In addition, the regional model was validated using high-resolution in-situ observations along the Halifax Line (Figure 1) from
the Atlantic Zone Monitoring Program (AZMP, 2000–2014, http://www.meds-sdmm.dfo-mpo.gc.ca/isdm-gdsi/azmp-
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pmza/index-eng.html) and glider transects between 2011 and 2016 (Ross et al., 2017). To enable a quantitative comparison
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between the glider and ACM data (Table 3), we spatially interpolated both datasets onto a transect following the Halifax Line 200
(black line in Figure 1). Glider missions were seasonal and therefore both glider and AZMP transects data were seasonally
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Program (AZMP, http://www.meds-sdmm.dfo-mpo.gc.ca/isdmgdsi/azmp-pmza/index-eng.html) and glider transects along the
Halifax Line between 2011 and 2016 (Ross et al., 2017). Transect
data from AZMP and gliders were seasonally averaged along the
Halifax Line (Figure 1).¶

averaged. For each mission, data were extracted at Station 2 to produce a monthly climatology.
2.3 Comparison metrics
For comparison with the observations, each model was mapped onto the SeaWiFS, WOA and OSTIA grids using a nearest
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neighbor interpolation. Since some areas, such as the nearshore and the Bay of Fundy, are covered by only a few models, grid
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cells that are active in less than 85% of all models were excluded from the analysis to avoid biases. In the low-resolution WOA
climatology, the months November to January were excluded because poor data availability in these months resulted in
unrealistic patterns.
Three zones were defined for a high-level comparison with the observations on the shelf: the Gulf of Maine (GoM), Scotian
Shelf (SS), and Grand Banks (GB) (Figure 1). Subsequently, the term NWA shelf refers to the region covered by all 3 zones
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(GoM, SS and GB). An additional zone was also defined for a high-level comparison with the observations along the open
boundaries of the ACM.
Following the method of Rickard et al. (2016), a score 𝑆 was calculated for each model variable, 𝜐 (i.e., surface temperature,
chlorophyll, and nitrate), for each month, 𝑡, in the climatology as the sum of the centered Root Mean Square Difference
(RMSD) and bias between the observations (𝑥) and the model (𝑦), such that:

5
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where the index 𝑖 refers to a grid cell and 𝑛 is the total number of grid cells within the NWA shelf. The lower the score the
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better the match between model and observations. Annual mean scores 𝑆(̅ 𝜐) were calculated for each model variable by
averaging over t. For each variable, the models were ranked based on their annual mean score. The overall rank was determined
by ranking models by the averages of their ranks for surface temperature, salinity, chlorophyll, and nitrate (R
7). For models
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with equal averages the ranking was determined by the average of chlorophyll and nitrate ranks (R
7 bio ).
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To facilitate the comparison with observations, the ESMs were grouped into CMIP5 and CMIP6 and the ensemble means of
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all models and of the 5 highest ranked models were calculated for each group.
3 Results
Models and model ensembles are first compared with observations to assess their ability to reproduce the annual cycles of
surface temperature, salinity, chlorophyll and nitrate in the NWA region. Error statistics are then analyzed to understand how
the models deviate from each observed variable and subsequently used to calculate the scores and then rank the models. Finally,
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additional, high-resolution comparisons between models and observations are presented to further assess the regional model’s
performance.
3.1 Model-data comparisons
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First, we compare the spatially averaged climatological surface temperature (Figure 4&Figure 5a–c), salinity (Figure 4&Figure
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5d-f), chlorophyll (Figure 4&Figure 5g–i) and nitrate (Figure 4&Figure 5j–l) in our 3 regions of interest. The ESMs reasonably 235
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reproduce the annual cycle of surface temperature, but the annual cycles of salinity, chlorophyll and nitrate are not simulated
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well in any of them (see supporting Figures S1- S5) and the range of simulated salinity and biological properties is large.
Temperature is relatively consistent between model ensembles (Figure 4a–c), but with large variability between models (Figure
5a–c). An annual, positive bias occurs in the GoM (bias = +2.30˚C, Figure 4a), whereas temperatures are overestimated in
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winter (Dec–Feb) on the SS and GB (bias = +1.95 and +0.94˚C respectively, Figure 4a–c) and underestimated in summer (Jun–
225
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Aug) on GB (–1.53˚C, Figure 4f).
The range of simulated surface salinity is large (Figure 4d–f). Most models overestimate salinity in the GoM (bias = +1.46,
Figure 4d). The mismatch is large on the SS and GB but not consistent among models, except for an annual, positive bias in
CMIP6 models (bias = +1.42 and +0.76 respectively, Figure 4e–f). In the two latter regions, the biases in CMIP5 models
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compensate each other, resulting in an ensemble mean close to the observations.
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For surface chlorophyll, there is a large discrepancy between the model ensembles and observations (Figure 4g–i). Inter-model 245
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differences are largest for the time of maxima and magnitude of the spring and fall blooms (Figure 5g–i, supporting Figures
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S1–S5g–i). Standard deviations for the magnitude of the spring bloom are large among ESMs in the 3 zones (SD=0.6, 0.81 280
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and 0.83 mg m-3 in GoM, SS and GB, respectively). The maxima of the spring bloom also vary significantly in time among
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the models, with a standard deviation among ESMs for the time of maxima of the bloom of about 1.5 months (SD=1.15, 1.59
250

and 1.62 months in GoM, SS and GB, respectively). Most models in the CMIP5 group do not simulate a fall bloom, hence
none is present in the ESM ensemble mean, but rather a fall/winter increase in chlorophyll concentrations. Among the CMIP6
group, only models 23–25 generate a fall bloom (see supporting Figures S4–S5 g–i). Overall, the ESMs underestimate annual
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surface chlorophyll concentrations (bias = –0.94, –0.50 and –0.29 mg m-3 for GoM, SS and GB, respectively, Figure 4g–i ).
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The chlorophyll bias is about 20% smaller in the CMIP6 group compared to CMIP5.
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There are also large discrepancies between the model ensembles and observations for nitrate (Figure 4j–l), particularly in the
CMIP5 group. The variability in nitrate concentrations among the ESMs is also large (SD = 2.80 mmol m-3) but smaller by
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29% in the CMIP6 group. Most of the models reproduce the seasonal variability of surface nitrate (Figure 5j–l, supporting
Figures S1–S5j–l); however, the CMIP5 models tend to underestimate fall-winter concentrations (winter bias = –1.28 mmol
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m-3), whereas the CMIP6 model group performs better but with some mismatches in the timing of the seasonal changes (spring,
260

fall). Note that since Nov.–Jan. nitrate WOA observations were excluded from the analysis (see section 2.3), winter
observations are only available in February in the Gulf of Maine and in December and January in Grand Banks. A few models
markedly overestimate surface nitrate concentrations in the NWA shelf regions (see supporting Figures S1, S3–5), including
within the CMIP6 group. Supporting Figures S6–S9 provide an illustration of the model variability for chlorophyll and nitrate
in March (Figures S6 and S7) and October (Figures S8 and S9), i.e. around the time of the spring and fall blooms respectively.
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The regional ACM well reproduces the annual cycle of surface temperature (Figure 4a–c), salinity (Figure 4d–f), chlorophyll
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(Figure 4g–i) and nitrate (Figure 4j–l) in the three regions. The model correctly simulates the overall magnitude of temperature 290
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and chlorophyll biomass, the timing of the maxima of spring and fall blooms and the latitudinal variations in temperature,
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salinity, chlorophyll and nitrate, although the magnitude of the spring bloom in the GoM and GB regions is underestimated.
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Late summer surface salinity is slightly overestimated on the SS and GB.
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3.2 Model statistics
Error statistics, i.e. RMSD and bias, are now analyzed and used to calculate the model scores. The distribution and relationships
between scores are explored and then the ranks calculated.
Except for the relationship between temperature and salinity RMSD (r = 0.82, p <0.001), the RMSD between the spatially
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averaged climatological observations and models are not consistent between variables, as indicated by the increasing
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temperature RMSD in Figure 6. However, temperature and chlorophyll RMSD are weakly correlated (r = 0.50, p = 0.005). 295
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For temperature and salinity, models 3, 20–21, and 24–25 have the largest discrepancy with observations and some clearly
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represent better the annual cycle than others. The best models for temperature (5–6, 14, 16 28) do not always match the best
for salinity (5, 16, 27–28, 30). For chlorophyll, the largest discrepancies with observations are in models 4, 8 14 and 19–21,
but overall chlorophyll RMSD are relatively large and homogeneous, except for a few models that have lower RMSD (e.g.
7

models 22–23). Interestingly, the magnitude of the spring bloom in model 18 (CMIP5 group) is somewhat close to the
observations. However, the time shift of the bloom (May–June) results in a poor agreement with observations. The mismatch
between observed and simulated nitrate is much higher for models 5, 7, 18 and 29 and some models are much better at
300

representing the observed annual cycle (Figure 6), as indicated by the lower RMSD. The RMSDs of the ACM are about a third 330
of the average RMSD of the ESMs for both chlorophyll (ESM RMSDs are ×2.0–4.1 that of the ACM) and nitrate (×1.4–11.4),

Deleted: ). The models with lowest RMSD for all 3 parameters are
models 22–23 (CMIP6 group).
Deleted: ) and

a quarter for temperature (×1.1–10.4) and 13% for salinity (×1.3–15.5).
Model scores (see Sect. 2.3) represent the spatial and temporal mismatch within the NWA shelf region (Figure 7). In general,
the scores provide similar results as the RMSDs in Figure 6, although groups tend to emerge from the score calculation. As
305

observed previously in Figure 6, the scores of ESMs have a much larger range of variability for temperature (1.5–7.8), salinity
(0.5–4.2) and nitrate (1.4–13.2) than for chlorophyll (0.81–1.42) due to the large mismatch observed with a few models (Figure
7, supporting Figures S1–S5). For temperature, 4 of the 6 poorest (largest) scores (> 4.5) are in the CMIP6 group. They all
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markedly overestimate temperature, especially in the GoM (see supporting Figures S1, S4–S5), except for model 4 that
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underestimates temperature in SS and GB. The other models have also the poorest scores with respect to salinity. They all
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largely overestimate salinity in the 3 regions and are clearly outliers with respect to their CMIP category. The range of
variability in chlorophyll scores did not reduce from CMIP5 to CMIP6 and given the relatively low scores of a few CMIP6 335
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models (i.e. 22 and 23), the range is larger in the CMIP6 group (0.8–1.4, Figure 7, right panel) than in the CMIP5 group (1–
1.4, Figure 7, left panel). With the exception of model 29, which has a very poor (high) score for nitrate, the range of variability
in nitrate is reduced in the CMIP6 group. In total, 5 models (3, 5, 7, 18, 29) have very poor scores for nitrate (> 4) strongly
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overestimating surface nitrate, except for model 3 in the Gulf of Maine (see supporting Figure S1j-l). The remaining models
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have more homogeneous nitrate scores (Figure 7) with the best (lowest) scores in models 25, 24, 9 and 6 (Table 2). Models
that underestimate nitrate (2, 8, 14 and 19, see supporting Figures S1–S4) have a better score because they match the low
nitrate observations in late spring–summer (Table 2). Overall, ACM has the best scores, 𝑆̅(𝜐), for temperature (1.14), salinity
(0.48), chlorophyll (0.64) and nitrate (1.27).
320
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Among the 4 variables, and including the regional model, we found a correlation between the scores of temperature and salinity
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(r = 0.74, p < 0.001), as well as weak correlations between chlorophyll and temperature (r = 0.53, p = 0.0025) or salinity (r =
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0.42, p = 0.02). There was no correlations between nitrate and chlorophyll (r = 0.03, p = 0.86), and nitrate and temperature (r
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= 0.05, p = 0.78) or salinity (r = 0.003, p = 0.99). As can be seen in Figure 6, the ESMs with a poor representation of nitrate 340
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are not necessarily performing poorly with respect to the other variables. Model 7 for instance has the poorest score for nitrate
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and a relatively poor score for temperature and salinity but the best score of the CMIP5 group for chlorophyll (Figure 7, left
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panel). Model 5 has a poor score for nitrate but among the best scores for temperature and salinity. In fact, only models 3 and
Deleted: among the ESMs

18 have poor scores for all variables. Similarly, models 24 and 25 have the best scores for chlorophyll but are among the worst
for temperature and salinity. On average, models have worse scores in the GoM (3.99, 2.49, 1.73, 3.15) than on the SS (3.36,
2.35, 0.94, 2.22) and GB (2.53, 1.41, 0.72, 2.47) for temperature, salinity, chlorophyll and nitrate, respectively.
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Overall, 4 groups emerge on the chlorophyll-nitrate space in Figure 7. This grouping is somewhat arbitrary but provides a
“biological” focus on model performance that can be related to the biological ranking (R
! bio ) in Table 2. It also follows the
350

general ranking presented in Figure 8, with a few exceptions. Group A includes 11 of the 14 best models (5 CMIP5 and 6
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CMIP6) except for model 9 and 24–25 whose rankings are degraded due to poor representation of temperature and salinity.
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Within the 14 best models, the 3 models that are not included in Group A are model 5 and 15–16, which have mid to poor
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nitrate scores but are among the best models for temperature and salinity. Group B includes 4 intermediate-score models with
respect to biology (15, 16, 17, 2). Group C includes the 8 models with poor chlorophyll scores (5 CMIP5 and 3 CMIP6) and
355
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Group D the 5 models with poor nitrate scores (4 CMIP5 and 1 CMIP6). Most of the models with poor scores for temperature
and/or salinity are included in Group C, i.e. with the poor chlorophyll scores.
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The overall model ranking (average of temperature, salinity, chlorophyll and nitrate ranks) indicates the gap between ACM
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and ESMs, as well as within ESMs (Figure 8). As expected, ACM ranks first, following the best scores for both chlorophyll
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and nitrate. The gap between ACM and model 28 (ESM with best R
! and R
! bio , Table 2) indicates that none of the ESM performs
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best for all fields, especially for both chlorophyll and nitrate. This is also shown by the large range in individual ranks (dark 390
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grey lines in Figure 8) in most models. Group A includes the 8 best ranking models, 2 from CMIP5 (6, 10) and 6 from CMIP6
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(28, 23, 22, 26, 27, 30, respectively). The most consistent in term of individual and overall ranking is model 28 (best ESM),
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the other ones having a relatively large spread. On the other side of the spectrum, models 18, 20, 3 and 21 (Groups C and D)
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have the poorest ranks because of their consistently poor scores. Model 2 has also consistent poor ranks for all variables.
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Despite its poor performance with respect to nitrate, model 29 is ranked within the mid-range of the ESMs because of the
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better performance with respect to the other variables (ranks 8–15); model 7 has consistently poor performances except for
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chlorophyll (rank 4).

Deleted: The best ranked CMIP5 models are 10 and 13.
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Model scores and ranking were also calculated along the boundaries of the regional model (see supporting Figure S10). The
ranking shows that model performance on the shelf is not necessarily indicative of the performance along the boundaries of
370
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the regional model (supporting Figure S11, Table S2). Moreover, individual rankings are much more variable at the boundaries,
even for the best performing models. The 8 best ESMs along the boundaries (22, 11, 30, 28, 16, 10, 26, 6) have an average
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rank of 9.2–10.5. There are no significant correlations between individual rankings, including temperature and salinity.
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Nonetheless, there is some agreement between the shelf and the outer boundary ranking for chlorophyll (𝜌 = 0.80), nitrate 405
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(𝜌 = 0.81) and salinity (𝜌 = 0.81, supporting Figure S12 and Table S3). Interestingly, the agreement is better with CMIP6
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models (Table S3). However, there is no agreement for temperature. A similar pattern is found for individual boundaries
(Figure S13). In this case, and apart from temperature, the model ranks along the northeastern boundary agree the most with
those from the shelf.
3.3 Additional model-data comparisons for regional ACM
While the resolution of the ESMs does not allow for a comparison at smaller spatial scales, we further compare the regional
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ACM to cross-shelf transects and station observations (Figure 9) along the Halifax Line (see Figure 1). The ACM reproduces
9
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the seasonal variation and the vertical gradient in chlorophyll and nitrate along the transect (Figure 9), although the simulated
distributions are smoother than the glider observations. The summer subsurface chlorophyll maximum is located at the
410

appropriate depth (28 m simulated versus 32 m observed, on average). The ACM somewhat underestimates the depth of the
nitracline in the offshore waters (34 m versus 43 m, 𝑥 > 150 km) and overestimates surface nitrate in spring and fall, as seen
in Figure 4.
Station 2, which is located nearshore on the Halifax Line (see Figure 1), provides additional, vertically resolved information
with high temporal resolution that is useful for model validation (Figure 10). At this location, the ACM reproduces the annual
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cycle of chlorophyll and nitrate. Surface and subsurface nitrate and chlorophyll are qualitatively reproduced in all seasons
except during the spring bloom, which is more pronounced and reaches deeper in the observations, although the magnitude
and vertical distribution of chlorophyll concentration agree well with the glider observations at this time.
A quantitative, point-to-point comparison of the ACM with the time series and glider observations along the Halifax Line
(Figure 9) and at Station 2 (Figure 10) is provided in Table 3. The comparison indicates relatively high correlations between
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the ACM and time series of chlorophyll (0.68–0.78) and nitrate (0.83–0.92) along the Halifax Line as well as glider
measurements of chlorophyll (0.85–0.94) for all seasons. Correlations are high as well at Station 2 for nitrate time series and
glider measurements of chlorophyll. The largest discrepancies with observations are found with the time series of chlorophyll
in spring. These results indicate an overall good skill of the model to reproduce the seasonal, vertically resolved observations 440
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on the Scotian Shelf.
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4 Discussion
4.1 Overall model performance on the shelf
There are significant discrepancies with observations and a large variability among ESMs in the representation of surface
temperature, salinity, chlorophyll and nitrate in the NWA shelf (Table 2, Figure 6 and supporting Figures S1–S5). A warm
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bias and a general overestimation of surface salinity in most models indicate a mismatch in the location of the Gulf Stream
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that influences conditions on the shelf, in line with the previous results of Loder et al. (2015) and Saba et al. (2016). Chlorophyll
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concentration was also systematically underestimated, whereas surface nitrate concentration is relatively variable between
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models. These patterns agree with the qualitative assessment of Lavoie et al. (2013, 2019). The spring and fall blooms, which
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are characteristic annual features of the NWA region (Greenan et al., 2004, 2008) are absent in some and most models,
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respectively. The correlation between temperature and chlorophyll scores (and to a lesser extent salinity) and the concomitant 445
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poor scores in chlorophyll and temperature/salinity (i.e. Group C in Figure 7) indicate that errors in surface chlorophyll
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concentration are partly driven by a misrepresentation of the general circulation and, more generally, of ocean physics. The
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improvement in chlorophyll from CMIP5 to CMIP6 without an associated improvement in temperature suggest that the errors
in surface chlorophyll were also driven to some extent by errors in the biogeochemical model component. Lavoie et al. (2019)
indicated that the misrepresentation of primary production in the NWA may be associated with the misrepresentation of
10

particulate organic matter sinking and remineralization in the subsurface layer. They found an annual subsurface nitrate peak
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in CanESM2, GFDL-ESM2M, NorESM1-ME, CESM1-BGC (models 2, 7, 18 and 3, respectively) similar to the high surface
nitrate found in this study (supporting Figures S1 and S3). However, all these models had poor scores in our assessment and
therefore do not provide an appropriate representation of the biogeochemistry on the NWA shelf (Figure 8) or along the ACM
boundaries (Figure S11). However, it is not possible, and beyond the scope of this work, for us to draw conclusions about the
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source of the regional mismatch in surface chlorophyll and nitrate in the ESMs.
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Following Rickard et al. (2016), who used a similar ranking procedure, the 29 ESMs can be divided into an inner and an outer
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model ensemble of the NWA shelf. The outer ensemble includes 18 models that clearly misrepresent surface conditions in the
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NWA shelf (models 2–5, 7–9, 11, 14–15, 17–21, 24–25 and 29) and were selected as follows. The 7 models with lowest ranks
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(2–4, 8, 18, 20–21) were included because they consistently misrepresent all surface fields on the NWA shelf. Models 7, 9, 17
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had poor scores for three variables, Model 15 was also included in the outer ensemble because of the misrepresentation of 485
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surface nitrate, whereas models 24–25 misrepresented temperature and salinity. Since nitrate scores neither correlate with
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chlorophyll nor temperature, the mismatch with nitrate observations is more likely related to intrinsic biogeochemical model
behaviour rather than to a mismatch in circulation, as suggested by Lavoie et al. (2019). Models with persistent positive or
negative biases in surface nitrate (4–5, 7–8, 11, 14, 19 and 29, Figures S1–S5) were selected because they misrepresent the
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seasonal nitrate dynamics and therefore the other biogeochemical variables driven by nitrate are questionable. Seven of the
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outer models were different generations (CMIP5 and CMIP6) of the same model, i.e. CanESM (2, 19), CESM (3, 20–21) and
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NorESM (18, 29), which had also low ranks along the ACM boundaries. Their large scores imply that they have fundamental 495
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issues with representing biogeochemistry in the NWA.
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The inner ensemble includes 11 models (6, 10, 12–13, 16, 22–23, 26–28, 30, Table 1). Can those be used as a multi-model
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(optimal) ensemble to characterize the future state of the NWA shelf region? Unfortunately, we found that an ensemble mean
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of the best CMIP5 or CMIP6 models poorly represent historical surface fields due to the large variability within the ensemble
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(Figure 5) and the biases in the ensemble surface temperature, salinity and chlorophyll concentration (Figure 4). Model 28
(MPI-ESM1-2-HR, CMIP6) was the only ESM with good performances for all variables and is therefore the most appropriate to
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represent surface conditions in the NWA shelf.
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The regional model clearly outperformed the ESMs in our assessment, with a consistent representation of the surface and
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subsurface fields in all shelf areas. The high spatial resolution of the regional model also allowed for a fine scale model
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validation that was not possible for the ESMs. The complementary glider transects and time series stations provide a high- 505

Deleted: represents

resolution dataset of in-situ chlorophyll and nitrate concentrations and shows that the regional model resolves seasonal and
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vertical variation in chlorophyll and nitrate on the Scotian Shelf, something that none of the ESMs were able to reproduce.
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4.2 Model performance along the regional model boundaries
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The assessment of an ESM’s performance on the NWA shelf, as presented above, is necessary prior to using its results, for
example, to estimate historical and future trends in physical and biogeochemical tracers (Lavoie et al., 2013, 2019) and their
11

effects on upper trophic levels (e.g., Bryndum-Buchholz et al., 2020b; Stortini et al., 2015). For regional downscaling, an
ESM’s performance along the boundaries of the regional model are critical (e.g., Lavoie et al., 2020). We found significant
differences between model performance on the shelf and along the ACM boundaries and more variability in model performance
510

for the latter. At the boundaries, all models have at least 1 variable that is poorly represented (Figure S11). Surprisingly, there
is no relationship between ESM ranking on the shelf and at the ACM boundaries for temperature. Given the importance of
large-scale circulation in the region some agreement was expected. The mismatch could be explained by a lesser control of
large-scale currents on shelf temperature, although ESM biases for temperature and salinity on the shelf indicate the influence
of the Gulf Stream. The agreement is better for the other variables (Table S3). Among the 10 best ESMs along the ACM
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boundaries, 8 are included in the inner ensemble described above; the best overall ESM on the shelf (model 28) is ranked third
at the boundaries. Similarly, models with poor performances on the shelf (3, 18, 20–21) had also poor scores at the boundaries.
The inner ensemble can therefore be used as a guide for ESM selection in the NWA region.
4.3 Uncertainties in score calculations
We used a heterogeneous dataset to calculate error statistics. Also, the regional model simulated the period 2000–2014,

520

whereas the time range 1976–2005 was used with the CMIP models, for consistency in their comparison. For surface salinity,
chlorophyll and nitrate, Lavoie et al. (2013) found negligible historical trends (1970s–2000s) in a multi-model comparison.
For surface temperature, they found an increase in temperature <0.5˚C over this period, which is very small in comparison to
the inter-model differences (Figures S1–5a–c). Also, surface temperature is overestimated in the GoM, whereas the trend
would result in an underestimate. Hence, the scores should not be affected by time differences between model and observation
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datasets.
Since the period 2000–2014 is available for the CMIP6 models, we calculated the scores over this period to be consistent with
the regional model simulation and the chlorophyll and temperature observations. The 2000–2014 scores are in agreement with
the 1976–2005 scores described in section 3.2 (see supporting Figure S14), showing the robustness of our calculations despite
the heterogeneous dataset. The only significant differences are with models 30 and 21, which have improved and degraded
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2000–2014 scores for temperature, respectively. Model 21 remains at the last rank (Table 2) but the overall rank of model 30
(UKESM1-0-LL) could be somewhat higher than indicated in Figure 8
4.4 Impact of spatial resolution
In general, the coarse horizontal resolution of the ESMs affects the representation of the NWA region in comparison to the
regional model, particularly on the relatively narrow Scotian Shelf. The poor representation of coastal areas is a known
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limitation of global models (Holt et al., 2017) and results in a global underestimation of primary productivity in these regions
(Bopp et al., 2013; Schneider et al., 2008).
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There is no correlation between grid resolution and ESM rank (Figure 11) despite the fact that the best overall ESM (MPI- 540
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ESM1-2-HR) has also the highest resolution (Table 1). This result shows that higher grid resolution, as called for by Lavoie et
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al. (2013) for the NWA and by McKiver et al. (2015) for the global ocean, is necessary but is not a guarantee for improved
model performance at this time. In fact, some very coarse resolution models from the CMIP5 group were ranked as well or
better than the other models and models with the second highest resolution (3, 18, 20–21) had all low ranks. The improved
545

ranks at constant (e.g. models 22, 24, 25, 28) and even lower (model 29) ocean grid resolution in the CMIP6 group (Table 2,
Figure 12) was also an indication that the discrepancies with observations, and the improvement in the CMIP6 models (see
below), were not associated with the ocean grid resolution but rather resulted from the physical and biogeochemical setup of
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the models. Another hint at the lack of relationship between resolution and model rank is the limited improvement with the
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high-resolution MPI model in the CMIP5 group (MPI-ESM-MR), despite higher model grid resolution compared to its lower- 575
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resolution counterpart (MPI-ESM-LR, Table 2). The lack of correlation between model resolution and performance on the
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NWA shelf is not surprising as all ESMs are still coarse and do not explicitly resolve shelf-scale processes but rather rely on

Deleted: , MPI-ESM-LR and
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their parameterisation. Much higher resolution will be necessary to refine the projections in coastal areas (e.g., Holt et al.
(2017), Saba et al. (2016)), which is not currently computationally feasible in ESMs (Holt et al., 2009, 2017).
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4.5 Impact of biogeochemical model structure
555
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Although model performance is likely influenced by the biogeochemical model structure, we did not find a clear relationship
between the type of biogeochemical model and performance. Here we only refer to the model type because the same model
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may have different parameterizations when used by different groups. While the inner and outer ensembles share only 3
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biogeochemical models (PISCES, HAMOCC, TOPAZ2) out of 13, there was no indication of consistently better performance
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for the biogeochemical models in the inner ensemble. For example, models using similar ocean biogeochemistry (e.g., PISCES:
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5, 12–14 (CMIP5), 22 and 26 (CMIP6), and HAMOCC: 15–16, 18 (CMIP5), 28–29 (CMIP6)) had very different ranks, with
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no obvious relationship between overall model rank and the ocean biogeochemical model component. Moreover, 5 and 4
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biogeochemical models were represented in the 5 best ranked ESMs on the NWA shelf and outer ACM boundaries, 585
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respectively, similar to previous findings by Rickard et al. (2016). Lavoie et al. (2019) suggested that the PISCES
biogeochemical model may underestimate subsurface remineralization in the CNRM and IPSL models, resulting in low surface
565
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nutrients where the Gulf Stream detaches from the coast. Our rankings (shelf and offshore) do not support this hypothesis;
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high surface nitrate concentrations were present in the CNRM models (throughout the region) and the IPSL-CM5A models
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(around the GoM) (Figures S1–4, S7, S9).
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4.6 Improvement from CMIP5 to CMIP6
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Model performance improved in the new CMIP generation, but not uniformly across models and variables. We note that 2 of 590
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the 5 best models are from the CMIP5 for both the shelf and the ACM boundaries rankings. Therefore, with respect to historical
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conditions in the NWA region, CMIP6 models do not always have better performance. The average rank was not very different
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between the two CMIP groups, i.e. R
7 = 16.8 and 14.9 for CMIP5 and CMIP6, respectively (Figure 8, Table 2). The change in
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performance between the two generations of models can be assessed by evaluating the subset of models that are available for
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CMIP5 and CMIP6. There are nine such models (Figure 12). All CMIP6 models have improved overall ranks, indicating better
performance (Figure 12). The overall improvement was large only for models that had average to low ranks in the CMIP5
group (ranks 15–22, x-axis in Figure 12). Temperature and salinity did not improve except for GFDL-ESM2M and NorESM2LM (and CanESM5 for salinity) and degraded in some cases. Models with poor scores for temperature and salinity (CESM2,
GISS-E2-1-G-CC) had already poor scores in their CMIP5 version and therefore the cause of their poor performance is likely
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the same. The change in ranking is therefore mainly associated with better surface fields for chlorophyll and nitrate. This is
particularly the case for model pairs 3, 5, 6 and 8, which ranked much better for chlorophyll (+8.2) and nitrate (+11.0) in the
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CMIP6 group (Figure 12). The chlorophyll rank in model pair 4 improved significantly (+18) but this improvement was
counteracted by degraded temperature and nitrate ranks. The lack of general improvement in surface temperature indicates that
the temperature bias detected in the CMIP5 group was not solved in CMIP6, as seen in Figure 4.
605

We can only speculate about the source of improvement in the CMIP6 models. For specific changes in the CMIP6 model
versions, the reader is referred to the references listed in Table 1. Kwiatkowski et al. (2020) recently showed that projected
surface temperature, nitrate and net primary production differ significantly in CMIP5 and CMIP6 model ensembles. Higher
climate sensitivity in CMIP6 models partly explains this difference but the source of change in primary production was not
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resolved. In the historical simulations, better surface chlorophyll and nitrate fields in CNRM-ESM2-1 may be associated with
610

the transition from a climate model with ocean biogeochemistry to a fully coupled ESM, even though such transition may
degrade historical simulations due to the replacement of observations by prognostic schemes that are poorly constrained
(Séférian et al., 2019). Updated land and ocean biogeochemistry may have improved the representation of surface chlorophyll
and nitrate in MPI-ESM1-2-HR (Müller et al., 2018), whereas the improvement in surface temperature and nitrate fields from
GFDL-ESM2M to GFDL-ESM4 seem to be associated with the physical ocean component of the model, given that GFDL-

615

ESM2G already performed well in the CMIP5 group. Danabasoglu et al. (2020) found a significant improvement for CESM2
at the global scale but a poor representation of the Gulf Stream–North Atlantic Current system, resulting in a large surface
temperature bias. This is in line with our assessment for the NWA shelf where both physical and biological parameters had
poor scores and the model was not found appropriate for shelf studies in the NWA.
4.7 Other coastal regions

620
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Our results may also apply for other coastal regions, given the poor representation of coastal areas in ESMs, but the details are
probably region specific. Discrepancies with observations in the NWA are partly driven by poor representation of large-scale
circulation features such as the Gulf Stream and Labrador Current in most of the models. The representation of large-scale
currents may improve (or worsen) in other regions, resulting in a different ranking there. For example, Rickard et al. (2016)
found a different model selection in the inner model ensemble around New Zealand. Seven (out of 11) of their inner ensemble

625

models (models 2–5, 7–8, 14) are not included in our inner ensemble. Model 3, perhaps the best model in their assessment,
ranked 29 out of 30 in the NWA shelf region (Figure 8, supporting Figure S1). The representation of the dynamic NWA

14

630

circulation is a known issue in ESMs and further regional comparisons will be necessary to assess if our results are
representative for the global coastal ocean.
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5 Conclusions
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We evaluated the CMIP5 and CMIP6 ESMs with biogeochemistry for the NWA shelf. Arguably, only 1 model (MPI-ESM1- 660
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2-HR) had a consistently good performance for all variables. 11 ESMs with satisfactory overall performance in their historical
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simulations of the NWA shelf were included in a ranked inner ensemble to guide the use of ESMs in the region. Apart for
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temperature, the ESMs evaluation along the boundaries of the regional model was relatively similar to the evaluation on the
shelf but with more variability. Most of the highly ranked models can therefore be used either directly or for regional
downscaling. We caution against using model ensembles that had poor agreements with observations on the NWA shelf. The 665
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regional model (ACM) clearly outperformed the global models and is a good candidate for downscaled projections in
640

combination with one of the top ranked ESMs. Further refinement in the ACM should focus on the mechanisms that determine
the magnitude of the spring bloom.
Similar comparisons should be carried out in coastal areas before using CMIP model projections. While it is not clear how the
presented model ranking will hold in other regions, it is highly likely that some models do not perform well in coastal areas
generally and should not be used for regional investigations.
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Given the lack of a direct relationship between model skill and horizontal resolution, it is unlikely that feasible grid refinement
will significantly improve model performance in the NWA region. The improvement in scores from CMIP5 to CMIP6 shows
that refining ocean biogeochemical components can improve the model performance.
Code and data availability. The ROMS code and the observations are available from the links referenced in the manuscript.
Supplement link. The supplement related to this article is available on-line at:
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Table 1. Information about the regional model and the 29 ESM models. For the CMIP5 models (2–18) the r1i1p1 ensemble was used.
For the CMIP6 model (19–30) the r1i1p1f1 ensemble was used on the native grid when available, except for CNRM-ESM2-1,
MIROC-ES2L and UKESM1-0-LL (r1i1p1f2), GFDL-ESM4 and NorESM2-LM (regridded), and GISS-E2-1-G (r101i1p1f1). The
filled circles and open squares indicate the models that are part of the inner and outer ensembles, respectively. N indicates the
number of vertical levels. Note that the IPSL-CM5 models share the same ocean component with higher resolution atmospheric
component in the MR version. Similarly, MPI-ESM-MR and MPI-ESM1-2-HR share the same ocean component with higher
resolution atmospheric component in the HR version.

Model
Name

ID

Σ
–

Shelf resolution
∆lon × ∆lat
(n cells)
(degree)
GoM
SS
GB

N

Ocean BGC
component

1

1780

1366

3729

0.06×0.09

30

BIO_FENNEL

Brennan et al. (2016); Fennel et al. (2006)

CanESM2
CESM1-BGC

2
3

11
41

14
33

29
91

1.4×0.9

40
60

CMOC
BEC

Arora et al. (2011); Christian et al. (2010)
Lindsay et al. (2014); Moore et al. (2013)

CMCC-CESM
CNRM-CM5

4
5

8
27

5
20

13
55

1×0.62

30
42

PELAGOS
PISCES

GFDL-ESM2-G
GFDL-ESM2-M

6
7

20

15

39

1×1

50

TOPAZ2

GISS-E2-H-CC
GISS-E2-R-CC

8
9

19
15

14
12

39
29
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Table 3. Comparison statistics between ACM and AZMP and glider observations along the Halifax Line and at Station 2.
RMSD
Season*

W

S

S

Bias
F
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Correlation coefficient
S
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F

Halifax Line
Chlorophyll (time series)
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0.68
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0.71

0.75

Chlorophyll (Glider)

0.22
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0.22

-0.14
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0.64
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0.69
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Chlorophyll (time series)
0.26

1.74

0.52

0.30

0.05
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1.06

0.31

0.17

-0.03

Chlorophyll (Glider)
Nitrate
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0.56
0.46

0.96 1.57 1.58 1.37
1.19
1.62 0.26 0.58
0.85 0.86 0.91 0.94
*Seasons are order sequentially and abbreviated as W (winter, Dec–Feb), S (spring, Mar–May), S (summer, Jun–Aug) and F (fall, Sep–
Nov).

28

Figure 1. Study area indicating the 3 averaging zones, the limits of the ROMS grid and the location of the Halifax Line stations
(squares) used in the analysis. The white star is Station 2 and the grey lines the gliders track.
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29

1460

Figure 2. Schematic of the biogeochemical model used in ROMS. The state variables are small phytoplankton (PS) and chlorophyll
(CHLS), large phytoplankton (PL) and chlorophyll (CHLL), small zooplankton (ZS), large zooplankton (ZL), slow-sinking small
detritus (DS), fast-sinking large detritus (DL), nitrate (NO3), and ammonium (NH4). Dashed lines indicate sinking. Black dots
represent the connections between paths.

30

Figure 3. Bathymetry of the regional model (top), the highest resolution ESM (middle) and lowest resolution ESM (bottom).

31

Deleted:

1465
Figure 4. Observed, ROMS and ensemble means area averaged surface temperature (a-c), salinity (d-f), chlorophyll (g-i) and nitrate
(j-l) in the 3 NWA shelf regions. Nov–Jan WOA nitrate data are excluded (open circles). Model comparison with observations in the
Gulf of Maine is therefore only available from February to October. For the Scotian Shelf and Grand Banks additional AZMP data
are available. In case of multiple observations, the data are monthly averaged.
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Figure 5. Observed (black dots) and best ESMs area averaged surface temperature (a-c), salinity (d-f), chlorophyll (g-i) and nitrate
(j-l) in the 3 NWA shelf regions. The colored circles and squares indicate the CMIP5 and CMIP6 models, respectively. Nov–Jan
WOA nitrate data are excluded (open circles). Model comparison with observations in the Gulf of Maine is therefore only available
from February to October. For the Scotian Shelf and Grand Banks additional AZMP data are available. In case of multiple
observations, the data are monthly averaged.
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Figure 6. Root mean square difference between monthly, regionally averaged observations and models. Model numbers refer to the
IDs in Table 1.
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Figure 7. Model scores for surface chlorophyll (x-axis), nitrate (y-axis) and temperature (color scale) for the CMIP5 group (A, left
panel), the CMIP6 group (B, middle panel) and the regional model (triangles). Salinity and temperature scores are compared in
panel C (right). The grey ellipsoids indicate the groups A–D (see text) and are the same in panels A and B.
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Figure 8. Model average (grey bars) and specific (dots) ranking. The final ranking is shown on the y-axis. Hidden coinciding ranks
(models 2, 3, 6, 10, 11, 18, 27, 28 and 30) are provided in Table 2.
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1505

Figure 9. Comparison of gliders, AZMP and model seasonal climatologies of chlorophyll and nitrate along the Halifax line.
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1510

Figure 10. Comparison of vertically-resolved time series of chlorophyll (top) and nitrate (bottom) at Station 2 from the regional
model (background), the glider transects (small dots) and the bimonthly sampling (large dots).
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1515

Figure 11. Resolution of the 29 ESMs ordered by their overall rank (see Figure 8).
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1520

Figure 12. Comparison of the ranks of the former (x-axis) and current (y-axis) generations of ESMs. Grey squares represent the 1525
overall ranks, whereas the dots indicate temperature (blue), salinity (magenta), chlorophyll (green) and nitrate (orange) ranks. The
numbers indicate the model (see legend). These numbers do not correspond to the original model IDs indicated in Table 1. The black
line is the 1:1 line. Dots above this line indicate an improvement and dots below the line a worsening of the rank. Note that there
were two CMIP5 GFDL models but only one in the CMIP6 group (model pairs 4 and 5).
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