Reviewer comments
Revised manuscript
Replies to the reviewers

Reviewer 1:
While a heatwave event is high impact, it is not the first general episodic type that comes to mind
when specifically highlighting the capabilities of a coupled ocean-atmosphere model.

Reply: We thank the reviewer for the insightful comments. We agree with the reviewer that the
simulation of the heatwave events is not an ideal case for testing a regional coupled model and its
benefits. Yet our goal for this work and manuscript is to (1) introduce the design of a newly developed
regional coupled ocean-atmosphere modeling system with a state-of-the-art coupler (ESMF with
NUOPC), (2) describe the implementation of the modern coupling framework, (3) validate the coupled
model using a real-world example, and (4) demonstrate and discuss the parallelization of the coupled
model. This work is the first time WRF has been coupled to the MITgcm, and we are using this
manuscript to present the new resource. We now highlight the repository for downloading this
resource in the abstract. We chose the location because our funding from KAUST was obtained to
develop and implement the model for the Red Sea region. We chose the heatwave event due to their
societal importance. This test case is meant only as a proof-of-concept example to show that the
regional coupled model is working as one would expect, even in an extreme weather example. We
have edited the abstract and introduction of the manuscript to emphasize our motivation and goal
further and to make it clear that our objective is not to test the forecast skill of the model in this work.
We are doing follow-on work to test the model skill in various scenarios. Our focus here is why we
have chosen to submit this manuscript to Geoscientific Model Development, which promotes
publication of code development and technical aspects of geoscience research.

Demonstrating the impact of coupled models is a research topic that requires a significant effort into
the future. We have tried to make the text clear that our focus here is solely on the technical
development of a coupled ocean-atmosphere model, implemented using state-of-the-art components.
We hope this addresses the concerns of the reviewer about the test case satisfactorily.

General Comments

The validation of a number of the fields is not convincing. What is an anticipated diurnal oscillation
from a 30-km reanalysis vs a 9-km model output supposed to look like? What impact is the coarsened
resolution of the ERAS near the coast, where the surface air temperature differences could be larger
than 20 C with a grid cell (desert vs ocean)? The only single figure with any sort of statistical inference
possible shows that the coupled model performs no better than the test specifically expected to
perform poorly.

Reply: Yes, the ERAS has coarser resolution and the strong gradient from water to desert has been
more carefully handled. The ERA5 reanalysis uses a fractional value between 0 and 1 as the land-sea
mask. In the old manuscript, we used bilinear interpolation and under-estimated the daily-high
temperature in Yanbu. We now consider the effect of the land-sea mask and updated our figures.

Regarding performance, we have removed all language implying our coupled model is superior to
ERAS. In keeping with the manuscript focus, the language now reflects the fact that the coupled
system we developed is performing as one would expect.



In general, a comparison against a physically unrealistic month-long constant SST is problematic.
Other than possibly a single mention of CPL vs ATM.STA at the beginning of the paper, most of the
comparisons should be between CPL and ATM.DYN.

Reply: Because we aim to report on the technical development of a new coupled model, we compare
CPL, ATM.STA and ATM.DYN runs to show the SST and atmospheric boundary variables are reasonably
updated in the coupled model. We have revised the manuscript to focus on the code development and
technical aspects. In our work, we emulate previous studies which implemented regional coupled
models with other components and use a stationary SST for testing the implementation of the model
[Loglisci et al. 2004, Warner et al. 2010]. Differences from ATM.STA gives a measure of how fast the
SST is evolving and the size of the evolved SST signal the coupled model is producing.

There are too many instances of the authors using “may”, “perhaps”, “hypothesize”, etc. With a
numerical model, all of these uncertain statements can be directly attributed.

Reply: We have edited the manuscript and replaced these terms by directly attributing the uncertainty
in these statements. We have removed the other uncertain statements that we are not able to test by
using our model.

There is no simply stated working definition of a heatwave. From the figures, a heatwave is not
entirely obvious, so “capturing” a heatwave is quite subjective.

Reply: We agree with the reviewer that this was not clear in our previous manuscript. There is no
universal definition for heat waves, as this is a definition that varies from region to region. Hence, we
have replaced the term ‘heat waves’ with ‘heat events’ in the manuscript as we are trying to simulate
the events that had record high temperature in this region.

In several places the authors conclude a paragraph with a wrap up sentence to the effect that the CPL
test performs well. In most of those examples of validations or comparisons, the other tests
performed well also.

Reply: We agree that ATM.STA and ATM.DYN tests also perform well. We aim to demonstrate the
coupled model is capable of performing coupled simulations. The model tests are used to validate the
coupled model is performing the coupled simulation as expected. We have revised the manuscript to
emphasize our purpose.

A couple of the scaling comments are incomplete, such as only talking about the total number of
processes or the mention of overlap cells.

Reply: We are grateful that the reviewers mentioned these incomplete comments. We have revised
our manuscript and have gone through the scaling test to make sure we finished all our comments.

Several of the references to the figures refer to labels that do not exist. Some of the figure captions
would be improved if they were more stand alone.

Reply: We have revised the labels of Figs. 1 and 2. We have also gone through the figure captions to
improve them.

The paper would benefit from a good proofreading. There are misspellings, missing words, undefined
terms, and a few unusual phrasings.



Reply: We thank the reviewer again for this. We have proofread the manuscript.

The authors do not make a strong case for their selection of this particular domain and the simulated
event. This paper has as a focus a series of heatwave events where 84% of the domain is land (and
desert). For the coastal temperature comparisons, there is no mention of possible sea breeze effects.
This is not an ideal set up that benefits from coupled interactions between ocean and atmosphere.

Reply: We select the case to illustrate our code development and validate our implementations on
technical aspects, but not to provide an in-depth analysis of ocean-atmosphere coupling in the region.
We have explained the choice to model this region and the extreme heat events in the revised
manuscript:

We simulate a series of heat events in the Red Sea region, with a focus on validating and assessing
the technical aspects of the coupled model. There is a desire for improved and extended forecasts in
this region, and future work will investigate whether a coupled framework can advance this goal. The
extreme heat events are chosen as a test case due to their societal importance. While these events
and the analysis here doesn’t highlight the value of coupled forecasting, these real-world events are
adequate to demonstrate the performance and physical realism of the coupled model code
implementation.

Specific Comments
Page 4 line 2:

is shown in Fig. 1(a)
There is no (@) label

Reply: We have now fixed this typo.

Page 5, figure 2

“PETs"” is not defined

In panel (a)

There is no (a) label

In panel (b)

There is no (b) label

There is no explanation what the little boxes are.

Both ocean and atmosphere appear to happen at the same time. This is inconsistent with a sequential
description.

Reply: PETs are Persistent Executions Threads, which are single processing units (e.g., CPU, GPU)
defined by ESMF. We defined them in the manuscript but not under the caption of Fig. 2. Now it is
added. We have now added (a) and (b) labels to Fig. 2. In panel (b), each little box is the decomposed
domain. We have added the explanation in the captions.

In Fig. 2(b), in the sequential mode, each PET works in a sequential way. The small arrows in the
timeline show the sequential nature of the implementations. The coupled model first integrates the
ocean component, then integrates the atmosphere component. After the integration is finished in one
coupling step, the ESMF connector gathers the outputs from ocean/atmosphere components and
update the boundary condition for the next step. We also implemented the concurrent mode and
added it in Fig. 2(b):



Panel (b) and (c) shows the sequential and concurrent mode implemented in SKRIPS, respectively.
PETs (Persistent Execution Threads) are single processing units (i.e., CPU, GPU) defined by ESMF.
OCN, ATM, and CON denote oceanic component, atmospheric component and connector component,
respectively. The blocks under PETs are the CPU cores in the simulation; the small blocks under OCN
or ATM are the small sub-domains in each core; the block under CON is the coupler. The red arrows
indicate the model components are sending data to the connector and the yellow arrows indicate the
model components are reading data from the connector. The horizontal arrows indicate the time axis
of each component and the ticks on the time axis indicate the coupling time step.

Page 5, line 14
The surface boundary fields on the ocean surface is exchanged online
Are

Reply: We have now fixed this typo.

Page 6, line 4
but we updated it to couple
What is it

Reply: We now replaced ‘it" using ‘the baseline coupler’.

Page 6, line 12

In the present work, the Advanced Research WRF dynamic version (WRF-ARW, version 3.9.1.1) is
used.

Include GitHub site for source code?

Reply: We now have added the Github site for WRF:

WREF is used extensively for operational forecasts (http://www.wrf-model.org/plots/wrfrealtime.php)
as well as realistic and idealized dynamical studies. The WRF code and documentation are under
continuous development on Github (https://github.com/wrf-model/WRF).

Page 6, line 32

In ESMF, ‘timestamp’ is a sequence of nhumber,
numbers

Page 8, line 10

Reply: We have now fixed this typo.

The time step for atmosphere simulation is 30 seconds.

For an approximately 9 km grid distance, 30 seconds seems overly conservative. Since WRF is the
most expensive component, an increase to a 50 s timestep would be a substantial performance boost
in overall timing. Is there a stability problem that is introduced with the coupling?

Reply: We agree with the reviewer that increasing the time step can improve computational
performance. However, the computational domain is complex in the Ethiopian Highlands and Hejaz
Mountains (Saudi Arabia). [Hughal et al. 2017; WRF forum] We find that the CFL number is larger
than 1 if we use a 50 second timestep. We have revised the manuscript:



The time step for atmosphere simulation is 30 seconds, which is chosen to avoid violation of the CFL
condition.

[Hughal et al. 2017. Wind modelling, validation and sensitivity study using Weather Research and
Forecasting model in complex terrain. Environmental modeling & software]
[http://forum.wrfforum.com/viewtopic.php?f=8&t=357]

Page 8, line 21
net precipitation
Is this just accumulated precipitation minus evaporation? If so, just add a brief parenthetical.

Reply: The MITgcm gets precipitation from WRF and uses the precipitation to calculate the freshwater
flux (E-P). We have replaced ‘net precipitation’ with ‘precipitation’.

Page 9, line 11-12
timescales of 10/0.5 days.
I am unfamiliar with what 10/0.5 days means.

Reply: What we meant to say is ‘the inner and outer boundary relaxation timescales of the sponge
layer are 10 and 0.5 days, respectively’. We have rewritten this sentence.

Page 10, table 1

The four rows of the table should be more identifiable. There either needs to be more space between
rows, or less vertical line space used in column three when the information extends to two lines.
The second ATM.STA should be ATM.DYN.

ERAS is sufficient, without a description of bulk formula.

Reply: We have revised the tables and made the four rows more identifiable. We agree that ERAS is
sufficient and removed the description of bulk formula. We also fixed the typos.

Page 10, line 10

validated against the ECMWF ERAS dataset

Verifying a 9-km simulation with a 30-km reanalysis, specifically for cities that are along the coast
may not be reasonable. It is not ever made clear how the max/min temperature comparisons are
made. Does this field come out of ERA5? How is this information pulled from WRF?

Reply: We agree with the reviewer that verifying the surface air temperature using the 30-km ERA5
data may not be reasonable. Hence we used the NCDC ground observations to validate the air
temperature. The T2 fields are interpolated to the NCDC stations for both WRF and ERA5. The NCDC
station data are the best observations available in this region. Unfortunately the observation time in
NCDC data is not available, hence the daily max/min T2 every 24 hours from the model simulations
are compared with the daily max/min T2 from the NCDC data. We have added a discussion on this in
the revised manuscript:

Since the 30-km resolution ERAS dataset may not be adequate to capture the sharp T2 gradients near
the coast, the T2 is also compared with the available ground observations from NOAA National Climate
Data Center (NCDC climate data online at http://cdo.ncdc.noaa.gov/CDO/georegion). To evaluate the
modeling of T2 in three major cities near the eastern shore of the Red Sea, the T2 fields from both the
simulations and ERAS are interpolated to the NCDC stations. The daily maximum and minimum
temperatures are compared with those from NCDC data.



Page 11, line 7-9

The simulation results obtained from coupled (CPL) run, the ERA5 data, and their associated difference
are shown in Fig. 4 after 36 hours and 48 hours. It can be seen in Fig. 4(I) that the CPL run captures
the heat wave event in the Red Sea region on June 2nd

If the simulated period started early (May 1, for example), is the June 2 heatwave event still present?
Is this simply picked up because of the memory of the initial conditions? No where is it made clear
what constitutes a heatwave event.

Reply: This is a test validation case to show that the coupled model works as expected. We agree that
it is not proper to claim that the CPL run captures the heat events without a detailed discussion on
what constitutes the events. We have revised our manuscript to simply emphasize that the
performance is reasonable for this high heat events.

Page 11, line 19

all simulations can capture the T2 diurnal variation in the Red Sea region

Figure 4 shows that all simulations tend to have a larger T2 diurnal oscillation than the ERA5
reanalysis. This could be due to the cities are close enough to the coast that part of the 30-km grid
cell contains moderating ocean temps, or that 30-km. Perhaps compare jobs to ERA5 (not necessarily
to be shown in paper) to inform readers what is happening.

Reply: We agree with the reviewer that the simulations have larger T2 diurnal oscillation than ERA5
and we have rewritten this sentence:

Fig. 4 also shows the diurnal variation of T2 in the Red Sea region, and the diurnal variation will be
further discussed later in this section.

We also agree that because the cities are on the sea we need to account for the land masks when
interpolating. We have updated Fig. 6 with a better accounting for this mask, and the daily max/min
T2 in ERAS now agrees better with the NCDC observations.

Page 12, figure 4
There is a systemic bias in ERA5: it is too cold at 1200 UCTC and too warm at 0000 UTC. Is this a
good choice for validation?

Reply: We agree with the reviewer that ERA5 is colder at 1200 UTC and warmer at 0000 UTC on land
compared with the simulations. The daily max/min T2 in ERA5 agrees better with the NCDC
observations compared to all simulations. Hence we use ERAS5 to validate the T2 fields obtained in the
simulations with the aim being to demonstrate that the coupled model is capable of reasonable
simulations of the coupled ocean-atmosphere system. We have revised our discussion in the
manuscript:

Since ERAS5 air temperatures are in good agreement with the NCDC ground observations in the Red
Sea region (detailed comparison of all stations are not shown), we use ERA5 data to validate the
simulation results....... To validate the coupled ocean-atmosphere model, the mean T2 differences over
the sea in the simulations are compared with the ERA5 data. The mean T2 biases and RMSEs over the
sea are shown in Table 3. The biases of the T2 are comparable with the biases reported in other WRF
simulations for heat events [Imran et al, 2018].



There is little difference between the simulations. Most of the difference is between the simulated
results vs ERAS. This is an indicator that this specific domain and this type of event may not be the
best to showcase the capabilities of a coupled ocean atmosphere model.

Reply: We agree with the reviewer that the differences in the simulations are subtle. Fig. 4 shows our
model simulation does not have much error compared with ERA5 and benchmark WRF simulations
(the bias and RMSE of T2 in the present work are similar to those in the benchmark WRF-ARW
simulations [Xu et al. 2009, Zhang et al. 2013, Imran et al. 2018]). In Fig5, T2 differs very little on
land, but the T2 in the CPL run is about 1.0 degC warmer than the ATM.STA run and has smaller error
than ATM.STA run. This shows the coupled model driven by a warming SST can better capture the
surface T2. We also show that the coupled run can be as good as uncoupled run using an updated
SST. We have revised our manuscript:

It can be seen in the figure that the T2 errors on land are consistent for all three simulations.
However, the T2 over the sea in CPL simulation has smaller mean biases with the validation ERAS data
(10th: -1.24 degC; 24th: -0.81 degC) compared with the ATM.STA run (10th: -1.56 degC; 24th: -1.83
degC)...... The T2 over the water in the CPL run is closer to the ERA5 because MITgcm in the coupled
model provides updated warming SST, which warms the T2; the ATM.STA run uses a constant cooler
SST from June 1st, and thus the T2 is determined by the constant cooler SST. On the other hand,
when comparing the CPL run with the ATM.DYN run, the mean difference is smaller (10th: +0.04
degC; 24th: -0.62 degC). This shows the CPL run is comparable to the ATM.DYN run driven by an
updated warming SST.

Page 12, line 9
the SST in CPL run is tending to be similar to the realistic
This is not a clear way to state this point.

Reply: We agree with the reviewer that our statement is not clear in the old manuscript. We have
removed this sentence in the manuscript.

Page 12, line 13-14

It can be seen that four major heat waves (i.e., June 2nd, 10th, 17th, and 24th) and the T2 variations
during the 30-day simulation are all captured

What is a heatwave event, and what defines captured?

Reply: Since there is no universal definition on the heat waves, we have replaced heat waves using
heat events in the manuscript. We have also revised ‘capture the heat wave events’ by showing the
difference of the maximum daily temperature between difference simulations.

Page 13, figure 5

This is more indication that this domain and case are not well chosen. Even after 23 days of constant
SST, which would produce a poor representation of reality, the patterns displayed show virtually no
difference over the land between CPL, ATM.STA, and ATM.DYN. Even with a bad SST, there is no
discernible impact over land. A case needs to be chosen where a coupled ocean atmosphere model is
relevant: flooding, precipitation, sea breezes, tides, inundation, typhoon cold wakes, steering flows for
larger storms, etc.

Reply: We agree with the reviewer that after 23 days of constant SST, the patterns on land does not
show significant differences. However, the ocean T2 differs by about 1 degC in Fig. 5(IX), showing the
impact of SST. In our paper, we focus on the technical issues and the development of the coupled



model and validate that is performing in a reasonable way. This is why we have chosen to submit this
manuscript to Geoscientific Model Development, which considers the publication of code development
and technical aspects of research.

Page 13, line 4

ERAS uses a lower resolution grid and is unable to capture the T2 in the coastal city

Is this statement associated only with Yanbu, only with coastal cities, only when there is a large
land-water temperature contrast? The authors should be careful about sweeping statements
concerning ERAS.

Reply: The authors thank the reviewer for pointing out this. We agree that our statement concerning
ERAS in this sentence is inaccurate and too general. We have revised our interpolation method near
Yanbu by adding the land-sea mask. We have removed this sentence in the revised manuscript.

Page 13, line 7-8

This may be due to the errors in initial conditions, or WRF physics schemes (e.g., land surface model,
the PBL model) are unable to parameterize this extreme event.

A few lines up was “probably”, now we have “may”. These are model simulations, so you can
determine the cause. If the authors think the difference is due to initial conditions, back up the
starting period by a few weeks. If the authors think the difference is due to physics, then try different
combinations. Is there a specific assumption made in the chosen schemes? State a cause and defend
the statement.

Reply: Yes, we have tried a few different WRF physics options and different combinations (e.g.,
YSU/MYJ/MYNN + Kain-Fritsch/Zhang-McFarline + Noah LSM/Noah-MP LSM/RUC + MM5/MYNN). We
tried different combinations to help us model the diurnal cycle. In our test, only Kain-Fritsch+RUC can
capture the diurnal cycles in the Red Sea region. Other combinations will overestimate the daily max
T2 and underestimate the daily min T2 on land. Since our manuscript focuses on the development of
the model, we have removed the discussion of the errors in the manuscript.

Page 13, line 9-10

In Fig. 6, the CPL run can better reproduce the evolution of the T2 compared to ATM.STA run during
the 30-day simulation:

Yes, CPL is better than ATM.STA, but that is a low bar. It is unphysical to have a constant SST for 30
days. Other than a single mention early in the paper concerning ATM.STA, the comparison should
always be CPL vs ATM.DYN.

Reply: We agree with the reviewer that it is unphysical to have a constant SST for 30 days. But we are
using both ATM.STA and ATM.DYN cases to validate the coupled model, as done in previous studies
[Loglisci et al. 2004, Warner et al. 2010]. However, since the difference is insignificant we have
removed this discussion.

Page 13, line 12-14

We hypothesize that Mecca is much further away from the Red Sea than Yanbu and Jeddah, which
indicates that the influence of air-sea coupling is strong near the coast.

First, Mecca is farther from the sea than the other two cities, that is not a hypothesis. What likely was
intended was a hypothesis about the influence of air-sea coupling. OK, you have a stated conjecture,
now conduct a test to support your position. Do you see diurnally varying on-shore/off-shore winds,
for example? Is that signature missing farther inland? Is there flow that is blocked with a mountain
range? If you remove the mountains, does the impact go further inland, etc.



Reply: The authors thank the reviewer for pointing out this. There is no mountain between Mecca and
the sea. We aim to present the development of the coupled model and we have removed the
discussion of this in our manuscript.

Page 14, figure 6

It is difficult to identify the four heatwave events on the figure. Some background shading might be a
good idea.

Choosing > 41 C in Jeddah seems appropriate, but you need > 45 C for Mecca and Yanbu. A heatwave
event definition is required.

Reply: The authors thank the reviewer for pointing out this. There is no universal definition of heat
wave events. We have replaced ‘heat wave’ using ‘heat events’ in the manuscript.

Is Yanbu too close to the water for the 30-km ERAS reanalysis? How are WRF and ERA5 daily max/min
temperatures selected?

Reply: Yes, the ERAS resolution may not be able to resolve the strong water to desert transition. The
ERAS reanalysis uses a fractional value between 0 and 1 as the land-sea mask. In the old manuscript,
we used bilinear interpolation and under-estimated the daily-high temperature in Yanbu. We now
consider the effect of the land-sea mask and updated our figures. The WRF/ERA5 daily max/min
temperatures are the max/min values every 24 hours. We give the method specifics in the revised
manuscript.

Page 15, figure 7

There is no statistical difference between the full coupled model and the ATM.STA (the experiment
with a bad SST). More indication that this domain and case are insufficient to identify components of a
functioning coupled system.

Reply: The coupled model better forecasts the daily low temperature in Jeddah and Yanbu by about
1.0 and 0.5 degC from day 20 to day 30, and we added the discussion on this. We agree with the
reviewer that showing the mean value does not show any significant improvement and we plotted the
RMSE values instead in this figure. We have added the statistic information in Figure 6.

Page 15, figure 8
For the two top panels, some statistical information would be nice to allow the readers to evaluate the
CPL vs ATM.DYN vs ATM.STA tests.

Reply: We have added the statistical information in Fig. 8. We have also added the information for
other figures.

Page 16, line 3-5

The daily SST fields from CPL run on June 2nd and 24th are shown in Fig. 9(I) and Fig. 9(VI). To
validate the CPL run results, the SST fields obtained in OCN.DYN runs are shown in Fig. 9(II) and
9(VII) and the GHRSST fields are shown in Fig. 9(III) and 9(VIII).

Provide a brief explanation of what time was selected to verify with daily SST. Was the model SST
averaged for a day? If there is no impact, just briefly state that.



Reply: GHRSST uses the nighttime SST and we also use the nighttime SST at 0000 UTC (about 3 A.M
local time) to compare with the GHRSST. The snapshots of the SST obtained in the CPL run are also
compared with the available HYCOM data.

Page 17, figure 10
Looking at the first week: explain (a) mean bias oscillation, and (a) RMS error ramp up.

Reply: We performed new simulations using 3-hourly HYCOM boundary conditions. When using this
3-hourly data the mean bias oscillation is not observed in the first week. The initial SST error is zero
because both simulations are initialized using HYCOM in Fig. 10(a), but the HYCOM dataset is
corrected by observations so that the error increases. We have added the discussion on RMSE increase
in the manuscript.

Page 18, line 11
the air-sea interactions do not significantly impact the solar radiation
This comparison with observations also shows no impact with a coupled model.

Reply: We agree with the reviewer that the impact of the coupled model is small. We have added this
in our manuscript.

Page 18, line 15-16

simulations over-estimated the total downward heat fluxes (CPL: 646 W/m2 ; ATM.STA: 674 W/m?2 ;
ATM.DYN: 663 W/m2 ) for both heat wave events compared with MERRA-2 dataset (495 W/m2)
This shows that the simulations (coupled vs non-coupled) are more similar to each other than to the
verification. For this domain and case, this is more indication that the coupled model is not required.
Or, if the uncoupled models are missing some important air-sea interactions, then the coupled model
is not able to demonstrate the ability to capture those interactions either.

Reply: We have attempted to better highlight differences. We have removed the snapshot
comparisons (previous Fig. 12) and instead to better quantify the heat fluxes we calculate the time
series of the mean deviation and RMSE between the model simulations and MERRA-II.

Page 18, 21-22

the present CPL simulations are capable of well capturing all the components of the surface heat
fluxes during the heat wave events

You just showed that all cases are similar to each other, so all models are capturing components.
While your statement is factually correct, it leads readers to believe that CPL is an improvement.

Reply: We agree with the reviewer that our discussion on the surface heat flux ignored the uncoupled
simulations. We have re-written this in the revised manuscript:

It can be seen in the figure that both the CPL and ATM.STA runs reproduce the mean heat flux over
the Red Sea estimated by MERRA-2.

Page 18, line 28-30

On June 2nd, high-speed wind is observed in the northern and central Red Sea, and the CPL run
successfully captures the small-scale features of wind speed patterns

From figure 14, all three shown tests (CPL, ATM.STA, ATM.DYN) are virtually identical, for both the
June 2 and June 24 cases. This is disingenuous of the authors to imply that only CPL captures the
small-scale features.



Reply: We agree with the reviewer that our discussion on U10 ignored the uncoupled simulations. We
have re-written this in the manuscript:

both the CPL and ATM.STA runs successfully capture the small-scale features of wind speed patterns

Page 18, line 31-32
the SST in the ATM.STA run is lower than the CPL run
Maybe it is more intuitive to say warmer or cooler when referring to temperatures.

Reply: We have replaced ‘lower’ using ‘cooler’ in this sentence. We have also replaced higher/lower
using warmer/cooler when describing SST.

Pagel8, line 34

The CPL run is able to capture

Figure 15 shows for the June 2 case, all tests perform well (since it is close to the SST initialization).
For the June 24 case, the coupled model is similar to the ATM.DYN. This is and should be the
important point that is made.

Reply: We agree with the reviewer that we did not make the important points clear in the discussion
of the evaporation. Because the evaporation is proportional to the latent heat flux, we have moved it
to the appendix. But, we still revised the discussion on the evaporation.

Page 19, figure 11 caption (same with page 20, figure 12 caption)
Only the heat fluxes over the sea is shown
are

Reply: We have fixed this typo.

Page 21, line 1-2

all simulation results are consistent on June 2nd because they are driven by the same initial condition
Not exactly, but after only a single simulated forecast day, the SSTs for all of the tests are similar.

Reply: We agree with the reviewer. We have replaced the old sentence with:

After 48-hours, the simulation results are close with each other (e.g., the RMSE between CPL and
ATM.STA simulation is smaller than 10 cm/year).

Page 21, line 5-6
This is because the CPL run over-estimated the SST than the ATM.DYN run
Missing a word somewhere.

Reply: We replaced the old sentence with ‘This is because the SST in the CPL run is warmer than the
ATM.DYN run’.

Page 22, line 6
runing 6-hour simulations

spelling

Reply: We have now fixed this typo.



Page 22, line 8-9

When using 256 processors, there are 20480 cells (16 latx16 lonx80 vertical levels) in each processor
Most of the grid points for the ocean are masked out, correct? Is this still an accurate statement of the
amount of work on each MPI rank?

Reply: We agree most of the ocean points are masked out. We have rewritten this sentence in the
original manuscript:

When using 256 CPU cores, there are a maximum of 20480 cells (16 lat x 16 lon x 80 vertical levels)
in each core. It is noted that the ocean model only solves the Red Sea (16% of the domain) and most
of the ocean points are masked out in this real-world test.

Page 22, line 9

there are 5120 overlap cells

What is an overlap cell? That term is not used in the atmosphere model. Is an overlap cell used in the
ocean model or the coupler? How does it impact performance?

Reply: The ‘overlap cell’ is not an appropriate expression. We have removed this sentence in our
manuscript and rewritten it:

When using 256 CPU cores, there are a maximum of 20480 cells (16 lat x 16 lon x 80 vertical levels)
in each core. It is noted that the ocean model only solves the Red Sea (16% of the domain) and most
of the ocean points are masked out in this real-world test. From results reported in the literature, the
parallel efficiency of the coupled model is comparable to other ocean-alone or atmosphere-alone
models when having similar number of grid points per CPU core [Marshall 1997, Zhang 2013].

Page 22, line 13-14

It is noted in Fig. 16 that the parallel efficiency fluctuates when using 8 to 32 processors.

When describing the machine, include how many processes are used per node. Only comparisons with
full nodes should be used for a good comprehension of scalability.

Reply: We agree with the reviewer. We performed ‘full node’ test using another cluster (because our
old cluster is down). We have added:

We started using N_pO = 32 because each compute node has 32 CPU cores.

Page 22, line 14-15

This may be because of the fluctuation of the communication time, load imbalance, and I/O
operations.

Here’s that indefinite “may” again. To test I/O: turn off the output and only start timing after the input
is complete. To test load imbalance, choose a domain that is not 84% land, etc. To test fluctuating
communication time, are the timing results reproducible. There is no need to be uncertain.

Reply: We agree with the reviewer. We did perform a cleaner test by turning off the unnecessary I/0.
Nevertheless, the purpose of Section 5 is to show the coupler has good parallel efficiency and does not
slow down the simulation. We have removed the discussion on the fluctuation of the parallel
efficiency.

Page 23, line 4-5



The atmospheric model also uses a smaller time step (30 s) than that of the ocean model (120 s) and
has more complex physics parameterization packages

Within the atmosphere model, you could legitimately compare the complexity of one scheme vs
another, but probably not between the ocean model vs the atmosphere model. The time step
comparison, the relative number of solved grid cells, and the cost per grid cell from ATM.DYN vs
OCN.DYN would be sufficient.

Reply: We have now removed the discussion on the parameterization schemes in our manuscript:

The atmospheric model is much more time-consuming because it solves the entire computational
domain, while the ocean model only solves the Red Sea (16% of the domain). The atmospheric model
also uses a smaller time step (30~s) than that of the ocean model (120~s). If a purely marine region
is selected in an ideal case, the cost of ocean and atmosphere models would be more equal compared
with this Red Sea case.

Page 23, line 9

We hypothesis that the cost of the ESMF/NUOPC coupler is communication cost and it becomes
important as the amount of computation work is reduced with the number of grid cells in these strong
scaling tests.

We hypothesize

This is a poor attempt to describe what is happening with strong scaling. Also, “the cost ... is
communication cost” should be cleaned up.

Reply: We thank the reviewer for pointing out this. We turned off unnecessary I/O in a clean test. The
CPU time spent on the atmosphere model, ocean model, and the coupler are reported in the CPL run.
We have replaced the old sentences with:

The coupling process takes less than 3% of the total costs in the CPL run. Although the proportion of
the coupling process in the total costs will increase when using more CPU cores, the total time spent
on the coupling process is similar. The CPU time spent on two uncoupled runs (i.e., ATM.STA,
OCN.DYN) is also shown in Table. 3. Compared with the uncoupled simulations, the ESMF-MITgcm and
ESMF-WRF interfaces do not increase the CPU time in the coupled simulation. In summary, the
scalability test results suggest that the ESMF/NUOPC coupler is not a bottleneck for using SKRIPS in
coupled regional modeling studies.

Page 24, figure 16 caption
The simulation with the smallest case is regarded as base case when computing the speed-up

What does the smallest case mean? For strong scaling, the cases are the same size.

Reply: We have replaced ‘the smallest case’ using ‘the simulation with 32 CPU cores’.

Page 25, line 6
The development activities has been focused on providing
have

Reply: We have fixed this typo.

Page 25, line 14-15
Improvements of the coupled model over the stand-alone simulation with static SST forcing are
observed in capturing the T2, heat fluxes, evaporation, and wind speed.



This should focus on CPL vs ATM.DYN, not CPL vs ATM.STA. Also, quite a humber of the authors’
validations showed that even CPL vs ATM.STA was reasonable. This points to a problem in the
fundamentals of the setup. If a month-long fixed SST is giving indistinguishable results to the new
coupled model, at best the coupled model is doing no worse than the poorly constructed comparison
case. An appropriate domain and case need to be selected.

Reply: The purpose of this paper is to present the coupled modeling system and not to answer
scientific questions on the impact of coupling. We have removed the discussion on the improvement of
the coupled model in the conclusion.

Page 25, line 17-18

The coupled model scales linearly for up to 128 CPUs and the parallel efficiency remains about 70%
for 256 processors.

This is a meaningless statement without a total nhumber of horizontal grid points included, without the
relative number of ocean vs atmosphere grid cells, without the cost per grid cell in each model, etc.

Reply: We thank the reviewer for pointing out this. We have rewritten this sentence:

The parallel efficiency of the coupled model is consistent with that of the stand-alone ocean and
atmosphere models when using various numbers of CPU cores in the test.

Page 25, line 19-20

Hence the coupled model can be applied for high-resolution coupled regional modeling studies on
massively parallel processing supercomputers.

High-resolution has nothing to do with the number of grid cells. Arguably, 9 km is not actually
high-resolution.

No one will associate 256 MPI processes with massively parallel.

Reply: We agree with the reviewer that high-resolution and massively parallel are not used
appropriately in the conclusion. We have removed ‘high-resolution” and ‘massively parallel’ in the
conclusion section and rewritten this sentence:

The CPU time associated with different parts of the coupled simulations is also presented, suggesting
the ESMF/NUOPC driver is not the bottleneck of the computation. Hence the coupled model can be
implemented for coupled regional modeling studies on supercomputers with comparable performance
as that attained by uncoupled stand-alone models.

Page 25, line 22-23

These preliminary results motivate further studies in evaluating and improving this new regional
coupled ocean-atmosphere model for investigating dynamical processes and forecasting applications in
regions around the globe where ocean-atmosphere coupling is important.

That is what *this* paper should be about. There is no way to evaluate this new coupled model if the
model is not used over a domain and for a case that would require coupled ocean and atmosphere
capabilities.

Reply: We agree with the reviewer that the heat events do not show the strong capability of a coupled
model. However, our aim of this paper is to detail the development of this coupled model and validate
the performance. Investigating dynamical processes is outside the scope of this manuscript. We have
re-written the abstract and introduction of the manuscript to emphasize our motivation and goal
further and make it clear that our objective is not to test the forecast skill of the model in this work,



but instead to present this new coupling model resource. We are doing follow-on work to test the
model skill in various regions and scenarios. This is also why we submit this manuscript to
Geoscientific Model Development, which considers the publication of code development and technical
aspects.

Reviewer 2:

The authors of the manuscript coupled an atmospheric model with an oceanic model using ESMF
infrastructure. They evaluate the model performance during June 2012, which contained three heat
waves over the Arabian Peninsula and the Red Sea. The model simulation lasted one month. The skill
was better during the earlier simulation timeframe.

Major comments

The paper still needs focusing. I am still struggling to see the main point of the paper: was it a
technical challenge that had to be overcome, or was it a science question that could finally be
answered with the coupled system? Is the system designed for seasonal prediction, hence a 30-day
run? If it is focused on the heat waves, why is the bulk of evaluation over the Red Sea? When
resolving a phenomenon that goes through a diurnal cycle, such as air temperature at 2 meter height,
isn’t it imperative that the boundary conditions can resolve the diurnal cycle? Obtaining daily HYCOM
values completely misses the diurnal variability, and SST change can be up to a few degrees Celsius,
affecting surface heat fluxes.

Reply: We aim to describe the development of coupled code and use an example case to show the
coupled system works. We are introducing a new resource, and we are not trying to answer a specific
science question in this paper. We have added a discussion on the aim of this paper in the abstract
and the introduction. We aim to validate the coupled ocean-atmosphere model and we demonstrated
the capability of this model by showing the surface temperature, SST, heat flux, and wind speed are
captured over the ocean compared with validation data. We now present the repository where one
may download this resource in the introduction.

We agree that using a 3-hourly boundary condition will better resolve the diurnal cycle. We have
replaced the daily boundary condition with 3-hourly values to capture the diurnal SST cycle of HYCOM
in the region influenced by this boundary condition.

Please re-read the manuscript carefully before submitting it. The second version still contains typos.
Reply: Thanks. We have gone through the manuscript carefully this time and fixed the typos.

Minor comments
P1112: I am not sure if the coupled system has good skill. Some errors are quite big.

Reply: We aim to describe the development of coupled code and use an example case to show the
coupled system works. We agree with the reviewer that the presented test does not show the coupled
model has better skill than uncoupled simulations. We have revised our manuscript to reflect this.

We also agree that some errors in the heat fluxes at daytime are quite large at a few snapshots. But
(1) the time-averaged error is much smaller, and (2) our model error is comparable with the errors
reported in the literature by using different WRF radiation schemes (Zempila et al. 2016). We also



tried different radiation schemes and our conclusions are consistent with the literature. We now plot
the time-series of the heat fluxes and have moved the snapshot evaluations to the appendix.

P7 112: The sequential mode might be simpler to start, but the overall performance of the system in
your case will suffer - the ocean component has fewer active (water) points on which the computation
is performed, thus affecting load balancing. If discussing scalability of the system, this is not the best
choice.

Reply: We have now implemented both concurrent and sequential modes. We agree that the
sequential mode suffers and slows down the parallel efficiency. We have revised our manuscript:

The ESMF allows the PETs to run in sequential mode, concurrent mode, or mixed mode (for more than
three components). We implemented both the sequential and concurrent mode in SKRIPS, shown in
Fig. 2(b). In sequential mode, a set of ESMF gridded/coupler components run in sequence on the
same set of PETs. At each coupling time step, the oceanic component is executed when the
atmosphere component is completed or vice versa. On the other hand, in concurrent mode, the
gridded components are created and run on mutually exclusive sets of PETs.

P8 116: If I understand correctly MITgcm also runs on 256x256 grid, of which a large portion are idle
(land points)?

Reply: Yes. A large portion of the MITgcm ocean model is idle.

PO 19: The link to HYCOM data is incorrect - it should read ‘/dataserver/’.

Reply: We have now fixed this typo.

P10 Tablel: The typo has not been corrected; it still reads ATM.STA instead of ATM.DYN.

Reply: We have now fixed this typo.

P11 17: For clarity: ‘from the model experiments’, probably better than ‘from various experiments’.
Reply: We have replaced the original manuscript using ‘from the model experiments.

P11 110: I am not convinced ERAS5 air temperature is in good agreement with NCDC ground
observations. Figure 6 indicates discrepancies up to 10 degrees Celsius!

Reply: We thank the reviewer for pointing out this. The difference is 10 degrees because we did not
consider the land-sea mask when interpolating the ERA5S air temperature. We have considered the
land-sea mask and re-done the interpolations in the revised manuscript.

P11 115: Why are T2 differences discussed for hours 36 and 48?

Reply: First, the extreme heat event in Mecca is observed on June 2nd, which is 36 hours after the
initialization. The T2 after 48 hours are presented to show the diurnal variation of T2 in the Red Sea.
In addition, we present the T2 differences after 36 and 48 hours to show the coupled model is
consistent with the uncoupled models when the SST are close in the simulations. We have added the
discussion in Section 4.1.



P12 Figure 4: The model is too hot over land at daytime (36 hours) and too cold almost everywhere at
night (48 hours). The temperature differences are significant!

Reply: We agree that the temperature differs by a few degrees in our simulations. We tried different
combinations of WRF schemes and other combinations have much larger errors in T2 compared with
the present combinations. We focused on validating the coupled model with respect to the uncoupled
atmospheric run give prescribed SST, and we now emphasize this in our manuscript.

P12 I5: The CPL run results are closer to the ERA5 dataset where? Over land, over water?
Reply: The CPL run results are closer to ERA5 over water. We have revised this in the manuscript.

P12 18: If SST fields from CPL and ATM.DYN are similar, it does not mean ‘SST in CPL run is tending to
be more similar to the realistic’. Please reword.

Reply: We have removed this sentence.

P12 113: NCDC has already been defined.
Reply: We have removed the redefinition of NCDC.

P12 116: Ground observations and ERAS are not in good agreement according to Figure 6.

Reply: The difference is because we did not consider the land-sea mask when interpolating the ERAS
air temperature. We now consider the land-sea mask and have re-done the interpolations. Now the
NCDC observation and ERA5 are consistent.

P13 Figure 5: The surface air temperature is persists to be too warm over land at daytime seen at
t=9.5 days and t=23.5 days). Care to comment?

Reply: We agree that the temperature differs by a few degrees in our simulations. We hypothesize this
is because WRF land surface schemes do not capture T2 in the desserts in the simulations, but we
need detailed numerical tests to defend our claims. Since our aim of this paper is to show the
technical development of a new coupled model, we did not investigate the T2 bias on land.

P13 I3: What is RMSE difference?
Reply: Yes, it is RMSE, not RMSE difference. We have removed the ‘difference’ in the manuscript.

P13 15: Are you implying that the simulation was not capable of capturing the June 2nd event was not
captured in Mecca? I do not understand the meaning of the sentence.

Reply: We want to say the daily maximum T2 is not captured well by the models in Mecca, but it is
captured in Jeddah and Yanbu. We have replaced the old sentence:

It should be mentioned that both the present simulations and ERA5 reported a T2 that is 2.8 degC
cooler than the observed record-high T2 in Mecca on June 2nd. This under-estimation is comparable
with the RMSE of the daily high T2 in Mecca (2.25 degC in CPL run).

P13 17: If initial conditions were at fault, the first day maxima would not be captured. Why is the WRF
physics scheme in error - it worked on day 1.



Reply: We agree with the reviewer that it is not because of the initial condition. We have removed it in
our manuscript.

P13 18: Physics schemes do not parameterize extreme events. They parameterize physical processes
that can not be explicitly resolved in a numerical model.

Reply: We agree with the reviewer. We hypothesize that the physical parameterization schemes used
are problematic for extreme events. However, since this paper focuses on the development of the
coupled model, we did not check the detailed implementation of the WRF schemes. We have removed
this sentence in our manuscript.

P13 110: .."T2 compare’... should read ‘T2 compared’.

Reply: We have now fixed this typo.

P14 Figure 6: Can you mark the heat event episodes with light gray background?
Reply: We have highlighted the events that we looked at in Fig. 6.

P14 Figure 6: The discrepancy between ERA5 and observed maxima and minima is troublesome if
ERAS is used to evaluate the model results.

Reply: The difference is because we did not consider the land-sea mask when interpolating the ERAS
air temperature. We now consider the land-sea mask and have re-done the interpolations. After the
land-sea mask is considered, the NCDC observation and ERA5 are consistent.

P15 Figure 8: ‘air temperature’ should read ‘air temperature over the Red Sea’. I do not understand
why only over water.

Reply: We have replaced ‘air temperature’ using ‘air temperature over the Red Sea’ in the caption. We
don’t use the land surface temperature because we want to investigate the performance of the
coupled ocean-atmosphere model.

P15 Figure 8: Can you comment on the bias and rmse time drift of the ATM.STA results?
Reply: Yes. We have added:

The bias and RMSE of T2 in the present work are similar to those in the benchmark WRF-ARW
simulations [xu et al. 2009, zhang et al. 2013]. The differences of the mean bias and RMSE between
the simulations and ERA5 data are also plotted to demonstrate the evolution of the CPL errors
compared with ATM.STA and ATM.DYN runs. It can be seen that the CPL run has smaller bias and
RMSE than the ATM.STA run throughout the entire simulation.

P16 16: It appears that the model captures the general meridional SST gradient in the Red Sea. But
the actual temperature differences are quite large (Figure 9).

Reply: We have re-done the simulations and used 3-hourly HYCOM data as the boundary condition.
The actual temperature difference is much smaller when using 3-hourly data.



P16 114: I am afraid that daily data is not frequent enough to study diurnal phenomena. I am not
familiar with HYCOM data on the aforementioned server, but I would be surprised if a global ocean
model provides fields only once a day.

Reply: We now run the simulations using 3-hourly HYCOM data. The coupled model can capture the
diurnal cycle better when driven by the 3-hourly boundary condition.

P17 15: ‘This is because the HYCOM data is cooler than GHRSST'. Have you considered the difference
in HYCOM bulk SST at the topmost model level, and the actual skin SST measured by satellites,
reported by GHRSST? Also, the temperatures might be lower, but they don’t make the data cooler.

Reply: We have clarified this statement in our manuscript.

This is because our models are initialized by using HYCOM/NCODA, and the temperature in the
topmost model level is cooler than the estimated foundation SST reported by GHRSST.

P17 111: Why are surface heat fluxes evaluated only over the Red Sea?

Reply: We focus on the Red Sea because we are validating our coupled model. We have added the
explanation of this in the manuscript.

P18 13: CPL and ATM.DYN runs exhibit more latent heat fluxes coming out of the ocean. Why? And
reword please.

Reply: We have revised this paragraph by discussing the time series of the latent heat fluxes. The
previously discussed snapshots may not be adequate to describe the capability of the coupled model.
When comparing the hourly latent heat fluxes, the simulations do not have significantly more latent
heat flux compared with the MERRA-II data.

P18 16: Latent heat, or latent heat fluxes (three times).
Reply: We have now fixed the typos.
P18 I18: Why is latent heat flux adequate close to the coastline?

Reply: We have revised this. The MERRA-2 data have coarsened resolution and coastal region is
‘contaminated’ by the land points [Kara et al. 2008, Gelaro et al. 2017]. We have ignored the partial
land points in the interpolation and re-calculated the heat fluxes.

P18 110: I am not convinced the short and longwave radiation fluxes are captured reasonably well.
According to Figure 12, the differences are almost up to 30% of the total forcing.

P18 115: Yes, the differences are almost 200 W/m2!

P18 117: Points with discrepancies can be masked out to help with the evaluation.

P18 121: I do not agree with the conclusion that ‘overall the CPL simulations are capable of well
capturing all the components of the surface heat fluxes’.

Reply: We have removed Fig. 12 from the new manuscript. We agree with the reviewer and have
concluded that a snapshot example is inadequate to show the difference of the heat fluxes. Instead,
we now calculate the time series of the surface heat flux and show the mean deviation and RMSE
between the coupled model and MERRA-II. The RMSE is 105 Wm-2 and higher if one only considers



daytime. We compare our heat flux simulation with the literature [Zempila et al. 2018, Imran et al.
2018]; the uncertainty in the hourly flux can be 50% to 100% for a few widely used WRF schemes.
We have also revised our manuscript.

P18 124: How is latent heat flux different from evaporation?

Reply: We agree that the evaporation is a function of the latent heat flux in the coupled model. Hence,
we have moved the evaporation part to the appendix.

P18 124: Surface winds are winds at 10 meters? Are there any wind observations in the NCDC data?
Why not compare sea level pressure? If the pressure field is not correct, that could explain the
discrepancy in winds.

Reply: Yes, surface winds are winds at 10 meters and we now mention this in the revised manuscript.
Unfortunately, the U10 data is not available from the NCDC data. Yes, we agree that presenting the
sea level pressure is also helpful for investigating the difference in surface wind fields. However, here
we solely present U10 to illustrate that the coupled model is capable of simulating the surface
momentum transfer. We have added this in our revised manuscript.

P18 132: Please reword: ‘is small than’.
Reply: We have now fixed this typo.
P21 I5: Please reword: ‘This is because the CPL run over-estimated the SST than the ATM.DYN run’.

Reply: We revised that sentence with ‘This is because the SST in CPL run is warmer than that in the
ATM.DYN run’.

P21 17: Did the model create any precipitation? If there is none observed is not a sufficient reason not
to include it in the discussion.

Reply: The model observed precipitation in the southern Red Sea and the Ethiopian Highlands. But the
precipitation is not observed in the three major cities. We agree with the reviewer and we have
removed the discussion on the precipitation.

P22 19: What are overlap cells? Why does it matter they are 25% of the total cells?

Reply: Section 5 aims to show the coupler is not the bottleneck. Hence, we have removed the
discussion of ‘overlap cells” and rewritten this paragraph:

When using 256 CPU cores, there are 20480 cells (16 lat x 16 lon x 80 vertical levels) in each core.
From results reported in the literature, the parallel efficiency of the coupled model is comparable to
other ocean-alone or atmosphere-alone models when having similar number of grid points per CPU
core [Marshall et al. 1997, Zhang et al. 2013].

P22 114: Fluctuations in computational time might be resolved by performing a few runs and averaging
the execution times. I am still convinced that idle ocean points when using many cores are seriously
affecting load balancing and thus overall performance when using the system sequentially.



Reply: Yes, we agree with the reviewer that the fluctuation of the execution times may be due to the
idle ocean points. However, Section 5 aims to show the coupled code has good scalability and the
coupler does not slow down the simulation. Hence, we have revised our manuscript and removed the
discussion on the fluctuation of CPU time.

P23 19: ‘We hypothesize’ not ‘we hypothesis’.
Reply: We have now fixed this typo.

P23 111: Your results suggest that using more cores increases the cost of coupling. That is worrysome.
Is there an upper limit to this cost?

Reply: Yes, we performed clean tests on another cluster (Shaheen-II in KAUST) and turned off
unnecessary I/O. Our old COMPAS cluster is down and we cannot use it. We found that the cost of the
coupling will increase only by 3% and the total time spent on the coupler does not increase. We have
updated our manuscript.

P24 Table 3: For a clean evaluation of ESMF cost, switch off I/O, because it is handled by each
component. Also, use the built-in ESMF Clock, which will tell you exactly where time is being spent.

Reply: We have performed a clean evaluation of ESMF cost by turning off unnecessary I/O. We have
updated our results in Section 5 and we have shown that the coupled code does not slow down the
ocean and atmosphere simulations.
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Abstract. A new regional coupled ocean—atmosphere model is developed to-study-air—seafeedbaeksand its implementation
is presented in this paper. The coupled model is based on two open-source community model components: (1) MITgcm
ocean model; (2) Weather Research and Forecasting (WRF) atmosphere model. The coupling between these components is
performed using ESMF (Earth System Modeling Framework) and implemented according to National United Operational
Prediction Capability (NUOPC) eensertiumprotocols. The coupled model is named the Scripps—KAUST Regional Integrated
Prediction System (SKRIPS). The SKRIPS allows-affordableregional-simulation-of-eceanie- mixed-layer-heat-and-momentum

example —ttsimulated-by simulating a 30-day period including a series of heat-wave-events-that-occurred-extreme heat events
occurring on the eastern shore of the Red Sea region in June 2012. The results obtained by using the coupled model, along
with those in forced uneoupled-ocean-or-atmosphere-model-stand-alone oceanic or atmospheric simulations, are compared
of performing coupled ocean—atmosphere simulation, although all configurations of coupled and uncoupled models have good

skill in modeling variables-of-interest-in-theregion—The-coupled-medel-shows-improved-s A-temperatare—and alation

evaluation-metries—the heat events. In addition, a scalability test is performed to investigate the parallelization of the coupled
model. The results indicate that the ESME/NUGOPCnterfacecoupled model code scales well and the ESMF/NUOPC coupler
accounts for less than +05% of the total computational resources used-in-the-simulationin the Red Sea test case. The coupled
model, documentation, and tutorial cases used in this work are available at https://library.ucsd.edu/dc/collection/bb1847661c,

and the source code is maintained at https://github.com/iurnus/scripps_kaust_model.
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1 Introduction

Accurate and efficient forecasting of oceanic and atmospheric circulation is essential for a wide variety of high-impact societal
needs, including extreme weather and climate events (Kharin and Zwiers, 2000; Chen et al., 2007), environmental protection
and coastal management (Warner et al., 2010), management of fisheries (Roessig et al., 2004), marine conservation (Harley
et al., 2006), water resources (Fowler and Ekstrom, 2009), and renewable energy (Barbariol et al., 2013). Effective forecasting
relies on high model fidelity and accurate initialization of the models with the observed state of the coupled ocean—atmosphere
system. Although global coupled models are now being implemented with increased resolution, higher-resolution regional
coupled models, if properly driven by the boundary conditions, can provide an affordable way to study air—sea feedback for
frontal-scale processes.

A number of regional coupled ocean—atmosphere models have been developed for various goals in the past decades. An
early example of building a regional coupled model for realistic simulations focused on accurate weather forecasting in the
Baltic Sea (Gustafsson et al., 1998; Hagedorn et al., 2000; Doscher et al., 2002), and suggested-showed that the coupled
model improved the SST (Sea Surface Temperature) and atmospheric circulation forecast. Enhanced numerical stability in the
coupled simulation was also observed. These early attempts were followed by other practitioners in ocean-basin-scale climate
simulations (e.g. Huang et al., 2004; Aldrian et al., 2005; Xie et al., 2007; Seo et al., 2007; Somot et al., 2008; Fang et al., 2010;
Boé et al., 2011; Zou and Zhou, 2012; Gualdi et al., 2013; Van Pham et al., 2014; Chen and Curcic, 2016; Seo, 2017). For
example, Huang et al. (2004) implemented a regional coupled model to study three major important patterns contributing to
the variability and predictability of the Atlantic climate. The study suggested that these patterns originate from air—sea coupling
within the Atlantic Ocean or by the oceanic responses to atmospheric internal forcing. Seo et al. (2007) studied the nature of
ocean—atmosphere feedbacks in the presence of oceanic mesoscale eddy fields in the eastern Pacific Ocean sector. The evolving
SST fronts were shown to drive an unambiguous response of the atmospheric boundary layer in the coupled model, and lead
to model anomalies of wind stress curl, wind stress divergence, surface heat flux, and precipitation that resemble observations.
This study helped substantiate the importance of ocean—atmosphere feedbacks involving oceanic mesoscale variability features.

In addition to basin-scale climate simulations, regional coupled models are also used to study weather extremes. For exam-
ple, the COAMPS (Coupled Ocean/Atmosphere Mesoscale Prediction System) was applied to investigate idealized tropical
cyclone events (Hodur, 1997). This work was then followed by other realistic extreme weather studies. For-example—Another
example is the investigation of extreme bora wind events in the Adriatic Sea were-investigated-using different regional coupled
models (Loglisci et al., 2004; Pullen et al., 2006; Ricchi et al., 2016). The coupled simulation results demonstrated improve-
ments in describing the air—sea interaction processes by taking into account ocean surface heat fluxes and wind-driven ocean
surface wave effects (Loglisci et al., 2004; Ricchi et al., 2016). It was also found in model simulations that SST after bora
wind events had a stabilizing effect on the atmosphere, reducing the atmospheric boundary layer mixing and yielding stronger
near-surface wind (Pullen et al., 2006). Regional coupled models were also used for impreving-studying the forecasts of the

hurricane-pathand-intensity,predicting-hurricanes, including hurricane path, hurricane intensity, SST variation, and fereeasting
wind-speedswind speed (Bender and Ginis, 2000; Chen et al., 2007; Warner et al., 2010).
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Regional coupled modeling systems also play important roles in studying the effect of surface variables (e.g., surface evap-
oration, precipitation, surface roughness) in the coupling processes of ecean-oceans or lakes. One example is the study con-
ducted by Powers and Stoelinga (2000), who developed a coupled model and investigated the atmospheric frontal passages
over the Lake Erie region. Sensitivity analysis was performed to demonstrate that taking into account lake surface roughness
parameterization in the atmosphere model can improve the calculation of wind stress and heat flux. Another example is the
investigation by Turuncoglu et al. (2013), who compared a regional coupled model with uncoupled models and demonstrated
the improvement of the coupled model in capturing the response of Caspian Sea levels to climate variability.

In the past ten years, many regional coupled models have been developed using modern model toolkits (Zou and Zhou, 2012;
Turuncoglu et al., 2013; Turuncoglu, 2019) and include waves (Warner et al., 2010; Chen and Curcic, 2016), sediment trans-
port (Warner et al., 2010), sea ice (Van Pham et al., 2014), and chemistry packages (He et al., 2015). However, it is still desirable
and useful to develop a new coupled regional ocean—atmosphere model implemented using an efficient coupling framework
and with state estimation capabilities. The goal of this work is to (1) introduce the design of a newly developed regional
coupled ocean—atmosphere modeling system, (2) describe the implementation of the modern coupling framework, (3) present
preliminary-simulation-results-in-the-Red-Sea-regionvalidate the coupled model using a real-world example, and (4) demon-
strate and discuss the parallelization of the coupled model. In the coupled system, the oceanic model component is the MIT
general circulation model (MITgcm) (Marshall et al., 1997) and the atmospheric model component is the Weather Research
and Forecasting (WRF) model (Skamarock et al., 2005). To couple the model components in the present work, the Earth Sys-
tem Modeling Framework (ESMF) (Hill et al., 2004) is used because of its advantages in conservative re-gridding capability,

calendar management, logging and error handling, and parallel communications. The National United Operational Prediction

Capability (NUOPC) layer in ESMF (Sitz et al., 2017) is also used (Sitzetal;2047)—The-additional NUOPCwrapperdayer

attons-between model components and ESMF., Using the NUOPC
layer can simplify the implementation of component synchronization, execution, and other common tasks in the coupling. The

innovations in our work are: (1) we use ESMF/NUOPC, which is a community supported computationally efficient coupling
software for earth system models, and (2) we used-use MITgcm together with WRE. The resulting coupled model is being de-
veloped as a coupled forecasting tool for coupled data assimilation and subseasonal to seasonal (S2S) forecasting. By coupling
WRF and MITgcm for the first time with ESMF, we can provide an alternative regional coupled model resource to a wider
community of users. These atmospheric and oceanic model components have an active and well-supported user-base.

After testing-of-implementing the new coupled model, we demonstrate it on a series of heat wave-events that occurred on the
eastern shore of the Red Sea region in June 2012. The simulated surface variables of the Red Sea (e.g., sea surface temperature,
2-m temperature, and surface heat fluxes) are examined and validated against available observational data and reanalysis
products. To assess-the-improvements-gained-from-the-coupled-simulationdemonstrate the coupled model can perform coupled
ocean—atmosphere simulations, the results are compared with those obtained using stand-alone oceanic or atmospheric models.
This wWWWMm not a full investigation of the importance of coupling for these

extreme events;—wh

s. In addition, a scalability

test of the coupled model is performed to investigate its parallel capability.
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The rest of this paper is organized as follows. The description of the individual modeling components and the design of the

coupled modeling system are detailed in Section 2. Section 3 introduces the experimental-desien-validation-dataand-analysis

methodelogydesign of validation experiment and the validation data. Section 4 discusses the results-obtained-from-the-coupled
medelpreliminary results in the validation test. Section 5 details the parallelization test of the coupled model. The last section

concludes the paper and presents an outlook for future work.

2 Model Description

The newly developed regional coupled modeling system is introduced in this section. The general design of the coupled model,

descriptions of individual components, and ESMF/NUOPC coupling framework are presented below.
2.1 General design

The schematic description of the coupled model is shown in Fig. 1€a). The coupled model is comprised of five components:
oceanic component MITgcm, atmospheric component WRFE, MITgecm—-ESMF interface, WRF-ESMF interface, and ESMF
ANPJOPE-coupler. They are to be detailed in the following sections.

The coupler component runs in both directions: (1) from WRF to MITgcm, and (2) from MITgcm to WRE. From WREF to
MITgcm, the coupler collects the surface atmospheric variables (i.e., selarradiationradiative flux, turbulent heat flux, wind
velocity, precipitation, evaporation) from WREF and updates the surface forcing variables-(net-(i.e., net surface heat flux, wind
stress, freshwater flux) to drive MITgcm. From MITgem to WRE, the coupler collects ocean surface variables (i.e., SST and

ocean surface velocityfrom-the MITgem-and-uses-them-as-the surface-boundary-conditionin-WRE) from MITgcm and updates
them in WREF as the bottom boundary condition. Re-gridding the data from either model component will-be-is performed by

the coupler, in which various coupling intervals and schemes can be specified by the-ESMF (Hill et al., 2004).

2.2 MITgem Ocean Model

The MITgem (Marshall et al., 1997) is a 3-D, finite-volume, general circulation model used by a broad community of re-
searchers for a wide range of applications at various spatial and temporal scales. The model code and documentation, which
are under continuous development, are available on the MITgem webpage http://mitgcm.org/. The ‘Checkpoint 66h’ (June

2017) version of MITgcm is used in the present work.


http://mitgcm.org/
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Figure 1. The schematic description of the coupled ocean—atmosphere model. The white blocks are the oceanic and atmospheric components;
the red blocks are the implemented MITgcm-ESMF and WRF-ESMF interfaces; the yellow block is the ESMF/NUOPC coupler. From

WREF to MITgcm, the coupler collects the surface atmospheric variables (i.e., radiative flux, turbulent heat flux, wind velocity, precipitation,

evaporation) and updates the surface forcing (i.e., net surface heat flux, wind stress, freshwater flux) to drive MITgcm. From MITgcm to

WRE, the coupler collects ocean surface variables (i.e., SST and ocean surface velocity) and updates them in WRF as the bottom boundar

The MITgcm is designed to run on high-performance computing (HPC) platforms and can run in non-hydrostatic and
hydrostatic modes. It integrates the primitive (Navier-Stokes) equations, under the Boussinesq approximation, using finite
volume method on a staggered ‘Arakawa C-grid’. The MITgcm uses modern physical parameterization schemes for subgrid-
scale horizontal and vertical mixing and tracer properties. The code configuration includes build-time C pre-processor (CPP)
options and run-time switches, which allow for great computational modularity in MITgem to study a variety of oceanic
phenomena (Evangelinos and Hill, 2007).

To implement the MITgcm-ESMF interface, we separated-separate the MITgcm main program into three subroutines that
handle initialization, running, and finalization, shown in Fig. 2(a). These subroutines are used by the ESMF/NUOPC cou-

pler that controls the oceanic component in the coupled run. The surface boundary fields on the ocean surface is-are ex-
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changed online! via the MITgcm-ESMF interface during the simulation. The MITgcm SST-and-ocean-surface-veloeity-ocean
surface variables are the export boundary fields, and the atmospheric surface foreing-variables are the import boundary fields
(see Fig. 2(b)). These boundary fields are registered in the coupler following NUOPC consertinmand-timestampsprotocols
and timestamps® are added to them for the coupling. In addition, MITgem grid information is also provided to the coupler
in the initialization subroutine for online re-gridding of the exchanged boundary fields. To carry out the high-reselution
stmulation—coupled simulation on HPC clusters, the MITgecm—ESMF interface runs in parallel via MPI communications.
The implementations-implementation of the present MITgcm-ESMF interface are-is based on the baseline MITgcm-ESMF
eouplerinterface (Hill, 2005), but we-updated-it-to-couple-updated for compatibility with the modern version of ESMF/NUOPCwith
MiTgem. We also modified-the-baseline-coupler-modify the baseline interface to receive atmosphere surface fluxes and send
ocean surface variables(i—e--SSTand-oceansurface-veloeity)—,

(a) Code configuration (b) Sequential mode
PETs OCN ATM CON OCN ATM CON OCN ATM CON
ESMF/NUOPC driver

call initialize I . call run l Eallfinalize

1 1 1
v A ,
initialize C run ) (finalize ) .

parent gridded component "coupledModel” Time Step: Step 1 Step 2 Step 3 Step 4

call initialize | call run [ call finalize Wall Time: | —b> > — ol e >l =D

T T L OCN ATM OCN ATM OCN ATM OCN ATM

mhbb b g (©) Concurrent mode

chikd gridded component "oceanModel" PETS OCN CON OCN CON OCN CON

inltglizl) (vruln D) (firgi]lg)

|chi|d bridded comgjonent "atmosphpreModel”
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initialize) C run ) (finalize ) 5 =
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Time Step: Step(;-CN Wait Step (%CN Wait Step %CN Wait Ste%éN
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Wall Time: | ——= b= "0 | == -T2 g ——= oo T8 ==
ATM ATM ATM ATM

Figure 2. The general code structure and run sequence of the coupled ocean—atmosphere model. In panel (a), the black block is the application

driver; the red block is the parent gridded component called by the application driver; the green/brown blocks are the child gridded/coupler

components called by the parent gridded component. Panel (b) and (c) shows the sequential and concurrent mode implemented in SKRIPS,

respectively. PETs (Persistent Execution Threads) are single processing units (e.g., CPU or GPU cores) defined by ESMF. OCN, ATM, and

CON denote oceanic component, atmospheric component and connector component, respectively. The blocks under PETSs are the CPU cores

in the simulation; the small blocks under OCN or ATM are the small sub-domains in each core; the block under CON is the coupler. The red

arrows indicate the model components are sending data to the connector and the yellow arrows indicate the model components are readin

data from the connector. The horizontal arrows indicate the time axis of each component and the ticks on the time axis indicate the couplin
time step.

In this manuscript, ‘online’ means the manipulations are performed via subroutine calls during the execution of the simulations; ‘offline’ means the

manipulations are performed when the simulations are not executing.
2In ESMF, ‘timestamp’ is a sequence of numbernumbers, usually based on the time, to identify the- ESMF fields. Only the ESMF fields having the correct

timestamp will be transferred in the coupling.
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2.3 WRF Atmospheric Model

The Weather Research and Forecasting (WRF) Model (Skamarock et al., 2005) is developed by NCAR/MMM (Mesoscale and
Microscale Meteorology Division). It is a 3-D, finite-difference atmospheric model with a variety of physical parameterizations
of sub-grid scale processes for predicting a broad spectrum of applications. WRF is used extensively for operational forecasts
(http://www.wrf-model.org/plots/wrfrealtime.php) as well as realistic and idealized dynamical studies. The WRF code and
documentation are under continuous development on Github (https://github.com/wrf-model/WRF).

In the present work, the Advanced Research WRF dynamic version (WRF-ARW, version 3.9.1.1, https://github.com/NCAR/
WRFV3/releases/tag/V3.9.1.1) is used. It solves the compressible Euler non-hydrostatic equations, and also includes a run-time
hydrostatic option. The WRF-ARW uses a terrain-following hydrostatic pressure coordinate system in the vertical direction and
utilizes the ‘Arakawa C-grid’. WRF incorporates various physical processes including microphysics, camulus parameterization,
planetary boundary layer, surface layer, land surface, and longwaveand-/shortwave radiations, with several options available
for each process.

Similar with-the-implementations—to the implementation in MITgcm, WREF is also separated into initialization, run, and
finalization subroutines to enable the WRF-ESMF interface to control the atmosphere model during the coupled simulation,
shown in Fig. 2(a). The implementation of the present WRF-ESMF interface is based on the prototype interface (Henderson
and Michalakes, 2005). In the present work, the prototype WRF-ESMF interface is updated to a-medera-version-modern
versions of WRF-ARW and a-medern-version-of ESMF, based on the NUOPC layer. This prototype interface is also expanded
to interact with the ESMF/NUOPC coupler to receive the ocean surface variables and send the atmosphere surface fluxes. The
surface boundary condition fields are registered in the coupler following the NUOPC eonsertium-protocols with timestamps.
The WRF grid information is also provided for online re-gridding by ESMF. To carry out the high-reselution—simulation
coupled simulation on HPC clusters, the WRF-ESMF interface also runs in parallel via MPI communications.

2.4 ESMF/NUOPC Coupler

The coupler is implemented using ESMF version 7.0.0. The ESMF is selected because of its high-performance and flexibility
for building and coupling weather, climate, and related Earth science applications (Collins et al., 2005; Turuncoglu et al.,
2013; Chen and Curcic, 2016; Turuncoglu and Sannino, 2017). It has a superstructure for representing the model and coupler
components and an infrastructure of commonly used utilities, including conservative grid remapping, time management, error
handling, and data communications.

The general code structure of the coupler is shown in Fig. 2. To build the ESMF/NUOPC driver, a main program is imple-
mented to control an ESMF parent component, which controls the child components. In the present work, three child compo-
nents are implemented: (1) the oceanic component; (2) the atmospheric component; and (3) the ESMF coupler. The coupler is
used here because it performs the two-way interpolation and data transfer (Hill et al., 2004). In ESMF, the model components

can be run in parallel as a group of Persistent Execution Threads (PETs), which are single processing units (i-e-€PY;-GPYe.g.,


http://www.wrf-model.org/plots/wrfrealtime.php
https://github.com/wrf-model/WRF
https://github.com/NCAR/WRFV3/releases/tag/V3.9.1.1
https://github.com/NCAR/WRFV3/releases/tag/V3.9.1.1
https://github.com/NCAR/WRFV3/releases/tag/V3.9.1.1
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CPU or GPU cores) defined by ESMF. In the present work, the PETs are created according to the grid decomposition, and each

PET is associated with an MPI processranning-on-a-separate-processor.
The ESMF atse-allows the PETs running-{o run in sequential mode, concurrent mode, or a-mixed-mode—Weseleeted-the

sequential-mede-in-the-implementationsmixed mode (for more than three components). We implemented both sequential and
concurrent modes in SKRIPS, shown in Fig. 2(b) and 2(c). In sequential mode, a set of ESMF gridded/coupler components
runs-are run in sequence on the same set of PETs. At each coupling time step, the oceanic component is executed when the

atmesphere-atmospheric component is completed or vice versa. HoweverOn the other hand, in concurrent mode, the gridded
components are created and run on mutually exclusive sets of PETs. Thefeﬂf&semeﬂdvaﬂ%age&eﬁeeﬂeuﬁeﬂ%mede—hewevef

If one component finishes earlier than the other, its PETs are idle and have to wait for the other component, shown in
Fig. 2(c). However the PETSs can be optimally distributed by the users to best achieve load balance.

In ESMF, the gridded components are used to represent models, and coupler components are used to connect these models.
The interfaces and data structures in ESMF have few constraints, providing the flexibility to be adapted to many modeling
systems. However, the flexibility of the gridded components can limit the interoperability across different modeling systems.
To address this issue, the NUOPC layer is developed to provide the coupling conventions and the generic representation
of the model components (e.g. drivers, models, connectors, mediators). The NUOPC layer in the present coupled model is
implemented according to the-consortium documentations (Hill et al., 2004; Theurich et al., 2016), and the oceanic/atmospheric

component each has:
1. Prescribed variables for NUOPC to link the components;
2. The entry point for registration of the components;

3. An InitializePhaseMap which describes a sequence of standard initialization phases, including advertisirg-documenting
the fields that a component can provide, checking and mapping the fields to each other, and initializing the fields that

will be used;

4. A RunPhaseMap that checks the incoming clock of the driver, examines the timestamps of incoming fields, and runs the

component;
5. Timestamps on exported fields consistent with the internal clock of the component;
6. The finalization method to clean up all allocations.

The subroutines that handle initialization, running, and finalization in MITgcm and WRF witt-be-are included in the Initial-
izePhaseMap, RunPhaseMap, and finalization method in the NUOPC layer, respectively.

3 Experiment Design and Observational Datasets
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T&tes%&x&eeup%ed%nedd—w&rpphed%teﬁudy\&g%a series of heat wave-events in the Red Sea region—We-seleeted
s— Wwith a focus on validating and assessing the
technical aspects of the coupled model. There is a desire for improved and extended forecasts in this region, and future work
will investigate whether a coupled framework can advance this goal. The extreme heat events are chosen as a test case due
to their societal importance. While these events and the analysis here do not highlight the value of coupled forecasting, these

real-world events are adequate to demonstrate the performance and physical realism of the coupled model code implementation.
The simulation of the Red Sea extends from 0000 UTC 01 June 2012 to 0000 UTC 01 July 2012. We select this month because

of the record-high surface air temperature observed in the Makkah region, located 70 km inland from the eastern shore of the
Red Sea (Abdou, 2014).

The computational domain and bathymetry are shown in Fig. 3. The model domain is centered at 20° N and 40° E, and the
bathymetry is from the 2-minute Gridded Global Relief Data (ETOPO2) (National Geophysical Data Center, 2006). WRF is
implemented using a horizontal grid of 256 x 256 points and grid spacing of 0.08°-using-. The cylindrical equidistant map
(latitude-longitude) projection is used. There are 40 terrain-following vertical levels, more closely spaced in the atmospheric
boundary layer. The time step for atmosphere simulation is 30 seconds, which is to avoid violation of the CFL condition.
The Morrison 2-moment scheme (Morrison et al., 2009) is used to resolve the microphysics. The updated version of the
Kain—Fritsch convection scheme (Kain, 2004) is used with the modifications to include the updraft formulation, downdraft
formulation, and closure assumption. The Yonsei University (YSU) scheme (Hong et al., 2006) is used for the planetary
boundary layer (PBL), and the Rapid Radiation Transfer Model for GCMs (RRTMG:; Iacono et al. (2008)) is used for longwave
and shortwave radiation transfer through the atmosphere. The Rapid Update Cycle (RUC) land surface model is used for the
land surface processes (Benjamin et al., 2004). The MITgcm uses the same horizontal grid spacing as WRF, with 40 vertical
z-levels that are more closely spaced near the surface. The time step of the ocean model is 120 seconds. The horizontal sub-
grid mixing is parameterized using nonlinear Smagorinsky viscosities, and the K-profile parameterization (KPP) (Large et al.,
1994) is used for vertical mixing processes.

In the coupling process, the ocean model sends SST and ocean surface velocity to the coupler, and they are used directly as
the boundary conditions in the atmosphere model. The atmosphere model sends the surface fields to the coupler, including (1)
net surface shortwave/longwave radiation, (2) surface latent/sensible heat flux, (3) 10-m wind speed, (4) aet-precipitation, (5)
evaporation. The ocean model uses the atmosphere surface fields to compute the surface forcing, including (1) total net surface
heat flux, (2) surface wind stress, (3) freshwater flux. The total net surface heat flux is computed by adding latent heat flux,
sensible heat flux, and net surface shortwave/longwave radiation fluxes. The surface wind stress is computed by using the 10-m
wind speed (Large and Yeager, 2004). The freshwater flux is the difference between precipitation and evaporation. The latent
and sensible heat fluxes are computed by using COARE 3.0 bulk algorithm in WRF (Fairall et al., 2003). In the coupled code,
different bulk formulae in WRF or MITgcm can also be used.

To study-the-air—sea-interactionsvalidate the coupled model, the following sets of simulations using different surface forcings
are performed according to the tests (Warner et al., 2010; Turuncoglu et al., 2013; Ricchi et al., 2016):



30°N

(m)
2000

Saudi Arabﬁ

Yanbu 1500

25°N
1000

800
600
20°N
- 400

- 200

- 100
15°N

- 50
20

. Ethiopia :
35°E 40°E 45°E 10 %"E 35°E 40°E 45°E 50°E

(a) WRF topography (b) MITgcm bathymetry

Figure 3. The WRF topography and MITgcm bathymetry in the simulations. Three major cities near the eastern shore of the Red Sea are
highlighted. The Hijaz Mountains and Ethiopian Highlands are also highlighted.

1. Run CPL: a two-way coupled MITgcm—WRF simulation. The coupling interval is 20 minutes to capture the diurnal
cycle (Seo et al., 2014). This run tests the performanee-implementation of the two-way coupled ocean—atmosphere

model.

2. Run ATM.STA: a stand-alone WRF simulation with its initial SST kept constant throughout the simulation. This run
allows assesment-assessment of the WRF model behavior with realistic, but persistent SST. This case serves as a bench-
mark to highlight the difference between coupled and uncoupled runs, and also to demonstrate the impact of evolvin
SST.

3. Run ATM.DYN: a stand-alone WRF simulation with a varying, prescribed SST based on HYCOM/NCODA reanalysis

data. This allows assessing the WRF model behavior with updated sea—surface-temperature—The-ocean’seffect-on-the
atmesphere-is-considered-in-the ATM-—DYN-+un—In-SST and is used to validate the coupled model. It is noted that in
practice an accurately evolving SST would not be available for forecasting;-however-the-comparison-betweenATM-
DYN-and-CPLruns-is-used-to-demonstrateskil-in-the-coupled-medel-,

4. Run OCN.DYN: a stand-alone MITgcm simulation forced by the ERAS datasetreanalysis data. The bulk formula in
MITgcm is used to derive the turbulent heat fluxes. This run assesses the MITgcm model behavior with prescribed
lower-resolution atmospheric surface forcing, and like-the-ATM:-DYN-run-is-used-to-show-the-skill-of-the-is also used to

validate the coupled model.
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The ocean model uses the assimilated-data assimilating HY COM/NCODA 1/12° global analysisrteanalysis data as initial and
boundary conditions for ocean temperature, salinity, and horizontal velocities (https://www.hycom.org/dataserver/gofs-3ptl/
reanalysis). The boundary conditions for the ocean are updated on a daity-3-hourly basis and linearly interpolated between
two simulation time steps. A sponge layer is applied at the lateral boundaries, with a thickness of 3 grid cellsand-inner+. The
inner and outer boundary relaxation timescales of the sponge layer are 10 fand 0.5 days, respectively. In CPL, ATM.STA, and
ATM.DYN runs, we used-use the same initial condition and lateral boundary condition for the atmosphere. The atmosphere
is initialized using the ECMWEF ERAS5 reanalysis datasetdata, which has a grid resolution of approximately 30 km (Hersbach,
2016). The same data also provide the boundary conditions for air temperature, wind speed, and air humidity every 6-3 hours.
The atmosphere boundary conditions are also linearly interpolated between two simulation time steps. The lateral boundary
values are specified in WRF in the ‘specified’ zone, and the ‘relaxation’ zone is used to nudge the solution from the domain
toward the boundary condition value. Here we used the default width of one point for the specific zone and four points for the
relaxation zone. The pressure at the top of the atmosphere is 50 hPa. In ATM.STA run, the SST from the HYCOM/NCODA data
is used as initial and persistent SST. The time-varying SST in ATM.DYN run is also generated using HYCOM/NCODA data.
We seleeted-select HYCOM/NCODA data because the ocean model initial condition and boundary conditions are generated
using it. For the OCN.DYN run we select the-ERAS dataset-data for prescribed atmospheric state because it also provides the
atmospheric initial and boundary conditions in the CPL run. The initial condition, boundary condition, and forcing terms of

this-run-all simulations are summarized in Table 1.

Table 1. The initial condition, boundary condition and forcing terms used in present simulations.

initial and ocean surface
atmospheric forcings
boundary conditions conditions
ERAS5 (atmosphere)
CPL from MITgem from WRF
HYCOM/NCODA (ocean)
HYCOM/NCODA
ATM.STA ERAS N.A.
initial condition kept constant
HYCOM/NCODA
ATM.DYN ERAS N.A.
updated every 24-3 hours
OCN.DYN HYCOM/NCODA N.A. ERAS +MITgem-buliformula-

The analysis-of theresults-yalidation of the coupled model focuses on temperature, heat flux, surface-wind;-and-evaperationand

surface wind. Our aim is to validate the coupled model and show that the heat and momentum fluxes simulated by the coupled
model are comparable to the observations or the reanalysis data. The simulated SST data are validated against the OSTIA (Op-
erational Sea Surface Temperature and Sea Ice Analysis) system in GHRSST (Group for High Resolution Sea Surface Tem-

perature) (Donlon et al., 2012; Martin et al., 2012);-and-the-. The simulated SST is also validated against HYCOM/NCODA

20 data to show the increase of the error. The simulated 2-meter air temperature (T2) is-validated-against-the- BEEMWE-fields

11
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temperatures—the Red Sea are validated using ERAS and the ground observations from NOAA National Climate Data Cen-
ter (NCDC climate data online at http://cdo.ncdc.noaa.gov/CDO/georegion). For this comparison the T2 fields from both the
coast, only the data saved on ERAS land points (land-sea mask>90%) are used in the bi-linear interpolation. The high/low
temperature every 24 hours from the simulations and ERAS are compared to the daily maximum/minimum temperatures with
NCDC data. Surface heat fluxes (e.g., latent heat, sensible heat, longwave and shortwave radiations), which are-impertant-for
ocean—atmosphere-interactions;are-compared-with-drives the oceanic component in the coupled model, are validated using
MERRA-2 (Modern-Era Retrospective analysis for Research and Applications, version 2) datasetsdata (Gelaro et al., 2017).
The MERRA-2 dataset-is-setected-because-data are selected because (1) it is an independent reanalysis data compared to the
initial and boundary conditions used in the simulations—Fhe-MERRA-2-dataset, and (2) it also provides a 0.625° x 0.5° (lon
x lat) resolution reanalysis fields of turbulent heat fluxes— (THF). The 10-m wind speed is also compared with MERRA-2 data
to validate the momentum flux in the coupled code. To compare with validation data, we interpolated the validation data on the

lower resolution grid to the higher resolution grid of the regional model. The validation data are summarized in Table 2. The

validation of the freshwater flux is shown in the Appendix because (1) the evaporation is proportional to the latent heat in the
model and (2) the precipitation is zero in three major cities near the coast in Fig. 3.

Table 2. The dataset-observational data and reanalysis data used to validate the simulation results.

variable validation data
sea surface temperature (SST) GHRSST and HYCOM/NCODA
2-meter air temperature (T2) ERAS and NCDC climate data

turbulent heat fluxes MERRA-2
solarradiationsradiative fluxes MERRA-2
surface-10-meter wind MERRA-2

4 Results and Discussions

The Red Sea is an elongated basin covering the area between 12-30°N and 32-43°E. The basin is 2250 km long, extending
from the Suez and Aqaba gulfs in the north to the strait of Bal el-Mandeb in the south, which connects the Red Sea and the

Indian Ocean.
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results obtained by using different model conﬁguratlons wﬂ%be—pfesaﬁedﬂnf}eﬂmﬂe&%e—&sses&ﬁﬁeffemw&eﬁfhe
n—are presented to show that SKRIPS is capable of

erforming coupled ocean—atmosphere simulations.

4.1 2-meter Air Temperature (T2)

We begin our analysis by examining the simulated T2 from vari

{CPL)-ranthe-the model experiments, Since the record-high temperature is observed in the Makkah region on June 2™, the

simulation results on June 2™ (36 or 48 hours after the initialization) are shown in Fig. 4. The ERAS data, and their-associated
difference-are-the difference between CPL run and ERAS are also shown in Fig. 4after36-hours-and-48-heurs. It can be seen

in Fig. 4(I) that the CPL run captures the heat-wave-event-T2 patterns in the Red Sea region on June 2", compared with

the-ERAS dataset-in Fig. 4(II). Since ERAS air temperature data are in good agreement with the NCDC ground observation
data in the Red Sea region (comparison—detailed comparison of all stations are not shown), we use ERAS data to validate
the simulation results. The difference between the CPL run and ERAS dataset-is shown in Fig. 4(IIT). The ATM.STA and
ATM.DYN simulation results have-consistent-patterns-with-are close to the CPL run results and thus are not shown, but their
differences with respect to the-ERAS data-are shown in Fig. 4(IV) and 4(V), respectively. Fig. 4(VI) to 4(X) show the same

nighttime results after 48 hours. It can be seen in Fig. 4 that all simulations reproduce the T2 patterns over the Red Sea region
reasonably well compared with the-ERASdata. The mean T2 differences-biases and RMSEs over the sea are -+-55->C(CPL);

48-heurs)yare comparable with the biases reported in other WRF simulations for heat events (Imran et al., 2018). Fig. 4 also
shows that-all-simulations-ean-capture-the-T2-diurnal-variation-the diurnal variation of T2 in the Red Sea region, and this-the

diurnal variation will be further discussed later in this section.

The simulation results for-the-heat-wave-events-on June 10" and 24" are shown in Fig. 5 to demenstrate-the performanee-of
the-validate the coupled model over longer periods of time. In Fig. 5, we aim to show the difference over the sea to validate the
coupled ocean—atmosphere model. It can be seen in Fig. 5(IIT) and 5(VIII) that the T2 patterns simulated by the coupled run
are consistent-with-the-generally consistent with ERA5dataset. The differences between ATM.STA and ATM.DYN simulation
results with respeetto-the- ERAS data-are shown in Fig. 5(IV), 5(V), 5(IX), and 5(X), respectively. It can be seen in the figure

that the T2 errors on land are consistent for all three simulations. However, the T2 over the sea in CPL simulation has a-mueh

smaller mean biases and RMSEs compared
with the ATM.STA NHW%%M Although the difference of the biases is still very
small compared with the mean T2 (3+-+231.92 °Con+01:-32.09-°C-on-24), the improvement of the coupled run is-comparible
on the 24" (1,02 °C) is comparable to the standard deviation of T2 (2:441.64 °Con1+01:2.02-°C on241). The CPLrun-results
are-closerto-the-T2 over the water in the CPL run is closer to ERAS dataset-because-the-oceanic-component-(MITgem)-is
providing-updated-because MITgcm in the coupled model provides updated warming SST, which warms the T2; the ATM.STA
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Figure 4. The surface-2-m air temperature as obtained from the CPL run, the ERAS data, and their difference (CPL—ERAS). The difference
differences between ATM.STA and ATM.DYN with the-ERAS data-(i.e., ATM.STA—ERAS, ATM.DYN—ERAS) are also presented. The
simulation initial time is 0000 UTC Jun 01 2012 for both snapshots. Two snapshots are selected: (1) 1200 UTC Jun 02 2012 (36 hours from

initial time); (2) 0000 UTC Jun 03 2012 (48 hours from initial time). The results on Jun 02 are presented because the record-high temperature
is observed in the Makkah region.

run uses a constant cooler SST from June 1%, and thus the T2 is determined by the constant cooler SST. On the other hand,
when comparing the CPL run with the ATM.DYN mne&}u%%%&differ&me&m&a&é@&@k}%m
smaller (10™: +0.04 °ConJune; 24" M This %WMMMMMM
to the ATM.DYN i i i

driven by an updated warming SST.
Toi .

terun which is

Table 3. The biases and RMSE:s of the T2 simulated in all simulations in comparison with ERA5 data.

after 36 hours after 48 hours after 9.5 days after 23.5 days

ATM.DYN run  bias: -1.36; RMSE: 1.21 bias: -0.84; RMSE: 1.18  bias: -1.20; RMSE: 1.46  bias: -1.43; RMSE: 1.37

ANRAAANAANAANANAN AAAAAARARAAAAAANANTAL AAAAAARAIAAANASAAANAA AAARAAASTAARAAANT AN AAAAAAARIAA AN AAAR A
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Figure 5. The surface-2-m air temperature as obtained from the CPL run, the ERAS data, and their difference (CPL—ERAS). The difference
between ATM.STA and ATM.DYN with the-ERAS data (i.e., ATM.STA—ERAS, ATM.DYN—ERADS) are also presented. The simulation
initial time is 0000 UTC Jun 01 2012 for both snapshots. Two snapshots are selected: (1) 1200 UTC Jun 10 2012 (9.5 days from initial time);
(2) 1200 UTC Jun 24 2012 (23.5 days from initial time).

To validate the diurnal T2 variation of the coupled model in Fig. 4, the time series of T2 in three major cities as simulated in
CPL and ATM.STA runs are plotted in Fig. 6, starting from June 1%+the-mean-and-standard-deviation-are-showninFig—22-The

ATM.DYN run results are similar with-to the CPL run results and thus are not shown. To validate the simulation results, the
time series in ERAS data and the daily observed high/low temperature data from NOAA Natienal-Climate Data-Center NCDC
are also plotted. It can be seen thatboth coupled and uncoupled simulations generally captured the four major heat waves-events

(i.e., June 2", 10", 17, and 24") and the T2 variations during the 30-day mmulat10nareal%<c—aptumd—byﬁa&smalaﬁe&s«Befe¥e

ERAS-dataset—The-. For the daily high T2, the root mean square error (RMSE) befweeﬂ—thesmﬂaﬁeﬂsw}égfe&ﬂdrebsefvaﬁeﬂ
are-2-79in the CPL run (2.09 °Cand-2:83—>CHor-CPL-and-) is close to the ATM.STA runs;tespectively—However-the-error
after June 18 (simulationlead-time—>—17-days)is targerfor both-CPE-3-42run (2.16 °C), and the error does not increase
conssent RMSEs compared i ssound ofserialion (CPL 423 s ATMSTAG54: 439 Corns-Jecun e o een

that. In Jeddah and Yanbu, the CPL run

R AN AIAINANARRARAANRAAARARARA

captured the daily low T2 after June 20" in CPL run (Jeddah: 3.95 °C}fha1+ERA§ada%aset~6RNM Yanbu: 3.77 °C)

the-; Yanbu: 4.29 °C) by about 1 °C and 0.5 °C, respectively. However, the difference of T2 in the-eoastal-eity—This-is-one-of
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negligible (0.05 °C) between CPL and ATM.STA runs throughout the simulation. It should be mentioned that both the present

simulations and ERAS dataset-reported a T2 that is 4:52.8 °C lower-than-observed-cooler than the observed record-high T2

in Mecca on June 2™

The simulation error of T2 also oscillates diurnally in the present simulations. To demonstrate the diurnal variation of the

simulation error quantitatively, the mean bias-and-RMSE-biases and RMSEs of T2 between the simulations (i.e., ATM.STA,

ATM.DYN, and CPL) and ERAS data are shown in Fig. 7. To hightight-the-air—sea-interactions—in-the-simulationsvalidate
the coupled ocean—atmosphere model, only the temperature over the Red Sea is compared. It can be seen in Fig. 7 that the

ATM.STA run using the static SST can still capture the T2 patterns in the first week, but it under-predicts T2 by 2:5about 2 °C
after 20 days because of ignoring the SST evolution. On the other hand, CPL run has mueh-smaller bias (-0:49-0.60 °C)
and root-mean—square—error(H46RMSE (1.28 °C) compared with those in ATM.STA run (bias: -+34-1.19 °C; RMSE:
2:041.71 °C) during the 30-day simulation as the SST evolution is considered. The ATM.DYN run uses-the-preseribed-SST-and
its-results-are-consistent-with-these-also has smaller error than ATM.STA and its error is consistent with that in CPL run (bias:
-0:58-0.72 °C; RMSE: +40-1.31 °C), indicating that the coupled model-captures-the-SSTrevolution—The-bias-and-RMSE
simulation is comparable to the stand-alone atmosphere simulation driven by 3-hourly reanalysis SST. The biases and RMSEs
of T2 in the present work are similar to those in the benchmark WRF-ARW simulations Xu-et-al; 2009 Zhang-et-al52613a)

Xu et al., 2009; Zhang et al., 2013a; Imran et al., 2018). The differences of the mean bias-and-RMSE-biases and RMSEs be-

tween the simulations and ERAS data are also plotted to demonstrate the improvement-evolution of the CPL run-over-errors

compared with ATM.STA and ATM.DYN runs. It can be seen that the CPL run eaptures-improved-T2-patierns—in-both-has
smaller bias and RMSE than the ATM.STA run throughout the entire simulation. The bias and RMSE between CPL run and

ATM.DYN runs are consistent-within-within about 0.5 °C. This demonstrates the capability of the coupled model in-for per-

forming realistic regional coupled ocean—atmosphere simulations.
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Figure 6. Temporal variation the surface-2-m air temperature at three major cities near the eastern shore of Red Sea (Jeddah, Mecca, Yanbu)

as resulting from CPL and ATM.STA runs. The

temperature data are compared with the time series in ERAS dataset-and daily high/low temperature in the NOAA national data center
dataset. Note that some surface-2-m air temperature data gaps exist in the NCDC ground observation dataset. Four representative heat events

are highlighted in this figure.

4.2 Sea Surface Temperature

The simulated SST patterns are compared to the validation data to demonstrate that the coupled model can capture the
performance-of-the-coupled-modelin-capturing-the-ocean surface state. The daily-SST-fields-SST field snapshots from CPL
run on June 2" and 24™ are shown in Fig. 8(I) and Fig. 8(VI). To validate the CPL run results, the SST fields obtained in
OCN.DYN runs are shown in Fig. 8(II) and 8(VII), and the GHRSST fields are shown in Fig. 8(III) and 8(VIII). The SST
produced with nighttime SST data (Roberts-Jones et al., 2012). It can be seen that both OCN.DYN and CPL runs are able to
reproduce the SST patterns reasonably well in comparison with the-sateHite-observationsGHRSST for both snapshots. Though
the CPL run uses the surface forcing fields with a higher resolution, the SST patterns obtained in both simulations are very
similar after two days. On June 24 the SST patterns in both runs are less similar, but both simulation results are still eensistent

comparable with GHRSST (RMSE < 1°C). Both simulations under-estimate the SST in the northern Red Sea —The-CPL+un
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Figure 7. The bias and root mean square error (RMSE) between the surface2-m air temperature obtained by the simulations (i.e., ATM.STA,
ATM.CPL, and CPL) in comparison with ERAS data. Only the errors over the Red Sea are considered. The differences between the simulation
errors from CPL run and stand-alone WRF simulations are presented below the mean bias and the root-mean-seuare-erroFRMSE. The initial
time is 0000 UTC Jun 01 2012 for all simulations.

and slightly over-estimates the SST in the central and southern Red Sea on June 24 —while-the OCN-DYN-run-under-estimates

To quantitatively compare the errors in SSTresults, the time history of the SST in the simulations (i.e., OCN.DYN and CPL)
and validation datasets-data (i.e., GHRSST and HY COM¢data/NCODA) are shown in Fig. 9. The mean bias and RMSE between

simulation results and validation datasets-data are also plotted. Again;-only-the-errors-between-daily-SSTfields-are-presented
In Fig. 9(a) the snapshots of the simulated SST are

(o}

compared with available HYCOM/NCODA data, in Fig. 9

] ]

—(b) the snapshots of SST at 0000 UTC

about 3 A.M. local time in the Red Sea region) are compared with GHRSST. Generally, the OCN.DYN and CPL runs have
a similar range of error compared to both validation datasets ;which-shows-the-skill-of the-eoupled-modelinsimulating-the
ocean-SST-Compared-with-the HY COMdataset-the-bias-of-in the 30-day simulations. The simulation results are compared with

HYCOM/NCODA data to show the increase of RMSE in Fig. 9(a). Compared with HYCOM/NCODA, the mean differences
between CPL and OCN.DYN runs are small (CPL: -6-4+20.10 °C; OCN.DYN: -0-640.03 °C)beforeJune 10N —After June

addition;the RMSEs-of-both-simulations-inerease-. The RMSE increases in the first

after-thatweek, but does not grow after it. On the other hand, when comparing with the GHRSST, the initial SST patterns in
both runs are cooler by about 0.8 °C. This is because the-HYCOMdata-our models are initialized by using HY COM/NCODA
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Figure 8. The daily SST patterns obtained by OCN.DYN and CPL runs, and GHRSST datasetdata. The corresponding differences between
the simulations and the GHRSST dataset-are also plotted. Two snapshots are selected: (1) 0000 UTC Jun 02 2012; (2) 0000 UTC Jun 24
2012. The simulation initial time is 0000 UTC Jun 01 2012 for both snapshots.

and the temperature in the topmost model level is cooler than GHRSSTat-the-start-of-the-simutationthe estimated foundation
SST reported by GHRSST. After the first 10 days, the difference between GHRSST data and HY COM/NCODA decreases, and
likewise the difference between the simulation results and GHRSST also decreases. Before June 0" both-CPL-and AFM-STA
-0.57 °C; RMSE: 0.69 °C) compared with OCN.DYN (bias: -0.66 °C)-tshould-be-noted-thatthe-mean-SSTHn-CPL+un(-0:01;

4.3 Surface Heat Fluxes

The s

the-performance-of-the-coupled-meodelin-ecapturing-atmosphere surface heat flux drives the oceanic component in the coupled
model, hence we validate the heat fluxes s-in the coupled model as compared to the stand-alone simulations. Fhe-results-are

also-compared-to-the-Both the turbulent heat fluxes and the net downward heat fluxes are compared to MERRA-2 dataset-and
their differences are plotted. To validate the coupled ocean—atmosphere model, we only compare the heat fluxes over the sea.
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Figure 9. The bias and mean-root-square-error-RMSE between the daity-SST as-resulting-from the simulations (i.e., OCN.DYN and CPL)
in comparison with the ebservationat-datasetvalidation data. Panel (a) shows the comparison with HY COMédataset-/NCODA data and Panel
(b) shows the comparison with GHRSSTdataset. The initial time is 0000 UTC Jun 01 2012 for all simulations.

The turbulent heat fluxes (FHF)-including the-tatentheat(THF; sum of latent and sensible heat --fluxes) and their differences
with the validation dataset-data are shown in Fig. Ark%ﬂh&snaps%wf&eﬁh&mfbu}eﬁ&ﬂweeﬁﬂ%he—hea%waveevaﬁ&eﬂ%&ﬁe—%
aﬂd—24——afe—pfeseﬂfed~10 It can be seen h

with—the-in Fig. 10 that both CPL and ATM.STA runs capture the mean THF over the Red Sea compared with MERRA-2
dataset-OnJune224_(CPL: 119.4 W/m?; ATM.STA: 103.4 W/m?; MERRA-2: 115.6 W/rnQ). For the first two weeks, the mean

+57-and-+3tbecause they are initialized in the same way and the SST fields are similar (see the snapshots comparison in the
Appendix). After the second week, the CPL run has smaller error (bias: -1.8 W/m?)than-that-in-: RMSE: 69.9 W/m?) compared
with the ATM.STA run (H5bias: -235.7 W/m?)-Fhe-mean-biasesin AFM-STA; ATM-DYN;-and-CPEruns-are—9-8-w; RMSE:
M/m%,%é)—w%m%,—aﬁdéﬁ—w%m%fespeeﬁve}yﬁgajhis is because the SST fields-instand-alone-WRF-runs-are-cooler
eompared-with-€PE-is updated in the CPL run and is warmer compared with ATM.STA run. When forced by eooter-a warmer

SST, the evaporatlon deereases-increases (also see the A endlx) and thus the latent heat is-smaller—Compared-with-the-latent
WM
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the-coastline-in-the Red-Searegion(Gelaro-et-al;2017), showing the SKRIPS can capture the THFs over the Red Sea in the
coupled simulation.
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Figure 10. The turbulent heat fluxes out of the sea obtained in CPL runMERRA-2—data;—and their—difference (CPE—MERRA-2)-
Fhe—difference—between—ATM.STA and—AFMDYN—runs_in comparison with the-MERRA-2data—(i. e-—AFMSTA—MERRA-2;

stmulation-nitial-time-1s-0000-UFCJun-01-2012-for-beth-snapshetstop panel shows the mean THF; the middle panel shows the mean bias;
the bottom panel shows the RMSE. Only the hourly heat fluxes over the sea is-are shown to highlightvalidate the air—sea-interactionscoupled

model.

The net downward shertwave-andlongwave-heat-fluxesheat fluxes (sum of latent heat, sensible heat, shortwave radiation
fluxes, and longwave radiation fluxes) are shown in Fig. A211. Agam %ﬁm&mﬁeﬁ&fepmdﬁee—th&sheﬁwave%eﬁgwave

improvementin-the-CPE-2-191or the first two weeks, the heat fluxes obtained in CPL and ATM.STA runs are overlapping and
all simulations exhibit similar heat flux patterns because they are initialized in the same way the SST fields are similar (see

the snapshots comparison in the Appendix). After the second week, the CPL run has slightly smaller error (bias: 11.2 W/m?)
and-ATM-DYN-(1-27; RMSE: 84.4 W/m?) compared with the ATM.STA simulation (bias: 36.5 W/m?)-rans-onJune24%

balk—formula—Thetotal-; RMSE: 94.3 W/m?). It should be noted that the mean bias and RMSE of the net downward heat

fluxes ;which-is-the-sum-of-theresults-inFigs—At-and-AZ2;—can be as high as a few hundred W/m? or 40% compared with
MERRA-2. This is because WRF over-estimated the shortwave radiations at daytime (detailed comparisons are shown in
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However, the coupled model still captures the mean and standard deviation of the heat flux compared with MERRA-2 data

CPL mean: 110.6 W/mQ—ATMS%—éMMMME}\SQAZ W/m?; AFM-DYN:-663MERRA-2 mean 104.7 W/m?)
------- W v atas M@W W/m?). especially-in the central

- The over-estimation is-of

the-cloud-and-aerosolin-uncertainty of cloud or aerosol (Zempila et al., 2016; Imran et al., 2018). Although the surface heat
flux is slightly over-estimated at daytime, the SST over the Red Sea fegiefrts—feqﬂﬁed—}ﬁfh&eemsta}fegieﬂ—fh&dﬁefep&ﬂey

events—is not over-estimated (shown in Section 4.2).
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Figure 11. The net-downwardshortwaveand-tongwave-total surface heat fluxes into the sea obtained in CPL runMERRA-2-data;—and
their-ditferenee (CPE—MERRA-2)y—The-difference betweenr ATM.STA and-AFM-DYN-1 anh the-MERRA-2data—(. e

Jun-24-2042-The si

stop panel shows the mean surface heat flux; the middle
anel shows the mean bias; the bottom panel shows the RMSE. Only the heat fluxes over the sea is-are shown to highlight-validate the air—sea
interactionscoupled model.
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4.4 Surfaee-10-m Windand-Evaporation

To evaluate the simulation of the surface momentum and—freshwaterfluxes-by the coupled model, the surface—wind—and
evaporation-10-m wind patterns obtained from ATM.STA, ATM.DYN, and CPL runs are presented. The MERRA-2 data is
are used to validate the simulation results.

The simulated surface-10-m wind velocity fields are shown in Fig. 12. The RMSE of the wind velocity magnitude between
the CPL run and MERRA-2 data is 2-+72.23 m/s when using the selected WRF physics schemes presented in Section 3. On June
2" high-speed wind is observed in the northern and central Red Sea, and the-CPL-run-suceessfully-eaptures-the small-seale
both the CPL and ATM.STA runs capture the features of wind speed patterns. On June 24", the differences—between-the
%&%@mﬁ%g&ﬁm&%%ﬁm&—ﬁm%l%ﬂ%m the central Red Sea and the-southern

in-the-is also captured by both CPL and ATM.STA run-is

tuns, The mean 10-m

wind speed over the Red Sea in the re CPL and ATM.STA
runs during the 30-day simulation are shown in Flg %@%%%—Agﬂm—&#ﬁmtﬂ&&@ﬁfesﬁks—af&eeﬁﬁs{amﬂuﬂe

dataset-(btas—4-em13. The mean error of CPL run (mean bias: -0.23 m/years; RMSE: 64-em2.38 m/yeaf—}s is slightly smaller
than the ATM.STA run (MHWMWS RMSE: 69-em2.43 m/year)-by-betterreproducing-therealistic

about 0.1 m/s. Although CPL, ATM.STA, ATM.DYN run;showninFig—8B0—Since-there-is no-preeipttationin-three-major
M%wmmmmrmmmm Red
v10-m wind speed fields obtained
surface wind speed over the Red Sea in the coupled simulation.
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1200 UTC Jun 2 2012 (1.5 days from initial time)
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Figure 12. The surface—evaperation—patterns—magnitude and direction of the 10-m wind obtained in the CPL run, the MERRA-2 data,
and their difference (CPL—MERRA-2). The differencedifferences between ATM.STA and ATM.DYN with the-MERRA-2 data—(i.e.,

ATM.STA—MERRA-2, ATM.DYN—MERRA-2) are also presented Two snapshots are selected: (1) 1200 UTC Jun 02 2012; (2) 1200

UTC Jun 24 2012.
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Figure 13. The magnitude of the 10-m wind obtained in CPL and ATM.STA runs in comparison with MERRA-2. The to
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anel shows the

mean 10-m wind; the middle panel shows the mean bias; the bottom panel shows the RMSE. Only the hourly-averaged surface wind fields

over the sea are shown to validate the coupled model.
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5 Scalability Test

Parallel efficiency is crucial for coupled ocean—atmosphere models for-when simulating large and complex problems. In this
section, the parallel efficiency in the coupled simulations is investigated. This aims to demonstrate (1) the implemented
ESMF/NUOPC driver and model interfaces are-able—to-can simulate parallel cases effectively and (2) the ESMF/NUOPC
coupler is not a bottleneck of the coupled simulation. The parallel speed-up of the model is investigated to evaluate its per-
formance for a constant size problem simulated using different numbers of preeessers-CPU cores (i.e. strong scaling). Ad-
ditionally, the CPU time spent on diﬁﬁeﬁ%pm%mw% s of the coupled model is detailed. The
parallel efficiency tests are performed on the i
ir-SerippsInstitation-of-Oceanography(Shaheen-II cluster in KAUST (https://www.hpc.kaust.edu.sa/). The COMPAS-cluster
is-eomposed-of H92-Intet 5400-and-5500-series CPUs-and Shaheen-II cluster is a Cray XC40 system composed of 6174 dual
sockets compute nodes based on 16 cores Intel Haswell processors running at 2.3GHz. Each node has 128GB DDR4 memory.
running at 2300MHz. Overall the system has a total of 197,568 CPU cores (6147 nodes x 2 x 16 CPU cores) and has a
theoretical peak speed of 12:6-FeraFlops—The-eluster-uses-Myrinetfor-tts-high-performaneenetwork—7.2 PetaFLOPS (10'%

floating point operations per second).
The parallel efficiency of the scalability test is Npotpo/Npntpn, Wwhere Npg and N, are the number-of-processers-numbers

of CPU cores employed in the simulation of the baseline case and the test case, respectively; ¢,0 and ¢,,, are the CPU time

spent on the baseline case and the test case, respectively. The speed-up is defined as t,,0/t,,,,, which is the relative improvement
of the CPU time when solving the problem. The scalability tests are performed by runing-6-heurrunning 24-hour simulations
for ATM.STA, OCN.DYN, and CPL cases. There are a total number of 2.6 million atmosphere cells (256 latx256 lonx40

masked out). We started using N,o = 32 because each compute node has 32 CPU cores. The results obtained in the scalability
test of the coupled model are shown in Fig. 14. It can be seen that the parallel efficiency of the coupled code is close to

100% when employing less than 128 precessors—cores and is still as high as 70% when using 256 proeesserscores. When
using 256 preeessorscores, there are a maximum of 20480 cells (16 latx 16 lonx 80 vertical levels) in each pfeee%%efJeu{—ehefe

parallel efficiency results from the increase of communication time, load imbalance, and I/O (read and write) operation per

proeessorCPU core (Christidis, 2015).

adeFrom results reported in the literature, the parallel
efficiency of the coupled model is comparable to other ocean-alone or atmosphere-alone models when having similar number
of grid points per CPU core (Marshall et al., 1997; Zhang et al., 2013b).
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Figure 14. The parallel efficiency test of the coupled model in the Red Sea region. The test cases employ up to 256-512 CPU cores. The
simulation with-the-smaHestease-using 32 CPU cores is regarded as base-the baseline case when computing the speed-up. Tests are performed
on the COMPAS-Shaheen-II cluster in Serippstnstitution-of- OceanographyKAUST.

The CPU time spent on eeupled-and-stand-aloneruns-different components of the coupled run is shown in Table. 4. The time
spent on the ceupleris-estimated-ESMF coupler is obtained by subtracting the time spent on stand-alene-simulations-oceanic

and atmospheric components from the coupled run. The most time-consuming process is the atmospheric model integration,
which accounts for 76%-t0-9385% to 95% of the total costs. The ocean model integration is the second most time-consuming
process, which is 7%-t0-+45% to 11% of the total computational costs. The atmospheric model is much more time-consuming
because it solves the entire computational domain, while the ocean model only solves the Red Sea (16% of the domain). The
atmospheric model also uses a smaller time step (30 s) than that of the ocean model (120 s)and-has-mere-complexphysies
parameterization—packages. If a purely marine region is selected in an ideal case, the cost of ocean and atmosphere models
would be more equal compared with the Red Sea case. The coupling process takes less than 53% of the total costs when-using

BT PFOEALRE Howeve ban oo 6 Procetca 048R0 —c+id

Q nracaceH 409
SOTS v/

~in the CPL runs using different numbers of CPU cores in this test. Although the proportion of this-eestinereasesto
10%-though-the-amount-of-the coupling process in the total costs increases when using more CPU cores, the total time spent

on the ESME/NUOPC-eouplerissimilarwith-using128-processors—We-hypothesis-that-the-costof- the ESME/ANUOPC-eouple

these-strong-sealing-testscoupling process is similar. The CPU time spent on two uncoupled runs (i.e., ATM.STA, OCN.DYN

is also shown in Table. 4. Compared with the uncoupled simulations, the ESMF-MITgcm and ESMF-WREF interfaces do not
increase the CPU time in the coupled simulation. In summary, the scalability test results suggest that the ESMF/NUOPC

coupler witk-rot-be-is not a bottleneck for using SKRIPS in coupled regional modeling studies.
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Table 4. Comparison of CPU time spent on the coupled run-and stand-alone simutationsruns. The CPU timestime presented here-are-in the
table is normalized by the time spent on the coupled run using 256-preeessors312 CPU cores. The CPU time spent on the-ESME/NBOPCE

coupleris-obtained-by-subtracting-two stand-alone stmulation-time-from-simulations are presented to show the difference between the CPL

run timeand stand-alone simulations.

Np =81632 64 128 256
CPL run 2236727 524,04 537202 2:89-1.39
ATM-STAWRF in CPLrun  20:42(916.88(95%) 10-41903,82(94%) 4:971.89(93%)  2:57891.25(90%)
OCN-DYN-MITgemin CPLrun  +76(50.37(5%) 0.19(5%) 09350.12(6%)  0:3670.11(8%)
Coupler in CPL run 0-H400.02(0%)  O-H(H4%IESMENUOPC coupler003(1%)  0470.02(1%)  0180.03(2%)

6 Conclusion and Outlook

This stady-paper describes the development of the Scripps—KAUST Regional Integrated Prediction System (SKRIPS). To build
the coupled model, the ESMF-couplerisimplemented-aceordingto NUOPCeconsertiumwe implement the coupler using ESMF
with its NUOPC wrapper layer. The ocean model MITgcm and the atmosphere model WRF are split into initialize, run, and
finalize sections, with each of them being called as-subreutines-of-by the coupler as subroutines in the main function.

a realistic application to simulate the heat wave-events in the Red Sea region. Results-To validate the coupled model, results

from the coupled and stand-alone simulations are compared to a wide variety of available observational and reanalysis datasets;

he-data. We focus

on the comparison of the surface atmospheric and oceanic variables because they are used to drive the oceanic and atmospheric
components in the coupled model. From the comparison, results obtained from various configurations of coupled and stand-
alone model simulations all realistically capture the basic-characteristics-of-the-ocean—atmesphere-state-surface atmospheric
and oceanic variables in the Red Sea region over a 30-day simulation period. The surface-air-temperature-variations—2-m air

temperature in three major cities are-consistent-with-the-ground-oebservations-and at-wave-events-are-alse-w aptured
in-the-CPL-run—The-surfaceflux-obtained in the CPL and ATM.DYN runs are comparable and better than the ATM.STA run.
Other surface atmospheric fields (e.g., surface-2-m air temperature, surface heat fluxes, surface-evaporations;—surface—wind

10-m wind speed) in the CPL run are eonsistent-with-the-reanalysis-data-also comparable with the ATM.DYN run and better
than the ATM.STA run over the simulation period. The SST fields-obtained in CPL run are-also-consistent-with-the-satellite
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is also better than the OCN.DYN run by about 0.1 °C compared with

GHRSST.

The parallel efficiency of the coupled model is examined by simulating the Red Sea region using increasing number of

proeessorsCPU cores. The parallel efficiency of the coupled model is consistent with that of the stand-alone ocean and
MQWM&mt The CPU time associated with different parts
components of the coupled simulations is also presented, <
ESMFeouplershowing the ESMF/NUOPC driver is not a bottleneck in the computation. Hence the coupled model can be
apphied-forhigh-reselution-implemented for coupled regional modeling studies on massively-parallel- processingsupercomputers
supercomputers with comparable performance as that attained by uncoupled stand-alone models.
TFhese-preliminary-resutts-The results presented here motivate further studies ir-evaluating and improving this new regional
coupled ocean—atmosphere model for investigating dynamical processes and forecasting applicationsin—regions—around-the

globe-where-ocean—atmosphere-couplingisimportant. This reglonal coupled medekea&be#w%%mwpg

improved by developing coupled data assimilation capabilities

statefor initializing the forecasts. In addition, the model physics and model uncertainty representation in the coupled system
can be enhanced using advanced techniques, such as stochastic physics parameterizations. Future work will involve exploring
these and other aspects of further developing a regional coupled modeling system thatis-best-suited for forecasting and process

understanding purposes.

Code and data availability. The coupled model, documentation, and tutorial cases used in this work are available at https://library.ucsd.edu/
dc/collection/bb1847661c, and the source code is maintained on Github https://github.com/iurnus/scripps_kaust_model. ECMWF ERAS data
are used as the atmospheric initial and boundary conditions. The ocean model uses the assimilated HY COM/NCODA 1/12° global analysis
data as initial and boundary conditions. To validate the simulated SST data, we use the OSTIA (Operational Sea Surface Temperature and
Sea Ice Analysis) system in GHRSST (Group for High Resolution Sea Surface Temperature). The simulated 2-meter air temperature (T2) is
validated against the ECMWF ERAS. The observed daily maximum and minimum temperatures from NOAA National Climate Data Center
is used to validate the T2 in three major cities. Surface heat fluxes (e.g., latent heat fluxes, sensible heat fluxes, longwave and shortwave
radiations), which are important for ocean—atmosphere interactions, are compared with MERRA-2 (Modern-Era Retrospective analysis for

Research and Applications, version 2).

Appendix A: Snapshots of Surface Heat Fluxes

The snapshots of the THFs in the simulations at 1200 UTC June 2" and 24™ are presented, It can be seen that all simulations
reproduce the THFs reasonably well in comparison with MERRA-2. On June 2™ all simulations exhibit similar THF patterns

since they have the same initial conditions and similar SST fields. On the other hand, for the heat event on June 24" CPL
and ATM.DYN runs exhibit more latent heat fluxes coming out of the ocean (170 and 153 W/m?) than that in ATM.STA run
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138 W/m2). The mean biases in CPL, ATM.DYN, and ATM.STA runs are 23.1 w/m?2, 5.1 w/mZ, and -9.5 w/m?, respectively.
Although the CPL run has larger bias at the snapshot, the averaged bias and RMSE in CPL run is smaller (shown in Fig. 10).

Compared with the latent heat fluxes, the sensible heat fluxes in the Red Sea region are much smaller in all simulations (about
20 W/m?). It should be noted that MERRA-2 has unrealistically large sensible heat fluxes in the coastal regions because the
land points are "contaminated’ the values in the coastal region (Kara et al., 2008; Gelaro et al., 2017), and thus the heat fluxes
The net downward shortwave and longwave heat fluxes are shown in Fig. A2. Again, all simulations reproduce the shortwave
and longwave radiation fluxes reasonably well. For the shortwave heat fluxes, all simulations show similar patterns on both June
2™ and 24", The total downward heat fluxes, which is the sum of the results in Figs. Al and A2, are shown in Fig. A3. It can
be seen that the present simulations over-estimated the total downward heat fluxes on June 2"¢ (CPL: 580 W/m?; ATM.STA:
590 W/m?; ATM.DYN: 582 W/m?) for both heat events compared with MERRA-2 (525 W/m?), especially in the southern
Red Sea because of the over-estimation of the shortwave radiation, To improve the modeling of shortwave radiation, a better
understanding of the cloud and aerosol in the Red Sea region is required (Zempila et al., 2016; Imran et al., 2018). Again, the
heat fluxes in the coastal regions are not shown because of the inconsistency of land-sea mask. Overall, the comparison shows
the present CPL simulations are capable of capturing the surface heat fluxes into the ocean.

Appendix B: Evaporation

To examine the simulation of surface freshwater flux in the coupled model, the surface evaporation fields obtained from
ATM.STA, ATM.DYN, and CPL runs are presented and validated using the MERRA-2 data.

The surface evaporation fields from CPL run are shown in Fig. B1. The MERRA-2 data and difference between CPL run and
MERRA-2 are also shown to validate the CPL run. The ATM.STA and ATM.DYN simulation results are not shown, but their

BV A AV AV D AV AV A D V-V S VA VN VWV N D NS VA A AV AV oAV e Vo )
differences with the CPL run are also shown in Fig. B1. It can be seen in Fig. B1(III) and B1(VIII) that the CPL run reproduces

the overall evaporation patterns in the Red Sea. The CPL run is able to capture the relatively high evaporation in the northern
Red Sea and the relatively low evaporation in the southern Red Sea in both snapshots, shown in Fig. B1(I) and B1(VI). After

36-hours, the simulation results are close with each other (e.g., the RMSE between CPL and ATM.STA simulation is smaller

than 10 cm/year). However, after 24 days, the CPL run agrees better with MERRA-2 (bias: 6 cm/year; RMSE: 59 cm/year
than the ATM.STA run (bias: -25 cm/year; RMSE: 68 cm/year). On the other hand, the CPL run results are consistent with

the ATM.DYN run. This shows the CPL run can reproduce the realistic evaporation patterns over the Red Sea in the coupled

ocean—atmos

shore of the Red Sea during the month according to NCDC climate data, the precipitation results are not shown.

here simulation. Since there is no precipitation in three major cities (Mecca, Jeddah, Yanbu) near the eastern

Author contributions. RS worked on the coding tasks for coupling WRF with MITgcm using ESMF, wrote the code documentation, and

performed the simulations for the numerical experiments. RS and ACS worked on the technical details for debugging the model and drafted
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1200 UTC Jun 2 2012 (1.5 days from initial time)
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Figure Al. The turbulent heat fluxes out of the sea obtained in CPL run, MERRA-2 data, and their difference (CPL—MERRA-2). The
differences between ATM.STA and ATM.DYN with MERRA-2 (i.e., ATM.STA—MERRA-2, ATM.DYN—MERRA-2) are also presented.

Two snapshots are selected: (1) 1200 UTC Jun 02 2012; (2) 1200 UTC Jun 24 2012. The simulation initial time is 0000 UTC Jun 01 2012
for both snapshots. Only the heat fluxes over the sea are shown to validate the coupled model.
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(b) net downward longwave radiation

Figure A2. The net downward shortwave and longwave heat fluxes obtained in CPL run, MERRA-2 data, and their
difference (CPL—MERRA-2). The differences between ATM.STA and ATM.DYN with MERRA-2 (i.e., ATM.STA—MERRA-2,
ATM.DYN—MERRA-2) are also presented. Two snapshots are selected: (1) 1200 UTC Jun 02 2012; (2) 1200 UTC Jun 24 2012. The

simulation initial time is 0000 UTC Jun 01 2012 for both snapshots. Only the heat fluxes over the sea are shown to validate the coupled

model.
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1200 UTC Jun 2 2012 (1.5 days from initial time)
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Figure A3. Comparison of the total downward heat fluxes obtained in CPL run, MERRA-2 data, and their difference (CPL—MERRA-2).
The differences between ATM.STA and ATM.DYN with ERAS (i.e., ATM.STA—MERRA-2, ATM.DYN—MERRA-2) are also presented.
Two snapshots are selected: (1) 1200 UTC Jun 02 2012; (2) 1200 UTC Jun 24 2012. The simulation initial time is 0000 UTC Jun 01 2012

for both snapshots. Only the heat fluxes over the sea are shown to validate the coupled model.
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Figure B1. The surface evaporation patterns obtained in the CPL run, the MERRA-2 data, and their difference (CPL—MERRA-2). The
differences between uncoupled atmosphere simulations with MERRA-2 (i.e., ATM.STA—MERRA-2, ATM.DYN—MERRA-2) are also
resented. Two snapshots are selected: (1) 1200 UTC Jun 02 2012; (2) 1200 UTC Jun 24 2012. Only the evaporation over the sea is

shown to validate the coupled ocean—Atmosphere model.
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