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Marine heatwaves (MHWs) are events of abnormally warm sea surface temperatures
(SSTs) that last for an extended period of time. MHWSs have devastating impacts on marine
ecosystems and coastal economies, and thus there is motivation to better understand these
extreme events and forecast their evolution in order to improve the adaptive capacity of
communities experiencing these impacts. Although MHWs are extreme oceanic events, both the
atmosphere and the ocean affect the buildup, maintenance, and decay of MHWs. This
dissertation focuses on the role of the atmosphere during MHWs. While it is well documented
that the atmosphere can trigger MHW s through a stalled ridge of high pressure and/or a decrease
in winds, not much is known about the role of the atmosphere after SST anomalies emerge. This

dissertation documents atmospheric behavior during MHW:.

Chapter 2 surveys the data needed for MHW analysis. I outline the variety of atmospheric
and oceanic data products that are available for studying the physics of MHWSs and provide an

evaluation of which products are best suited for certain research questions. For individual MHW



events where regionally well-validated reanalysis products are available, reanalysis data provide
a large suite of atmospheric and oceanic variables over a longer time period than the newer
generation of satellite observations. However, reanalysis products are not recommended for
global MHW analyses, as most reanalysis products are not well-validated over the entire globe
and errors are regionally variable. For global MHW analyses, satellite data are preferred, as they

provide the best available global estimates of SSTs, radiative fluxes, and clouds.

Chapter 3 expands on the survey of data products by providing an in-depth evaluation of
reanalysis products compared to satellite observations over the Northeast Pacific Ocean, with the
goal of finding the best reanalysis dataset for examining the 2013-2016 Northeast Pacific MHW.
There is large variability in performance between reanalyses, including how well they capture
variables within the datasets and sub-regional variability within the Northeast Pacific. However,
for radiative fluxes and cloud fractions, the Climate Forecast System Reanalysis (CFSR) product
generally has the smallest errors compared to NASA’s Clouds and the Earth’s Radiant Energy
System (CERES) satellite observations, and thus CFSR is selected as the best dataset to analyze

MHWs within the Northeast Pacific region.

Chapter 4 analyzes the role of clouds and radiative fluxes during the unprecedented 2013-
2016 Northeast Pacific MHW, known as the Blob. The warm waters observed during the Blob
altered the surface energy balance and disrupted ocean—atmosphere interactions in the region. In
principle, ocean—atmosphere interactions following the formation of the MHW could have
perpetuated warm SSTs through a positive SST-cloud feedback. The actual situation was more
complicated. While CFSR reanalysis data show a decrease in boundary layer cloud fraction and

an increase in downward shortwave radiative flux at the surface coincident with warm SSTs, this



was accompanied by an increase in longwave radiative fluxes at the surface, as well as an
increase in sensible and latent heat fluxes out of the ocean mixed layer. The result is a small
negative net heat flux anomaly (compared to the anomalies of the individual terms contributing
to the net heat flux). This provides new information about the midlatitude ocean—atmosphere
system while it was in a perturbed state. More specifically, a mixed layer heat budget reveals that
anomalies in both the atmospheric and oceanic processes offset each other such that the
anomalously warm SSTs persisted for multiple years. The results show how the atmosphere—
ocean system in the Northeast Pacific is able to maintain itself in an anomalous state for an

extended period of time.

Chapter 5 zooms out and takes a broader perspective on the role of the atmosphere during
MHWs all across the globe. Here I use satellite data from 2001-2019 to identify MHWs and
anomalous atmospheric variables, including radiative heat fluxes, turbulent heat fluxes, and
cloud cover, associated with these events. CERES satellite data are used instead of reanalysis
data, despite the shorter time series, because satellite data are well-validated worldwide. We find
robust patterns in SST-cloud and SST-heat flux relationships that show important geographical
differences in atmosphere-ocean interactions during MHWSs. Because of these regional
differences, we don’t expect MHWs to evolve the same way in all regions. We also find that the
cloud response observed during MHWs globally corresponds well with the cloud response to
future warming, as identified in the Cloud Feedback Model Intercomparison Project (CFMIP)
ensemble of global climate models. This suggests that MHW:s can provide valuable insight to

anomalous atmosphere-ocean interactions under future warming.



Chapter 6 employs a surface heat flux feedback framework in order to quantify the
response of surface heat fluxes to underlying SST anomalies during MHWs. Physically, the net
surface heat flux feedback is expected to be strongly negative over the world’s oceans (the
atmosphere strongly damps underlying SST anomalies) due primarily to enhanced upward
turbulent and longwave radiative heat fluxes over warm SST anomalies. However, the
atmospheric response can modulate the negative feedback. It is useful to understand regional and
seasonal variability in climatological net heat flux feedbacks, as this sheds light on the nature of
regional ocean-atmosphere interactions. Climatologically, there is large spatial and seasonal
variability in net heat flux feedbacks. This is driven primarily by variability in the shortwave and
latent heat flux feedbacks. Although computed feedbacks show that the global net surface heat
flux is largely negative as expected, certain regions- including the Northeast Pacific, central and
eastern subtropical and tropical Pacific, Northwest Atlantic, and west tropical Atlantic- have
positive feedbacks during certain seasons. A statistical analysis shows that net heat flux feedback
parameters and MHW length are negatively correlated. This is an important finding, as it

indicates that regions with near zero or positive feedbacks are more prone to persistent MHWs.

This dissertation lays out multiple lines of evidence showing that the atmosphere plays an
important role during the evolution of MHWs. After warm SST anomalies form during MHW s,
anomalies in clouds, radiative heat fluxes, and turbulent heat fluxes are observed. These
atmospheric anomalies feed back onto SSTs and affect the progression of MHWs. There is large
spatial and seasonal variability in the atmospheric patterns during MHWs, therefore, we do not
expect MHWs to evolve the same in all regions and all seasons. Furthermore, some areas are
more prone to persistent MHWs due to near zero or positive climatological net surface heat flux

feedbacks in that region. These new insights into the role of the atmosphere during MHWs are



key for helping develop our understanding and get closer to properly modelling and forecasting
these extreme events. Using results from the dissertation, we know that coupled atmosphere-
ocean models will be needed to capture MHWs. Furthermore, models will need to adequately
represent the spatial variability in atmosphere-ocean interactions in order to capture the

heterogeneity in the evolution of MHWSs around the globe.
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Chapter 1 Introduction & Background

Temperature extremes are an inevitable aspect of the natural climate system; however,
these extremes are changing due to anthropogenic climate change (IPCC SREX, 2012). Warm
temperature extremes negatively impact ecosystems, human health, and the economy, so the
scientific information needed to predict and monitor progression of such events is essential for
risk management (IPCC SREX, 2012). With mean global temperatures rising, an increase in the
frequency of warm temperature extremes is of growing concern. Atmospheric heatwaves on land
are generally well documented and well understood, and it is common practice in many places to
have early warning systems to help society prepare. Marine heatwaves (MHWSs), on the other
hand, are only recently being documented and our scientific understanding of the events is
currently inadequate. Developing a thorough understanding of the processes during the buildup,
maintenance, and decay of MHWs is a key step in helping society plan for and adapt to the
negative impacts associated with these extreme oceanic events (Frolicher & Laufkotter, 2018;
Holbrook et al., 2019).

There are many ecological and economic impacts of MHWs that often scale with the
intensity and duration of the event. MHWs can cause shifts in species ranges to cooler waters
(Cavole et al., 2016; Oliver et al., 2017; Wernberg et al., 2017; Smale et al., 2019; Sanford et al.,
2019) and in severe cases, local extinctions (Garribou et al., 2009; Jones et al., 2017; Oliver et
al., 2017; Smale et al., 2019). Shifts in or disappearance of species can devastate fisheries and
coastal communities during MHWSs. Anomalously warm sea surface temperatures (SSTs) during
these events can also cause coral bleaching, damaging reefs that are already distressed due to
ocean acidification (Le Nohaic et al., 2017; Hughes et al., 2017; Fordyce et al., 2019; Smale et
al., 2019). During the particularly persistent and severe 2013-2016 Northeast Pacific MHW,
anomalous SSTs and ocean processes were coincident with the largest harmful algal bloom ever
recorded (McCabe et al., 2016; Trainer et al., 2019). This harmful algal bloom caused high levels
of the neurotoxin domoic acid to build up in marine animals, leading to closures of profitable
fisheries along the west coast of the United States and harming the economies of coastal towns
(McCabe et al., 2016; Cavole et al., 2016; Ritzman et al., 2018). The consequences of the
harmful algal bloom led the state of California to ask the U.S. Department of Commerce for a

federal fishery disaster declaration. A better understanding of MHWs and the ability to forecast



these events could lead to improved adaptive capacity of communities experiencing these
impacts.

MHWs are generally defined as an extended period of time during which SSTs exceed an
upper threshold. Specifically, MHWSs are commonly identified as a region where SSTs surpass
the 90 percentile of climatological SSTs for at least five consecutive days (Hobday et al., 2016).
Other thresholds such as the 98™ percentile of the climatological mean SST have also been used
(Holbrook et al., 2019). Defining the threshold for MHWs should depend on the research goals
of a specific study. MHW s can be categorized based on their intensity, duration, and frequency,
which helps compare events in space and time (Hobday et al., 2018). MHWs have become more
frequent and more severe throughout the last century (Oliver et al., 2018; Frolicher et al., 2018).
This trend is mainly attributed to an increase in global mean SSTs due to anthropogenic climate
change (Oliver, 2018; Frolicher et al., 2018). It has also been shown that the duration of MHWs
has increased over the past few decades (Oliver et al., 2018). Many portions of this dissertation
focus specifically on understanding persistent MHWs, in part because these events are more
likely to have greater impacts and more robust atmospheric responses.

Not only have global MHW statistics shifted due to anthropogenic climate change,
attribution studies have confirmed that climate change has played a key role in the severity of
many individual MHW events. In fact, MHWs are some of the first events for which the fraction
of attributable risk (FAR) was computed as equal to one (FAR = 1 indicates that the event would
not have occurred without climate change). For the 2015/2016 Tasman Sea MHW, Oliver et al.
(2017) show that it was likely (FAR > 0.9) that climate change increased intensity of the event,
and virtually impossible for the duration of the event to occur without climate change (FAR = 1).
Jacox et al. (2018) find that the 2016 SST anomalies observed in the California Current Large
Marine Ecosystem were remarkable both in terms of anomaly magnitude and duration, and
anomalies observed that year were never before reached in the historical record. This extreme
warming event, as confirmed with models, has a FAR =1. The SST anomalies associated with
MHWs in the Gulf of Alaska and Bering Sea in 2016 had FARs of 0.88 to 1 and 1, respectively,
indicating that most, if not all, models have no instances of anomalies like this in the pre-
industrial climate runs (Walsh et al., 2018).

As MHWs become more common due to climate change, a priority for the scientific

community studying MHWs is to understand the processes driving the evolution of these



extreme events (Frolicher & Laufkétter, 2018; Holbrook et al., 2019). While large scale climate
models and teleconnection processes play a role in determining the likelihood of MHW
occurrence, local processes dominate the progression and persistence of MHWSs (Holbrook et al.,
2019). The local processes controlling the evolution of MHWs can be split into two categories-
atmospheric processes (consisting of the net heat flux at the ocean surface) and ocean processes
(consisting of horizontal ocean advection, entrainment and diffusion at the bottom of the mixed
layer). This dissertation focuses on atmospheric processes during MHWs.

It is well established that atmospheric processes can trigger MHW:s through, for example,
a stalled high pressure ridge and/or a reduction in winds that reduces latent heat fluxes from the
ocean (e.g., Bond et al., 2015). The focus of the research here will be on the role of atmospheric
processes during MHWs, after the SST anomalies have been established. Our understanding of
the atmosphere’s role in the evolution of MHW SST anomalies is still underdeveloped, so filling
this knowledge gap will be essential in understanding the physics of the coupled atmosphere-
ocean system throughout the duration of a MHW.

Though analyses of atmosphere-ocean interactions during MHW: s are still limited in
number, analyses of atmosphere-ocean interactions in general are plentiful. We can use the
existing knowledge of the atmosphere-ocean system to hypothesize different ways in which the
atmosphere may change during anomalously warm SSTs. There is continuous heat exchange
between the atmosphere and the ocean, and thus all of the ways in which the atmosphere could
change during anomalous SSTs can be considered through changes in the surface net heat flux
(consisting of longwave radiation, shortwave radiation, latent, and sensible heat fluxes). For
example, changes in atmospheric temperature, humidity, or clouds can alter the downward
longwave radiative flux at the ocean surface. Changes in clouds modify the downward shortwave
radiative flux reaching the ocean. Changes in winds, as well as changes in temperature or
humidity in the overlying atmospheric column, affect the energy transfer via turbulent heat
fluxes. The literature suggests that all of these atmosphere-ocean interactions vary with
geographic region of interest.

One useful way of framing the interaction between warm SSTs and the atmosphere is via
net surface heat flux feedbacks. The net surface heat flux feedback over the global oceans is
generally negative (Frankignoul et al., 1998; Frankignoul & Kestenare, 2002; Park et al., 2005).

This feedback damps warm SST anomalies via an increase in longwave radiative and turbulent



fluxes from the ocean surface. However, atmospheric responses to SST anomalies can modulate
the feedback (Park et al., 2005). For example, in response to warm SST anomalies the negative
surface heat flux feedback weakens if atmospheric moisture and/or temperature increases, wind
speed decreases, or low cloud cover decreases over warm SST anomalies. Understanding the
dominant heat flux components (i.e., latent, sensible, longwave or shortwave radiative fluxes) in
the feedback further elucidates features of the local coupled atmosphere-ocean system. For
example, where shortwave radiative response plays a large role in the net surface heat flux
feedback during MHW s, regional cloud response to underlying SST anomalies is likely
important. Understanding how those cloud changes feed back onto SST anomalies provides
valuable information on regional cloud feedbacks, which in turn helps constrain our uncertainty
of net global cloud feedbacks. Past studies analyzing global surface heat flux feedbacks using
many decades of observational data show substantial seasonal and spatial variability in feedbacks
(Frankignoul & Kestenare, 2002; Park et al., 2005). This implies that when and where warm SST
anomalies build to MHW levels can influence the persistence of the event.

Physics dictates that a net negative heat flux feedback will drive MHW SST anomalies to
relax back to climatology in a given e-folding time, but the persistence of a MHW can be
strongly modulated by the atmospheric response that controls the individual components of the
net surface heat flux feedback. A few studies have shown that an ocean mixed layer heat budget
analysis during MHWs is a good tool for analyzing processes, including net heat flux, controlling
MHW evolution (e.g., Bond et al. (2015); Oliver et al. (2017); Myers et al. (2018); Schmeisser et
al. (2019)). Although these studies are essential steppingstones on the path to understanding
MHWs, they only analyze a slice of one event in time or a portion of the event in space. What is
missing is a systematic analysis of the role of mechanisms, surface heat flux feedbacks in
particular, in the evolution of MHWs worldwide, paying particular attention to regional patterns
and differences. Holbrook et al. (2019) is the first paper to perform a unifying assessment of
global MHWs and their drivers. They found strong correlations between some climate modes
and MHWs in certain ocean basins; furthermore, they showed which local processes are
important in driving each MHW. However, there is still considerable work to be done to
systematically understand the details of the atmospheric processes and feedbacks at play during
MHWs worldwide. Chapters 4, 5 and 6 of this dissertation focus on anomalous atmospheric

processes and the role of surface heat flux feedbacks in the evolution of past MHWs.



Future climate change is expected to lead to changes in frequency, duration, spatial extent
and intensity of climate extreme events (IPCC SREX, 2012), including MHWs (Frdlicher et al.,
2019). MHWs will likely become more frequent in the future simply due to an increase in mean
SSTs (see Figure 1.1; Frolicher & Laufkotter, 2018). Although future climate change is expected
to increase land temperatures faster than ocean temperatures due to enhanced heat capacity of the
ocean, the increase in marine heat waves is expected to far exceed the increases in land heat
waves. This is because SSTs have less variability than air temperatures and thus a shift in the
mean of the narrow distribution of ocean temperatures means a much higher likelihood of
exceeding a MHW temperature threshold (see Figure 1.1; Frolicher & Laufkotter, 2018).
Preliminary work has been done to analyze future MHW statistics in global climate models.
Frolicher et al. (2018) find the probability of MHW days increases in nearly all regions of the
globe for many different global warming levels, ranging from 1 °C to 3.5 °C warming. For 3.5
°C warming, there is expected to be an increase in MHWSs by a factor of 41, an increase in the
average spatial extent of MHWs by a factor of 21, and an increase in duration of MHWs by 112
days (Frolicher et al., 2018). If climate model predictions are correct and MHW s continue to
increase in frequency and severity as they did in the last century (Oliver et al., 2019) and
continue to devastate local ecosystems, it will be more pressing than ever to improve our
scientific understanding of the mechanisms like surface heat flux feedbacks that drive the
evolution of these events worldwide. The research presented in this dissertation provides

essential new developments in our understanding of the role of the atmosphere in MHWs .
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Figure 1.1 From Frolicher & Laufkotter (2018): A theoretical framework outlining why MHW s are
expected to increase in severity and frequency in the future, to an even greater extent than land-based
heatwaves. The left side of the plot shows temperature distribution of land temperatures (black line) with
current land-based heatwaves in light red shading, along with a projected theoretical increase in mean
land temperature (grey line) and increased future land-based heatwaves in dark red shading. The right side
of the plot shows sea surface temperature distribution (black line) with current marine heatwaves in light
blue shading, along with a projected theoretical increase in mean SSTs (grey line) and increased future
marine heatwaves in dark blue shading. Change in land temperatures (ATiana) is assumed to be
approximately 1.5x larger than change in ocean temperatures (AT ocn).

This dissertation is guided by two broad, over-arching inquiries:
(1) What atmospheric anomalies are observed during MHWs?
(2) How do atmospheric anomalies observed during MHWs in turn affect the
evolution of SST anomalies?

The analyses presented here tackle these research questions using a variety of data and
methods. Chapter 2 explores different datasets available for study of the coupled atmosphere-
ocean system during MHWs. Challenges and opportunities associated with in-situ data,
reanalysis products, and satellite observations are discussed, and recommendations are made for
selecting the appropriate dataset to address research questions related to MHWSs. Chapter 3 dives
deeper into data over the ocean with an evaluation of five reanalysis data products over the
Northeast Pacific, with the aim of finding a reanalysis product that is most comparable to the
best-available satellite observations and is suitable for an analysis of MHWs in that region.

Chapter 4 presents a case study analysis of clouds and radiative fluxes during the most persistent



MHW ever observed — the 2013-2016 Northeast Pacific MHW, using 40-years of reanalysis data
validated in Chapter 3. Reanalysis data are used in this chapter to provide more context for
anomalies observed during this particular marine heatwave, which lasted many years. Chapter 5
provides a global perspective on how the atmosphere changes during MHWs, which highlights
the global spatial variability in atmospheric response to SST anomalies. This chapter also
provides a comparison between cloud changes observed during MHWs to cloud response to
warming in global climate models. 18 years of satellite estimates are utilized in Chapters 5 & 6,
since these data provide the best available temporal and spatial resolution of the variables of
interest. The research culminates in Chapter 6 where the application of a net heat flux feedback
framework proves a useful context for understanding the effects of SST anomalies on the
atmosphere and the effects of the atmosphere on those SST anomalies. A net heat flux feedback
climatology is presented, as well as a comparison between net heat flux feedbacks during MHW:s
and climatological conditions. Chapter 7 summarizes the most important findings of the research,

presents implications of these analyses, and suggests promising research paths for future work.



Chapter 2 Data Over the Oceans
2.1 Introduction

Analysis of coupled atmosphere-ocean processes during MHWSs requires concurrent and
spatially synchronous information about the atmosphere and ocean and choosing appropriate
data for analysis of these events is not always straightforward. While different types of data offer
their own unique advantages, each also has important shortcomings. For example, much of the
ocean and overlying atmosphere are sparsely sampled in situ. Remotely sensed data has key
limitations when observing the surface. Reanalyses and model output are imperfect. Here we
investigate the advantages and disadvantages of four data types that can be used for MHW
analysis — in-situ data, satellite observations, reanalysis products, and combination products. We
will examine available datasets in each category, as well as discuss which types of research
questions are best suited to different data types. This chapter provides a rich context for Chapter
3, in which an in-depth evaluation of reanalysis products in the northeast Pacific Ocean is

presented.

This section is tailored to exploring datasets that are useful for the research questions
proposed in this dissertation — specifically datasets that include concurrent measurements of sea
surface temperature, ocean currents, air temperature, humidity, surface radiative fluxes, turbulent
fluxes, and cloud cover over the global oceans. Other coupled atmosphere-ocean datasets may be
available (e.g., biological datasets) that are not discussed here since they do not provide variables

necessary for this research.

2.2 In-situ measurements of the atmosphere and ocean

Direct in-situ measurements of the atmosphere and ocean are highly desirable, as they
have the potential to provide well-validated, quality controlled, and accurate representations of
the state of the atmosphere-ocean system. In-situ measurements are invaluable because they
provide ground truthing to validate remotely sensed or modeled data. The available options for
concurrent in-situ observations of both the atmosphere and ocean at a given location are

generally measurements made on buoys, coastal platforms, and ships.



The National Oceanic and Atmospheric Administration (NOAA) operates and maintains
a network of buoys through the National Data Buoy Center (NDBC). As of March 2020, the
NDBC has 1422 buoy stations deployed at locations all across the globe. These buoys provide a
variety of atmospheric and oceanic information — measuring and transmitting some combination
of variables including sea surface temperature, wave height, wave period, salinity, water
currents, visibility, water quality, wind speed, wind direction, air pressure, humidity, air
temperature, precipitation, and surface radiative fluxes. Surface latent and sensible heat fluxes

can be computed from the measured meteorological variables using bulk flux algorithms.

In the case of the 2013-16 Northeast Pacific MHW, NOAA’s Papa Buoy (also referred to
as Ocean Station Papa; Freeland, 2007), located at approximately 50 °N 145 °W, was situated in
the middle of the largest (in area) and longest MHW ever recorded. The buoy data afforded
valuable insight into the physics of the MHW at that one location- it was used as a ground
validation of what was happening to air temperature, SST, specific humidity, and fluxes at the
ocean surface. Figure 2.1a shows a time series from 2010-2016 of Papa Buoy measurements of
some variables of interest during the 2013-2016 NE Pacific MHW- skin temperature (Figure
2.1a), specific humidity adjusted to 2 m (Figure 2.1b), and total net heat flux (Figure 2.1c),
which suggest anomalous processes during the 2013-2016 MHW duration. Figures 2.1d-2.1f
show time series of the anomalies of the same variables measured at the buoy; Figures 2.1g-2.11
show monthly climatologies of the variables during the MHW (red bars) and before the MHW
(blue bars). The buoy data show an increase in sea surface temperature and specific humidity
associated with the MHW. Additionally, total net heat flux out of the ocean was reduced during
summer months of the MHW. This buoy data provided an essential near-real-time first look at
how atmospheric and oceanic variables behaved during the start of the large MHW. The
information from the buoy helped form research questions about the evolution of the MHW. But,
when the warmest waters of the MHW moved closer to shore and away from the buoy,
observations from Papa Buoy were less useful for tracking the event, and a spatially gridded

dataset was needed.
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Figure 2.1 Time series of measurements from the buoy at Ocean Station Papa from 2010-2016 for (a) sea

surface temperature (°C), (b) adjusted specific humidity (g/kg), (c) total net heat flux (W/m?); time series

of anomalies from Papa Buoy measurements for (d) sea surface temperature (°C), () adjusted specific
humidity (g/kg), and (f) total net heat flux (W/m?); climatology of Papa Buoy measurements for the time

period before the MHW in blue, and climatology of buoy measurements for the time period during the

2013-2016 NE Pacific MHW (aka ‘the Blob’) for (g) sea surface temperature (°C), adjusted specific

humidity (g/kg), and total net heat flux (W/m?).
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Ship measurements are useful as they can provide ocean transects, offering a spatial slice
of the atmosphere-ocean system. However, there is typically no time series information available
from ship measurements, as the ship is in motion and thus only sampling a particular place for
one moment in time. Over time, ship measurements can help build a climatology for well-
measured areas of the ocean. Examples of available ship measurements include the Voluntary
Observing Ship Climate (VOSClim) Fleet, which is a collection of data measured from ships
available through NOAA. Additionally, NOAA supports research cruises that traverse the same
route multiple times a year, taking measurements along the way. Line P is one such program,
that takes measurements on a route from the coast to the aforementioned Papa Buoy (hence line
‘P’) three times a year (Freeland, 2007). Many scientific collaborators manage instrumentation
on these line routes, and a diverse array of data are available from the cruises. Ship
measurements can provide good ground truthing, but for tracking rare and extreme events like
MHWs, ship measurements barely provide enough of a snapshot. A ship equipped with both
atmospheric and oceanic instrumentation and deployed intentionally to a region experiencing a
MHW could provide strategic insight into these events; however, to the author’s knowledge, this

has not yet been done.

There are other in-situ data products worth considering for MHW analysis, including the
International Comprehensive Ocean Atmosphere Data Set (ICOADS). ICOADS is the largest
collection of freely available, verified atmosphere-ocean data. The dataset includes a
combination of hundreds of millions of observations from ships, buoys, coastal platforms, and
oceanographic instruments, available in a gridded format with variables including SST, air-sea
fluxes and meteorological variables (Freeman et al., 2017). [ICOADS has a very long time record,
extending back to the 17" century, with sparse measurements at the beginning of the record
becoming more frequent and widespread approaching present day. The ICOADS dataset is not
corrected beyond initial quality control, and most importantly, coverage is sparse and
comprehensive maps of certain variables can be difficult or impossible to create (Deser & NCAR

Staff, 2019).

An advantage of in-situ data from buoys, ships, and platforms is that the instruments are
generally well-calibrated, taking direct measurements and reporting in near-real time. In-situ
observations like this are essential for helping validate other data sources like satellite

observations and model output. Disadvantages of in-situ data include the cost of deployment and
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maintenance of instrumentation, particularly since platforms and buoys are subject to harsh open
ocean conditions and can be targets of vandalism (Teng, 2009). In-situ instruments left
unattended for long periods of time can have maintenance issues, as they are left unmanned for
much of the year in harsh maritime environments with large beating waves and rusting sea spray.
If an instrument breaks, it might be weeks before a ship can be deployed with the scientists and
technicians needed to fix it. This can impact availability of data for a continuous time period of
interest. In addition, in-situ data by definition only offer measurements at one point in space (in
the case of buoys and coastal platforms) and/or time (in the case of ship transects). Since MHWs
are widespread events, measurements from one location do not provide a comprehensive

perspective on the event.

In-situ data can provide a valuable first look at MHWs. In the case of the 2013-2016
Northeast Pacific MHW, buoy data proved useful in getting near-real-time information on the
event as it developed, then eventually helping validate other datasets, like those from satellites or
reanalysis, to continue further analyses. In-situ data from buoys and ships can also give a
detailed picture of what is happening simultaneously with the atmosphere and ocean at one
location as a MHW develops, provided the necessary instrumentation to monitor variables of
interest is all available and operational at the location of interest. However, buoy datasets are
generally not sufficient for complete MHW analyses, including those presented here.

Atmosphere-ocean datasets with more comprehensive spatial coverage will be explored next.

2.3 Satellite data

The advantage of satellite data is its near complete global spatial coverage and relatively
frequent temporal sampling. Satellite data can be an invaluable tool for analyses over remote
areas, like the oceanic regions studied here. In addition, many atmospheric parameters are
available in satellite datasets, including air temperature, radiative fluxes, and cloud cover. One
weakness of satellite data is that the products do not provide direct observations- instead,
complex algorithms convert raw radiance data into atmospheric variables of interest. While the
algorithms are advanced and perform well, there is always uncertainty in satellite data. In
addition, satellites only pass over a given location once or twice a day; consequently, care needs

to be taken with temporal interpolation of variables that have high temporal variability or a large
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diurnal cycle. Many of the most useful satellite products are only available over the last 20 years
or so, so time series are relatively short compared to the length of other data records. While some
satellite products are available back through the 1970s, the earlier satellite datasets are not as
reliable as more recent satellite products. An additional weakness of satellite data in the context
of MHW analyses is that satellites cannot easily ‘see’ through cloudy areas down to the surface;
furthermore, satellites cannot ‘see’ beneath the ocean surface. Therefore, surface data benecath
cloudy regions are less certain, and the non-satellite data products are needed to provide

subsurface ocean parameters like ocean currents.

Despite some unavoidable weaknesses of satellite data, they generally provide highly
desirable information for global analyses of climate events like MHWs. A variety of satellite
datasets are available for the atmospheric and sea surface variables of interest for MHW
analyses. Some of these products, including CERES and MODIS products, which will be

examined briefly here.

NASA'’s Clouds and the Earth’s Radiant Energy System (CERES) satellite product
provides the best available radiative flux estimates globally (Kato et al., 2012a; Kato et al.,
2012b; Kato et al., 2018). Since the response of the surface radiative fluxes to SST anomalies is
key to understanding the development of MHWs, a satellite dataset like CERES that provides
well-validated radiative flux data is valuable for many MHW analyses. In this dissertation, the
CERES data product was used to evaluate reanalysis products in the NE Pacific (Chapter 3), and
for direct use on an analysis of global marine heat waves (Chapters 5 & 6). More information

about the CERES product is available in Section 3.3.1.

NASA’s Moderate Resolution Imaging Spectroradiometer (MODIS) provides a wide
variety of measurements, most notably cloud cover and cloud optical properties. Cloud change in
response to SST anomalies is important in dictating the net heat flux response to MHWs, and
thus global MODIS cloud data are particularly useful for MHW analyses. Some CERES products
utilize MODIS cloud data in their radiative transfer schemes to compute surface radiative fluxes,
and thus package MODIS cloud data in with CERES datasets, making a convenient singular
dataset of radiative fluxes and cloud data on the same spatial grid with the same temporal
resolution. MODIS data (via CERES EBAF data) is used for analyses presented in Chapters 4
and 5.
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Satellite observations provide an excellent opportunity for global analyses of MHWs.
Satellite datasets are best for analyzing MHW:s through an atmospheric lens, examining how the
atmosphere changes during anomalously warm SSTs. Satellite products are less ideal for very
cloudy regions which may impede the satellite’s ability to accurately detect surface parameters.
However, even in most cloudy remote regions, satellites are arguably still the best available data

for MHW analyses.

2.4 Reanalysis data

Reanalysis products use observations of the ocean and/or atmosphere in combination
with a numerical model to provide best estimates of the state of the global climate over time. One
advantage of reanalysis products is that they provide global coverage of a wide variety of
variables, all with a complete time series without missing data. In addition, variables are forced
to be physically consistent due to the numerical model. A disadvantage of reanalysis products is
that they are generally not well-validated regionally. While there are some studies that evaluate
how reanalysis products capture global climatology of some atmospheric or ocean variables,
there are few studies that evaluate a large range of reanalysis products and variables against

observations in specific regions.

A variety of atmospheric reanalysis products exist, as do oceanic reanalysis products;
however, coupled atmosphere-ocean reanalysis products are few. Ideally, a MHW analysis
utilizes a coupled product that can capture the interaction between atmosphere and ocean during
times of extreme ocean temperatures. It is possible, however, to pair an atmospheric reanalysis
product to a separate ocean reanalysis product with the understanding that the different
reanalysis products may not be physically consistent, and residuals may be introduced in some
computations. For the case of MHW study in particular, surface heat fluxes are especially
important, and any selected atmospheric reanalysis product may have a net surface heat flux
determined using a different representation of the ocean than the ocean reanalysis product

selected, thus introducing potential residual heat exchange when using the two products together.

Reanalysis products can be very useful for MHW analyses since they can provide a large

suite of variables with a longer time series than the newer generation of satellite products.

14



However, careful validation of a reanalysis product against in-situ or satellite observations is
recommended before use. Sometimes reanalysis products agree well with observations on an
annually averaged global scale, but do not agree well with observations on a local scale or on
short time scales. Therefore, thorough evaluation is needed to understand reanalysis uncertainty
and fit to proposed research questions. Chapter 3 goes into detail evaluating the performance of
five atmospheric reanalysis products and one coupled atmospheric-ocean reanalysis product in
the Northeast Pacific Ocean. This reanalysis evaluation from Chapter 3 informed the use of the
Climate Forecast System Reanalysis (CFSR) product for analysis of the 2013-2016 Northeast
Pacific MHW in Chapter 4. Using a reanalysis product for global analysis of MHWs is not
recommended, since the proper global validation of reanalyses at regional spatial scales and

monthly time scales is not currently available.

2.5 Combination products

There are some data products that do not fall neatly into the above categories, and are not
easily tagged as in-situ, satellite, or reanalysis. Often a data product is a combination of some or
all of these categories.

Many SST datasets are combination products, utilizing all available measurements of
ocean temperatures to provide best estimates of SSTs throughout space and time. Three global
SST datasets were considered for use in the MHW analyses presented in this dissertation- the
NOAA Extended Reconstructed Sea Surface Temperature version 5 (ERSSTvS), the NOAA
Optimum Interpolation Sea Surface Temperature (OISST), and the Hadley Centre Sea Ice and
Sea Surface Temperature dataset (HadISST). The NOAA ERSSTvVS5 reconstructs SSTs from
1854 to present, providing monthly data on a 2° x 2° grid. ERSSTv5 uses ICOADS ship and
buoy data, ARGO float information, and HadISST sea ice concentrations to produce the final
SST product. The NOAA OISST dataset provides weekly SSTs from 1981-present ona 1° x 1°
grid, formed using a combination of satellite measurements, buoy data, and ship observations.
The HadISST dataset provides monthly SSTs from 1870 to present day at 1° x 1° spatial
resolution. SSTs are constructed using the Met Office marine data bank, ship data, buoy
measurements, and satellite observations. The ERSSTvS5 dataset is especially useful if a very

long record of sea surface temperatures is needed; however, it is less desirable for MHW analysis
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given the coarser spatial resolution. OISST and HadISST datasets offer the same finer spatial
resolution, and generally agree quite well when compared (though OISST slightly
underestimates global SSTs compared to HadISST). Since HadISST does offer a longer time
record from which to compute recent MHW anomalies, it gives a better sense of MHWs in a
historical context. Furthermore, HadISST data are highly regarded in the scientific community as
one of the best available SST datasets. For these reasons, HadISST provides SST data for the
MHW analyses presented in Chapters 4, 5, and 6.

2.6 Conclusions

There are many available datasets over the ocean that include both atmospheric and
oceanic variables to analyze MHWs. Ultimately, the selection of data choice is a balance
between the advantages and disadvantages of the product, as well as fit of the dataset to answer
the proposed research questions. There is not one ‘best fit’ dataset that suits all MHW analyses.
In-situ data might be the right fit for an in-depth analysis of a MHW event at one location in
space. A satellite dataset might be the right fit for MHW analyses that aim to compare
atmospheric and oceanic processes in different MHWs around the globe. Reanalyses products
might be the right fit for a regional analysis of a single MHW event. Often, combination data
products, particularly those that provide SST and turbulent heat fluxes, may be needed in

addition to any of the categories of datasets mentioned above.

Though data collection over the world’s oceans is a challenging endeavor, an impressive
variety of datasets exist. It is important to choose a dataset that is the best tool for a proposed
analysis. Careful selection of a dataset, in addition to an understanding of the dataset’s

uncertainties and limitations, is best practice for any MHW analysis.
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Chapter 3 Evaluation of Radiation and Clouds from Five Reanalysis
Products in the Northeast Pacific Ocean

3.1 Introduction

Atmospheric reanalysis products are valuable tools for climate scientists because they
provide long time series of most atmospheric variables with complete global spatial coverage.
Reanalysis data can be useful for studying a variety of atmospheric and climate processes.
Reanalysis makes use of both observations and models to produce an optimized global set of
atmospheric variables. This global dataset is created using a single version of a forecast model
and a series of atmospheric observations at high time resolution (sub-daily). The data are
assimilated into the model resulting in a model-generated dataset that is global, uniformly
produced, and as consistent with observations as possible (Betts et al., 2006). Even though
observations of the atmosphere are not consistent in space or time, an assimilation model
provides a forward interpolation that ‘fills in’ these gaps and maintains dynamically and
energetically consistent fields. Forecast models are imperfect representations of the atmosphere
due to a combination of finite grid resolution, uncertainty in the parameterization of sub-grid
scale processes, and imprecision in initial conditions. However, the assimilation of observations
continually adjusts the model fields to be more consistent with the observations (Betts et al.,
2006). The resulting long-term datasets are the best available representation of long-term and

large-scale atmospheric fields.

Despite the utility of reanalysis, past studies illustrate the potential for biases in reanalysis
products (e.g., Betts et al., 2006; Bosilovich et al., 2008; Dee et al, 2011). Some atmospheric
variables are better represented by reanalysis models than others. For example, variables for
which we have large observational datasets, are smooth at all scales, and are well understood in
terms of model physics (e.g., temperature) are generally reproduced well by reanalysis (e.g.,
Betts et al., 1998; Betts et al., 2006; Duliére et al., 2011; Bao & Zhang, 2013; Donat et al., 2014).
There are exceptions to this, as some studies show moisture is not well reproduced by reanalysis
products (e.g., Jiang et al., 2015)). On the other hand, variables for which we have fewer or less
accurate observational data, are more variable at small scales, and depend on model

parameterizations have much larger biases in reanalysis products (e.g., clouds and precipitation;
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Zib et al., 2012; Walsh et al., 2009; Bosilovich et al., 2008; Vey et al., 2010; Pfeifroth et al.,
2013; Lindsay et al., 2014). In addition, the quality of a reanalysis dataset at a particular location
and time depends on both the numerical model and the number and quality of observations input
to the assimilation framework (Arakawa and Kitoh, 2004; Fujiwara et al., 2017), so biases may

have a regional structure.

Numerous studies have specifically evaluated radiative fluxes and cloud fraction from
reanalyses using observations, most found substantial biases in the reanalyses, many found a
pattern of consistent overestimation of downward shortwave radiative flux and underestimation
of cloud fraction. Zib et al. (2012) used surface radiative flux measurements to assess radiative
fluxes and total clouds fraction at two locations in the Arctic region and found that all reanalyses
had substantial biases in cloud fraction, especially during the winter. Radiative flux biases varied
widely depending on the reanalysis- ERA-Interim and CFSR generally had the smallest biases
and NCEP2 had the largest biases. Decker et al. (2012) used flux tower observations from all
over the world to evaluate incoming shortwave radiation and found that although the reanalyses
captured the annual cycle very well, all reanalyses overestimated the incident shortwave
radiative flux. NCEP had the largest biases, exceeding 25 Wm at many of the sites analyzed,
while ERA-Interim showed the smallest shortwave biases. Similarly, Zhang et al. (2016) found
all reanalyses products overestimated incoming shortwave radiative fluxes, with the exception of
ERA-Interim which had a small positive bias of -2.98 Wm compared to CERES EBAF satellite
data.

Most evaluations of reanalysis datasets have been performed on a global scale and tend to
focus on investigating long-term annual averages (e.g., Dee et al., 2011). These analyses provide
important assessments of reanalysis quality and usefulness. However, many atmospheric
phenomena happen on smaller regional and temporal scales, and long-term global reanalysis
evaluations do not provide information on the value of these datasets at smaller spatio-temporal
scales. Regional evaluations give more detailed insight into reanalysis performance at finer
resolutions, which is particularly important for ‘data-sparse’ regions with limited surface and in-
situ observations. Surface and in-situ observations provide quality-controlled data with excellent
temporal coverage that can help constrain both satellite and reanalysis data. While reanalysis
products are arguably the best available atmospheric information for regions lacking surface and

in-situ measurements (Jakobson et al., 2012; Screen and Simmonds, 2011) due to their complete
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spatio-temporal coverage and comprehensive output of atmospheric variables, it is precisely in
these data-sparse regions where reanalysis datasets are most susceptible to large uncertainties
because there are less data to assimilate. The Arctic is an exemplar region exhibiting this
discrepancy. While reanalysis data are essential tools for studying the Arctic atmosphere,
reanalysis products perform poorly in this region, particularly with modeling temperature,
radiative fluxes, precipitation, relative humidity, wind speed, and ice thickness (Bromwich et al.,
2007; Walsh et al., 2009; Liipkes et al., 2010; Porter et al., 2011; Jakobson et al., 2012; Lindsay
et al., 2014). These case studies in the Arctic suggest that other data-sparse regions require

reanalysis evaluations as well.

We are specifically interested in the performance of reanalysis products in the Northeast
(NE) Pacific. There are a number of reasons to study climate and climate variability in the NE
Pacific; for example, its atmosphere-ocean interactions affect weather downstream in North
America and it is a sensitive and productive region for fisheries, including shellfish. Our
attention was drawn specifically to this region by a recent large and persistent marine heatwave
that occurred in this area from 2013-2016, colloquially referred to as ‘the Blob’ (Bond et al.,
2015). The NE Pacific region, however, has very few in-situ observations (e.g., Ocean Station
Papa at 50°N, 145°W; an array of National Data Buoy Center buoys near the coast (Meindl and
Hamilton, 1992); a ship making observations between the coast and Papa Buoy along a route
called line-P; and only select variables available from satellite estimates (e.g., satisfactory
turbulent heat fluxes are not available from satellite measurements). Thus, reanalysis products
are an indispensable tool for studying the region. However, given potential uncertainty in
reanalysis products, it is prudent to exercise caution when using them as a means to examine
physical processes on small scales. In this study, we compare radiative fluxes and cloud fraction
from reanalyses in the NE Pacific to satellite estimates in order to evaluate usefulness of these

reanalysis quantities for regional studies.

We use NASA’s Clouds and the Earth’s Radiant Energy System (CERES) Energy Balanced
and Filled (EBAF) satellite estimates to evaluate the surface radiative fluxes and total cloud
fraction from five reanalysis products. The reanalyses include the European Center for Medium-
Range Weather Forecasts reanalysis (ERA-Interim), NASA’s Modern-Era Retrospective analysis
for Research and Applications version 2 (MERRA?2), the Japanese Meteorological Agency 55-

year reanalysis (JRA-55), the National Center for Environmental Prediction and Department of
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Energy reanalysis 2 (NCEP2), and NCEP Climate Forecast System Reanalysis (CFSR). Three
approaches are used to evaluate the reanalysis datasets, as summarized in the following research

questions:

1. How well do reanalysis products replicate the seasonality of surface radiative fluxes and
total cloud fraction in the NE Pacific?

2. Do reanalysis products adequately capture the spatial distribution of surface radiative
fluxes and total cloud fraction in the NE Pacific?

3. How well do reanalysis products reproduce anomalies in surface radiative fluxes and total

cloud fraction in the NE Pacific?

3.2 Background

The five reanalysis products assessed here have been evaluated in various capacities
throughout many regions of the globe. Results show biases that vary widely by location, variable
of interest, and reanalysis product (e.g., Bosilovich et al., 2008; Dee et al., 2011). Consequently,
the choice of reanalysis product to use for climate analysis in a given region can yield very

different results for the same diagnostic (Fujiwara et al., 2017).

We are aware of only one previous study that evaluates reanalysis data in the NE Pacific.
Ladd and Bond (2002) compare NCEP1 (also referred to as NCEP/NCAR) reanalysis output
with measurements from multiple moored buoys in the Bering Sea and one moored buoy (the
aforementioned Ocean Station Papa) in the NE Pacific from 1995 to 2000. Wind, radiation,
cloud cover, and sea level pressure were evaluated. The direction of 10 m winds and sea level
pressure from the reanalysis product were satisfactory compared to buoy observations. Speed of
10 m winds, on the other hand, was biased high by about 5%. The shortwave radiative flux from
NCEP1 showed a 70 Wm™ bias in the Bering Sea and a 20 Wm bias in the NE Pacific. The
positive bias in shortwave radiative flux in the NE Pacific was present in both the summer and
winter. Further analysis in Ladd and Bond (2002) suggests radiative flux biases are likely due to
the NCEP1 biases in clouds. In particular, they found the reanalysis model has the largest biases

during fair weather events when low clouds are prevalent. Here we expand on this previous
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analysis by considering different meteorological quantities and five newer reanalysis datasets, all

for a longer time period.

It should be noted that there are emerging efforts within the scientific community to
systematically evaluate reanalysis products to provide comparisons of reanalysis data for all
variables and regions of the globe. One such effort is the SPARC Reanalysis Intercomparison
Project (S-RIP), which was formed to diagnose biases in reanalysis products, with a focus on the
upper troposphere, stratosphere, and lower mesosphere (Fujiwara et al., 2017). Consequently, the
S-RIP will be less useful for those interested in the performance of reanalysis products at the

surface, making assessments such as ours still necessary.

3.3 Data and Methods

3.3.1 NASA satellite estimates

We use the CERES Edition 4 EBAF satellite estimates (Wielicki et al., 1996; Kato et al.,
2013; Kato et al., 2018) as our baseline for comparison with surface radiative fluxes from the
five reanalyses. The CERES EBAF-Surface (Kato et al, 2013; Kato et al., 2018) product is based
on the Edition 4 CERES synoptic 1° monthly averaged data (SYN1deg-Month) (Rutan et al.,
2015) radiative flux dataset. The underlying SYN1deg-Hour fluxes are obtained by applying a
radiative transfer model to atmospheric profiles of temperature and water vapor from GEOSS,
cloud parameters from MODIS and geostationary satellite observations. The monthly averaged
SYN1deg-Month data is then constrained to match the top of atmosphere (TOA) radiative fluxes
from the CERES Ed. 4. EBAF-TOA (Loeb et al., 2009), which itself has been constrained to the
ocean heat storage. The basic approach in this process is to vary the SYN1deg input values
within their uncertainty bounds until a good match with the TOA fluxes is achieved. Adjustment
of the cloud parameters takes advantage of the higher quality active cloud measurements from
CALIPSO and CloudSat (Kato et al., 2013; Kato et al., 2018). The final EBAF-surface monthly
mean downward and upward shortwave and longwave radiative fluxes at the surface are
provided on a 1°x1° global grid. Total cloud fraction data for comparison to the reanalyses is

provided by SYN1deg-Month satellite estimates.
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The satellite estimates are not without uncertainty. Since surface irradiance values are
only available through a radiative transfer model that requires input of atmospheric variable
measurements (e.g., aerosol and cloud), the accuracy of the satellite retrievals depends on the
accuracy of these inputs (Kato et al., 2012a). Estimates suggest CERES EBAF monthly gridded
estimates of surface upward shortwave radiative flux over the ocean are accurate within
8.3 Wm2, downward shortwave radiative flux within 6.9 Wm2, downward longwave radiative
flux within 4.3 Wm, and upward longwave radiative flux within 11.5 Wm (scaled from Kato
et al., 2018; see also Kato et al., 2012a; Kato et al., 2012b; Kato et al., 2013). Cloud fraction
uncertainty is estimated at 5%, per the CERES EBAF Surface Data Quality Summary
(https://ceres.larc.nasa.gov/documents/DQ summaries/CERES _EBAF-Surface Ed4.0 DQS.pdf)
We expect these uncertainties are further reduced when spatially averaging over the region of the
NE Pacific, so the uncertainty estimates here are conservative. The satellite uncertainty estimates
are used here as thresholds for acceptance of agreement between satellite and reanalysis data. If
the bias between reanalysis and satellite observations is less than the cited satellite uncertainty,
the reanalysis and satellite observations are considered to be in adequate agreement. If the bias is
larger than the satellite estimate uncertainty, the bias is significant, and the reanalysis product is

not in agreement with satellite estimates.

CERES EBAF is one of the only long-term satellite datasets available for the entirety of
the NE Pacific region. Other available satellite datasets include the International Satellite Cloud
Climatology Project (ISCCP) Flux product (Zhang et al., 1995) and the NASA/GEWEX Surface
Radiation Budget product (Zhang et al., 2013). ISCCP is produced at 2.5 ° resolution, which is
much lower than that of CERES EBAF. Furthermore, both ISCCP and NASA/GEWEX
estimates have similar or larger uncertainties than those for CERES EBAF, which is why

CERES EBAF is used here for evaluation of reanalysis products.

CERES satellite estimates of radiative fluxes have not been assimilated into ERA-
Interim, MERRA2, JRA-55, NCEP2 or CFSR. Therefore, comparison to the CERES EBAF
radiative fluxes can be considered an independent measure of the quality of the reanalysis
radiative fluxes. However, CERES utilizes data from geostationary satellites, MODIS and

CALIPSO to derive cloud variables and radiative fluxes, and some aspects of these products are
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assimilated into the reanalyses. For example, MODIS aerosol estimates are assimilated into

MERRA2 and ERA-INTERIM.

3.3.2 Reanalysis products

Monthly averages of radiative fluxes and total cloud fraction from five reanalysis
products (ERA-Interim, MERRA2, JRA-55, NCEP2 and CFSR) are evaluated here. Although
other reanalysis products do exist for this region, the five investigated here are: (a) the most up to
date versions of older available reanalysis models, and (b) commonly used and highly cited in
the literature. Table 3.1 outlines technical information about each of the reanalysis datasets. The

rest of Section 3.3.2 provides descriptions of each reanalysis product.

Table 3.1 Reanalysis products evaluated

Product Model grid resolution Availability Reference
ECMWF ERA- T255, 60 vertical levels 01/1979-present | Dee et al. (2011)
Interim
NASA MERRA2 | 0.5°x0.625°, 72 vertical 01/1980-present | Gelaro et al. (2017)
levels

JRA-55 T319, 60 vertical levels 12/1957-present | Kobayashi et al. (2015)
NCEP2 T62, 28 vertical levels 01/1979-present | Kanamitsu et al. (2002)
CFSR T382, 64 vertical levels 01/1979-present | Saha et al. (2010)

Saha et al. (2014)

3.3.2.1 ECMWF ERA-Interim

ERA-Interim is a long term reanalysis product from ECMWF and is well documented in
Dee et al. (2011). ERA-Interim data are available from January 1979 to December 2017 at sub-
daily, daily and monthly time steps. The model uses a T255 grid with 60 vertical levels, and data
is available at 0.75°x0.75° at 60 vertical levels. The ERA-Interim product improves upon the
ERA-40 system (described in Uppala et al., 2005) by using a 4D-Var data assimilation system

that more fully integrates observations from the satellite era and more completely incorporates
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measurements made between analysis times. ERA-Interim has an improved hydrologic cycle and

stratospheric circulation compared to ERA-40 (Fujiwara et al., 2017).

3.3.2.2 NASA MERRA2

MERRAZ2 is the most recent version of the reanalysis product from NASA’s Global
Modeling and Assimilation Office. Detailed information about MERRA?2 can be found in Gelaro
et al. (2017) and Bosilovich et al. (2015). MERRAZ2 has data available from January 1980 to
November 2017 at sub-daily, daily and monthly time steps. The MERRA?2 data are available at a
resolution of 0.5°x0.625° with 72 vertical levels. MERRA?2 improves upon the former NASA
MERRA reanalysis product by ingesting new data types and implementing improvements to the
model, including closed balance between surface water fluxes and total atmospheric water, a
modified gravity wave scheme, improved treatment of the upper atmosphere, and assimilation of
aerosol optical depth measurements (Fujiwara et al., 2017; Bosilovich et al., 2015; Randles et al.,

2017).

3.3.2.3 JIMA JRA-55

JRA-55 is the most recent version of the JMA reanalysis effort and is documented in
Kobayashi et al. (2015). JRA-55 is available from December 1957 to July 2017 at sub-daily and
monthly time steps. The native and available model resolution is T319 with 60 levels. JRA-55 is
an update of its predecessor, JRA-25 (Onogi et al., 2007) and assimilates satellite data as well as
upper air data using a 4D-Var assimilation scheme (Kobayashi et al., 2015; Fujiwara et al.,

2017).

3.3.2.4 NCEP/DOE Reanalysis 2

NCEP/DOE Reanalysis 2 (NCEP2) has data available from January 1979 to January 2018
at sub-daily, daily and monthly time steps. The native resolution of the NCEP2 reanalysis model
is T62 with 28 levels, which is the lowest resolution of all the reanalysis products evaluated here.

The available data resolution is 2.5°x2.5° with 28 vertical levels. Detailed description of the
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NCEP2 and the corrections and updates implemented since its previous version NCEP/National
Center for Atmosphere Research (NCAR) Reanalysis 1 (NCEP1) (Kalnay et al., 1996) are found
in Kanamitsu et al. (2002).

3.3.2.5 NCEP CFSR

The Climate Forecast System Reanalysis (CFSR) product is the most advanced reanalysis
product produced by NOAA NCEP. CFSR is available from January 1979 to February 2011, and
the operational model on which this reanalysis product is based was upgraded in March 2011 to
the Climate Forecast System Reanalysis version 2 (CFSv2). Since the time period of interest in
this study spans both the CFSR and CFSv2, the two reanalysis products were merged to get a
continuous reanalysis dataset, which is referred to throughout as CFSR. Detailed information on
CFSR is found in Saha et al. (2010), while details on CFSv2 and how the model was improved
compared to the previous version are found in Saha et al. (2014). Although there are small
differences between the CFSR and CFSv2 reanalysis products that could affect working across
the two datasets (Saha et al., 2014), we expect no problems with merging the two datasets here
given the variables of interest, as many previous studies have done so without issue (Betts et al.,

2006; Fujiwara et al., 2017).

The CFSR is unique from the other reanalyses studied here because it is a coupled
atmosphere-ocean-land-sea ice system model. The model assimilates measurements of carbon
dioxide, trace gases, and aerosols, and should reflect changes in climate due to these variables.
The CFSR is improved from the NCEP/DOE reanalysis in that it is a coupled model and
assimilates more observations with a more sophisticated assimilation scheme. However, fewer
evaluations of CFSR have been conducted compared to other reanalysis products, so its

performance globally is not yet well established.

3.3.3 Methods

For our purposes, the NE Pacific region is defined from 40°-60° N and 180°-120° W. In

order to compare reanalysis and satellite products, all datasets were re-gridded to match the
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dataset with the lowest resolution- in this case, the NCEP2 2.5°x2.5° grid. Re-gridding was
performed using bilinear interpolation. The time period from 2001 to 2015 was used in order to
maximize overlap of reanalysis products with currently available satellite data. (The processing
of CERES data to produce surface fluxes lags a half year or more behind acquisition of the

satellite data).

Surface all-sky radiative fluxes, including downward shortwave, upward shortwave,
downward longwave, and upward longwave, are evaluated here. Not all of the reanalysis datasets
provide clear-sky radiative fluxes, and thus analysis of clear-sky variables is not included here.
For the entirety of this manuscript, reference to radiative fluxes assumes surface, all-sky values
unless otherwise indicated. Total cloud fraction is analyzed instead of cloud fraction at different
levels, because the satellite and reanalysis products do not provide cloud fraction information at

the same vertical levels.

We examine how reanalysis products reproduce seasonality, spatial distribution, and
anomalies of radiative fluxes and total cloud fraction in the NE Pacific compared to satellite
observations, which we treat as the objective standard. Monthly means of variables are utilized
throughout. Most of the evaluation presented here, particularly the statistics and plots presented
in Sections 4.1 and 4.3, are spatially averaged over a box from 40-60°N and 180-120°W, unless

indicated otherwise.

Monthly climatologies of the variables are computed by averaging the monthly mean
values for each month of each year of the time series from 2001-2015 to yield a mean annual
cycle. Five measures are utilized throughout to quantify reanalysis performance: bias, mean
absolute deviation, relative bias (as percent of the mean), root mean square deviation (RMSD)
and correlation coefficient. All differences are computed as model minus satellite values. The
mean absolute deviation is computed by averaging the absolute value of the difference at every
point in a time series, which avoids underreporting of the magnitude of differences due to
averaging out of positive and negative biases. Relative bias reports the bias as a percentage of the

multi-year annual mean of that variable.

Mean spatial distributions (as in Fig. 3.3,3.4) were computed by averaging the variable
annual means from 2001-2015 in each grid box. Contour plots show the smoothed long-term

annual means at each point in the domain. Spatial distributions of reanalysis bias were computed
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by subtracting annual averaged satellite estimates from annual averaged reanalysis data, then

plotted at each point in the domain.

Anomalies were computed as monthly values minus long-term monthly climatology.
Standardized anomalies were computed by dividing the anomaly by the standard deviation of the
time series. Standardized anomalies take into account differences in the reanalysis time series
and help visually compare magnitudes of anomalies between reanalyses and satellite estimates.
To evaluate more intense anomalous events for each variable, all time steps where the CERES
estimates exceeded one standard deviation of the mean were considered. At each of those time

steps, anomalies were computed as reanalysis value minus satellite value at that time step.

3.4 Results

3.4.1 Monthly climatology and seasonality of radiative fluxes and total cloud fraction

Monthly mean values of the radiative fluxes and total cloud fraction are computed for
reanalysis products and CERES EBAF for the period from 2001 to 2015 and are summarized in
Table 3.2. The table also provides statistical comparison of the reanalyses to observations of
radiative fluxes and total cloud fraction over the entire NE Pacific domain. In the left column in
Figure 3.1 are plots of the monthly climatology of radiative fluxes from satellite observations in
black and the reanalyses in the colors. In the right column are reanalysis biases compared to

CERES EBAF radiative fluxes.

Annual average downward shortwave radiative flux at the surface is overestimated by
every reanalysis dataset for most months of the year. Annual average positive biases range from
0.7 Wm2 (CFSR) to 21.2 Wm™ (NCEP2). The annual average of the absolute values of the
differences range from 3.8 Wm (CFSR) to 21.2 Wm? (NCEP2), though JRA-55 and NCEP2
are the only products with biases that exceed the uncertainty of the satellite estimate and are thus
considered significant. The average NCEP2 shortwave bias is similar to the NCEP1 bias of 20
Wm in the NE Pacific reported by Ladd and Bond (2002). The high bias in the NCEP2
reanalysis constitutes 15% of the average downward shortwave radiative flux from that product;

but the summer bias (47 Wm) is much greater than the winter bias and constitutes closer to
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20% of the average downward shortwave radiative flux in the summer. Reanalyses have the
largest biases in the summer, which is expected since summer also has the largest magnitude of
shortwave radiative flux at the surface. However, every reanalysis product, with the exception of
MERRAZ2, gets the seasonal cycle of downward shortwave radiative flux correct. This finding is
not surprising given the pronounced annual cycle of solar radiation in the north Pacific region; it
serves, however, as a zero-order evaluation of radiative fluxes in the reanalyses. Zhang et al.
(2016) found that globally MERRA, JRA-55, NCEP2 and CFSR overestimated downward
shortwave radiative flux at the surface, while ERA-Interim underestimated downward shortwave
radiative flux. They found that global mean biases ranged from -3 Wm to 22 Wm2, which is
similar to biases found here, with the exception of ERA-Interim, which showed biases of the
opposite sign. CFSR also had the smallest global biases in downward shortwave radiative flux

according to Zhang et al. (2016).

28



Table 3.2 Statistical comparison of monthly radiative fluxes and total cloud fraction from reanalysis data
and CERES EBAF satellite estimates, spatially averaged over the domain from 40°-60° N and 180°-120°
W. Statistics are provided for the mean, bias, mean absolute deviation (MAD), relative bias, root mean
square deviation (RMSD) and correlation coefficient in annual cycles between CERES satellite data and
reanalyses. Biases and MADs are bolded if they are larger than the uncertainty in satellite estimates,

meaning bias is significant.

Data Product Measures Downward Upward Downward Upward Total cloud
shortwave shortwave longwave longwave fraction
radiative flux radiative flux | radiative flux radiative flux | (%)
(Wm?) (Wm?) (Wm?) (Wm?)

CERES EBAF | Mean 119.4 9.09 313.5 356.2 88.4

Uncertainty 6.9 8.3 43 11.5 5.0

ERA-Interim Mean 124.9 10.1 313.9 356.9 78.9

Bias (MAD) 5.5(1.7) 1.0 (1.0) 041 (2.1) 0.71 (0.72) -9.5 (9.5)
Relative Bias (%) 4.4 10.0 0.13 0.20 12.0
RMSD 10.5 1.4 2.6 0.86 9.6
Correlation coeff. 0.99 0.99 0.99 0.99 0.67
MERRA2 Mean 122.4 10.7 304.6 353.5 70.8
Bias (MAD) 3.0(7.1) 1.7.(1.7) -8.9 (8.9) -2.72.7) -17.5 (17.5)
Relative Bias (%) 2.4 15.5 29 0.78 24.7
RMSD 10.1 1.7 9.2 2.8 17.7
Correlation coeff. 0.99 0.99 0.99 0.99 0.74
JRA-55 Mean 131.7 11.2 309.6 358.7 66.7
Bias (MAD) 12.3 (12.3) 2.1 2.1) -3.8(3.9) 2.52.5) -21.6 (21.6)
Relative Bias (%) 9.4 18.6 1.3 0.69 324
RMSD 15.1 2.1 4.7 2.5 21.7
Correlation coeff. 0.99 0.99 0.99 0.99 0.41
NCEP2 Mean 140.6 12.7 307.6 357.4 66.7
Bias (MAD) 21.2 (21.2) 3.6(3.6) -5.8(5.9) 1.2 2.1) -21.7 21.7)
Relative Bias (%) 15.1 28.6 1.9 0.35 32.6
RMSD 26.0 4.0 7.7 2.4 22.3
Correlation coeff. 0.99 0.99 0.96 0.99 0.43
CFSR Mean 120.3 11.1 317.1 357.4 80.4
Bias (MAD) 0.86 (3.8) 2.0 (2.0) 3.6(3.6) 1.3(1.3) -8.0 (8.0)
Relative Bias (%) 0.7 18.0 1.1 0.36 9.9
RMSD 4.6 22 3.9 1.4 8.1
Correlation coeff. 0.99 0.99 0.99 0.99 0.79

Annual average upward shortwave radiative flux at the surface is overestimated by all

reanalysis products, with biases ranging from 1.0 Wm (ERA-Interim) to 3.6 Wm2 (NCEP2),

corresponding to 10 to 28.6% of average upward shortwave radiative flux values (see Table 3.2).

These biases are not significant, however, because they are all within the bounds of uncertainty

of the satellite estimates. Biases in upward shortwave radiative flux in the reanalysis dataset over

the NE Pacific are largely attributable to the biases in downward shortwave radiative flux, since

the domain of interest is mostly ocean surface (little to no change in surface albedo). Despite

biases, correlation coefficients for both upward and downward shortwave radiative fluxes are

0.97 or higher for all reanalysis datasets. This is not surprising given that the seasonal cycle of
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these variables in each dataset is adequate and dominates the correlation (Zhang et al., 2016).
Yang et al. (1999) evaluated the older versions of the ECMWF and NCEP reanalysis products,
ERA-40 and NCEP1, respectively, and found consistent overestimation of reflected shortwave
radiative flux throughout the globe compared to Earth Radiation Budget Experiment (ERBE).
Though the Yang et al. (1999) study is not directly comparable to results shown here, due to the
difference in observations used, reanalysis products, time periods (Yang et al. (1999) used years
1985 and 1986), and analysis location (they looked at the top of the atmosphere), this does
highlight a consistent problem in overestimation of upward shortwave radiative flux across

reanalyses.
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Figure 3.1 Monthly climatology (left column) and bias (right column) of radiative fluxes. The black line
in plots (a), (c), (e), and (g) represents CERES EBAF climatology, and gray shading is standard deviation
of CERES EBAF variables. Green line is CFSR, yellow line is NCEP/DOE R2, purple line is JRASS, red
line is MERRA?2 and blue line is ERA-Interim in all plots. Subplots (a) and (b) show downward
shortwave, subplots (c) and (d) show upward shortwave, subplots (¢) and (f) show downward longwave
and subplots (g) and (h) show upward longwave radiative flux.
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The reanalysis datasets have annual average biases in downward longwave radiative flux
ranging from -8.9 (MERRA?2) to 3.6 Wm™ (CFSR) (Figure 3.1e,f & Table 3.2). Downward
longwave flux biases from ERA-Interim, JRA-55, and CFSR are in reasonable agreement with
the satellite estimates, while biases in MERRA2 and NCEP2 are significant. Few studies have
investigated reanalysis bias of downward longwave radiative flux, and we are not aware of any
studies that provide a detailed analysis of downward longwave radiative flux in the NE Pacific
specifically. Wang and Dickinson (2013) evaluated downward longwave radiative flux from
reanalysis against in-situ measurements and found high correlation coefficients (0.96-0.98), and
globally averaged negative biases of -0.19 Wm (CFSR), -2.31 (ERA-Interim), and -14.51
(MERRA). The biases in MERRA?2 in the NE Pacific reported here are similar to those Wang
and Dickinson (2013) report for MERRA globally. The contour maps in Figure 16 in Wang and
Dickinson (2013) show biases between CERES SYN satellite estimates and reanalysis in the NE
Pacific region that are very similar to those reported here. Biases in longwave radiative flux are
most likely attributable to difficulty in accurately modeling clouds (Yang et al., 1999; Wang and
Dickinson, 2013), but could also be attributed to differences in temperature and water vapor

profiles.

Reanalysis biases in upward longwave radiative flux are shown in Figure 3.1g,h. ERA-
Interim, JRASS, and CFSR all show positive biases throughout the year, with slightly smaller
biases in summer compared to winter. MERRA?2 shows consistently negative biases in upward
longwave radiative flux throughout the year. NCEP2 has positive biases in the winter and
negative biases in the summer. However, since all biases are smaller than uncertainties in the
satellite estimates, the biases are not significant. Since the reanalysis products (with the
exception of CFSR) do not interactively assimilate sea surface temperatures (in other words,
reanalysis products read in SST observations which stay fixed and do not change based on
radiation and cloud changes in the reanalysis model), the biases in upward longwave radiative
flux are likely a combination of differences in SST and differences in downward longwave
radiative flux reaching the surface. Differences in upward longwave radiative flux in CFSR
could be due in part to differences in sea surface temperatures compared to CERES (CFSR has a

SST bias of 0.22 K, not shown).
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Figure 3.2a shows monthly climatologies of total cloud cover from satellite estimates and
reanalysis data, with the corresponding biases in Figure 3.2b. All reanalysis products
underestimate total cloud cover, with multiyear mean negative biases ranging from -8% (CFSR)
to -21.7% (NCEP2) total cloud fraction. Cloud biases in all reanalysis products are significant.
NCEP2 most grossly underestimates total cloud cover, sometimes by ~30%, particularly in the
summer months, which is likely part of the reason for the large positive biases in downward
shortwave radiative flux in NCEP2. While cloud fraction bias and shortwave bias tend to be
negatively correlated in the reanalyses, sometimes the relationship is weaker than expected,
suggesting other factors like different in cloud optical thickness, cloud height, or, possibly,

aerosols also contribute (see Appendix A).
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Figure 3.2 Monthly climatology (left column) and bias (right column) of total cloud cover. The black line
in plot (a) represents CERES EBAF climatology, and gray shading is standard deviation of CERES
EBAF variables. Green line is CFSR, yellow line is NCEP/DOE R2, purple line is JRASS, red line is
MERRA? and blue line is ERA-Interim in all plots.

There are no studies that evaluate total cloud fraction in the NE Pacific in particular;
however, many other studies point out discrepancies in cloud fraction estimates by reanalysis
products. Arguably the most comparable studies to our region of interest analyze the Arctic.
Walsh et al. (2009) find that NCEP1 and JRA25 consistently underestimate cloud fraction at the
Barrow, Alaska site, while ERA-40 represents cloud fraction better; furthermore, they note that
radiative flues are well represented in reanalysis datasets if/when the cloud fraction is also well

represented.
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3.4.2 Spatial distribution of radiative fluxes and total cloud fraction

Evaluation of the domain-averaged parameter climatologies in Section 4.1 obscures
spatial variations in the satellite measurements and reanalyses, which we explore in this section.
For brevity, we discuss only spatial distribution of biases in net shortwave and net longwave
radiative fluxes at the surface. It is useful to keep in mind that the climatological biases discussed
in Section 4.1 show that net shortwave biases are dominated by biases in downward shortwave
radiative flux and net longwave biases are generally dominated by biases in downward longwave
radiative flux. There is very little spatial variation in total cloud cover biases so we do not

discuss them further.

Most of the reanalysis products analyzed here exhibit an east-west gradient in radiative
flux biases. The top panel of Figure 3.3 shows the annual mean climatological distribution of
CERES EBAF net shortwave radiative flux, while the following panels of Figure 3.3 show the
long-term mean annual differences between the satellite estimates and the reanalysis products.
ERA-Interim, JRAS55, NCEP2 and CFSR all show larger positive net shortwave biases in the
west portion of the domain, with smaller positive or even negative (CFSR) net shortwave biases
in the eastern portion of the domain nearer to the coast. MERRA?2 is the only reanalysis product
that has a north-south gradient in net shortwave radiative flux bias, with positive biases in the
south, corresponding to larger average climatological net shortwave fluxes at the surface. Betts
et al. (2006) compared NCEP2 and ERA-40 reanalysis data to ISLSCP-II data from 1986-1995
and present spatial maps of biases in their Figures 10 & 11 for downward shortwave radiative
flux. Not much spatial variation is apparent in the NE Pacific in winter, though summer shows
higher downward shortwave biases nearest the coast for ERA-40 reanalysis (which is different
than what is found here for ERA-Interim), and highest biases off the coast of Washington and
Oregon and then south of the Gulf of Alaska for NCEP2. Large biases are also apparent in
NCEP2 near the coast here, though Betts et al. (2006) do not report the large biases also seen
here in the western part of the NE Pacific domain. Lack of agreement in Betts et al. (2006)
results and those shown here could be due to a variety of factors, including the different time
periods analyzed, the different observations used for comparison, or the different versions of the

ECMWEF reanalysis products evaluated.
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Figure 3.3 Annual mean climatology of net shortwave radiative flux from CERES EBAF satellite
estimates in the NE Pacific (top panel). Subsequent panels show spatial distribution of biases in reanalysis
dataset net shortwave radiative flux for ERA-Interim, MERRA2, JRASS, NCEP2 and CFSR, respectively.

Patterns in the spatial distribution of net longwave radiative flux biases in reanalysis

datasets are less consistent (Figure 3.4). ERA-Interim has positive biases in the open ocean in the

south of the domain and negative biases in the north and along the coast. MERRA?2 has negative

biases throughout the domain, with largest biases in the zone of coastal upwelling. JRASS has

little spatial variation, although largest negative biases occur to the north. NCEP2 also has large
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negative biases in the north and along the coast. Finally, CFSR biases vary from west to east,
with larger positive biases for the ocean in the west and negative biases occurring along the
coast. Figure 14 in Betts et al. (2006) show that the largest biases in summertime downward
longwave radiative flux in the NE Pacific occur near the coast for both NCEP2 and ERA-40.
These results are not consistent with those presented here, likely for similar reasons mentioned

previously.
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Figure 3.4 Annual mean climatology of net longwave radiative flux from CERES EBAF satellite
estimates in the NE Pacific (top panel). Subsequent panels show spatial distribution of biases in reanalysis
dataset net longwave radiative flux for ERA-Interim, MERRA?2, JRA55, NCEP2 and CFSR, respectively.
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Another sub-region of interest within the domain is the mountain chain along the coast,
ranging from Oregon and Washington up into British Columbia. There are clearly larger biases
along these mountain ranges compared to surrounding areas. Biases in reanalyses at higher
altitudes is documented in other studies (e.g., Duliére et al., 2011) so will not be discussed in

detail here.

3.4.3 Anomalies in radiative fluxes and total cloud fraction

Just as global reanalysis evaluations do not supply detail of reanalysis performance at
small spatial scales, annual climatological reanalysis evaluations do not supply detail of
reanalysis performance on short temporal scales. Anomalous events are of particular interest to
climate scientists as they provide insight into the climate and interactive processes when the
system is pushed towards extremes. For the reasons mentioned in the introduction, reanalysis
products can be important tools for studying anomalous climatic events, but it is essential to
understand the performance of reanalysis models during the anomalous periods. Some studies
have evaluated representation of temperature and precipitation extremes in reanalysis products
(Duliére et al., 2011; Donat et al., 2014), though we are unaware of studies that evaluate

anomalies in radiative fluxes and cloud fraction.

Time series of anomalies of radiative parameters and total cloud fraction from CERES
EBAF satellite estimates are compared to those from the reanalysis data, spatially averaged over
40°-60° N and 180°-120° W. Table 3.3 presents statistics both for comparison of all anomalies,

as well as comparison of just anomalous events that exceed 1 standard deviation (o) of the mean.
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Table 3.3 Statistical comparisons of radiative flux and total cloud fraction monthly mean anomalies from

reanalysis data and CERES EBAF satellite estimates, spatially averaged over the domain from 40-60 N

and 180-240 E. Statistics include mean absolute deviation (MAD), root mean square deviation (RMSD),
and correlation coefficient comparing all anomalies in CERES data and reanalysis data, as well as bias,
mean absolute deviation (MAD), RMSD and correlation coefficient for anomalous events exceeding 1

standard deviation (>10). Biases and MADs are bolded if they are larger than the uncertainty in satellite

estimates, meaning bias is significant.

Data Product | Measures Downward Upward Downward Upward Total
shortwave shortwave longwave longwave Cloud
radiative flux radiative flux | radiative flux radiative flux | Fraction
(Wm™) (Wm™) (Wm™) (Wm™) (%)

ERA-Interim | MAD 2.6 0.28 1.8 0.51 1.4

RMSD 3.5 0.39 2.5 0.71 1.7
Correlation coeff. 0.62 0.76 0.83 0.97 0.56
Bias (>10 (MAD) 12.9 (13.5) 1.0 (1.1) -0.86 (2.8) 0.46 (0.94) -9.6 (9.6)
RMSD (>10) 15.6 1.4 3.6 1.1 9.9
Correlation coeff. (>10) 0.99 0.97 0.99 0.99 0.73
MERRA2 MAD 3.5 0.27 1.9 0.48 1.8
RMSD 4.9 0.36 2.5 0.62 2.2
Correlation coeff. 0.48 0.82 0.80 0.98 0.37
Bias (>10) (MAD) 24(094) 1.5 (1.5) -9.3 (9.3) -2.9(2.9) -17.4
RMSD (>10) 11.6 1.6 9.8 3.1 17.4)
Correlation coeff. (>10) 0.96 0.98 0.98 0.99 17.6
0.75
JRA-55 MAD 2.4 0.26 1.8 0.27 1.5
RMSD 32 0.36 2.5 0.36 2.0
Correlation coeff. 0.67 0.81 0.82 0.99 0.47
Bias (>10) (MAD) 20.3 (20.3) 2.0 (2.0) -5.1 (5.2) 2424 221
RMSD (>10) 21.8 2.2 6.1 2.4 (22.1)
Correlation coeff. (>10) 0.99 0.95 0.99 0.99 22.3
0.56
NCEP2 MAD 3.1 0.51 2.1 0.37 1.7
RMSD 4.4 0.81 2.8 0.49 2.2
Correlation coeff. 0.40 0.83 0.75 0.99 0.45
Bias (>10) (MAD) 34.1 (34.1) 5.1(5.1) -4.4 (5.4) 1.0 (2.1) -21.6
RMSD (>10) 36.4 5.4 7.3 2.4 (21.6)
Correlation coeff. (>10) 0.98 0.96 0.95 0.99 22.3
0.43
CFSR MAD 2.2 0.38 2.8 0.36 1.4
RMSD 2.9 0.52 34 0.46 1.8
Correlation coeff. 0.82 0.78 0.60 0.99 0.75
Bias (>10) (MAD) 5.1(6.3) 2.5(2.5) 1.5(3.5) 1.2 (1.3) -8.2 (8.2)
RMSD (>10) 7.2 2.7 4.2 1.5 8.5
Correlation coeff. (>10) 0.99 0.97 0.98 0.99 0.89

Figure 3.5a shows the time series of standardized anomalies of downward shortwave

radiative flux from 2001-2015 for CERES EBAF and the five reanalysis datasets. On average,

the mean absolute deviations of the anomalies range from 2.2 Wm2 (CFSR) to 3.5 Wm™

(MERRA?) (Table 3.3), which are all small enough to be in acceptable agreement with the
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satellite estimates. For anomalous events that exceed 1 o, those mean absolute deviations are
much larger, ranging from 6.3 Wm (CFSR) to 34.1Wm™ (NCEP2). The deviations from ERA-
Interim, JRA-55, and NCEP2 are significant. The time series in Figure 3.5a make it apparent that

CFSR best captures the anomalous changes in downward shortwave radiative flux that are

documented in the CERES EBAF datasets, particularly in the last few years of the time period.

The anomaly comparison statistics indicate that on the whole, the reanalysis products are not

reproducing extreme anomalous events (>1c) well, even when they are adequately reproducing

the climatology of downward shortwave radiative flux in the NE Pacific.
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Figure 3.5 Time series from 2001-2015 of monthly standardized anomalies of all sky downward (a)
shortwave radiative flux and (b) longwave radiative flux from CERES, ERA-Interim, MERRA2, JRASS,
NCEP2, and CFSR. Positive anomalies are shaded red and negative anomalies are shaded blue.

mean absolute deviations of anomalies range from 1.8 Wm™ (ERA-Interim) to 2.8 Wm™

Figure 3.5b shows the time series of standardized anomalies of downward longwave

radiative flux from 2001-2015 for CERES EBAF and the five reanalysis datasets. On average the
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(CFSR). These deviations are not significant. For anomalous events that exceed 1 o, those mean
absolute deviations are larger, ranging from 2.8 Wm (ERA-Interim) to 9.3 Wm2 (MERRAZ2),
again suggesting reanalyses do less well in capturing the magnitudes of large anomalies
compared to smaller anomalies. The deviations in MERRA2, JRA-55, and NCEP2 are
significant. The larger deviations for larger anomalies are likely at least in part due to the larger

magnitudes associated with more extreme anomalous events.

For brevity, anomaly biases for total cloud fraction are not discussed here, though
comparison statistics are presented in Table 3.2. All cloud fraction biases and MADs for
anomalous events exceeding 1 o are significant. These biases in radiative fluxes and cloud
fraction have implications for the use of reanalysis products when studying anomalous events.
For example, reanalysis products are not informative tools to use to study a climate extreme

event in which the signal falls within the biases presented here.

3.5 Discussion

Our analysis evaluates radiative fluxes and total cloud fraction from reanalysis models
relative to CERES EBAF satellite estimates. One interpretation of these biases is that they
provide bounds of uncertainty for parameters in reanalysis datasets. In this case, the uncertainty
in regional mean downward shortwave radiative flux can be interpreted as 7.7 Wm™ (ERA-
Interim), 7.1 Wm™? (MERRAZ2), +12.3 Wm™ (JRA-55), £21.2 Wm? (NCEP2), and 3.8 Wm™
(CFSR). Uncertainties for the remaining variables can be specified from the mean absolute
deviations presented in Table 3.2. These uncertainties are similar or greater for anomalous events
greater than 1 o (see Table 3.2). This means that extra caution should be taken when using

reanalyses to analyze anomalous events in the climate system in the NE Pacific.

For most of the fields evaluated here, CFSR has the smallest differences compared to
satellite estimates. The low biases, particularly in total cloud fraction, found in CFSR suggest the
importance of air-ocean-sea ice interactions, specifically how SSTs are important for
determination of clouds and radiative fluxes and vice versa, at least in the region of the NE
Pacific. Studies have shown that SSTs and low cloud are negatively correlated in the subtropical

and midlatitude North Pacific (e.g., Klein et al., 1994; Norris & Leovy, 1994); therefore, it
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makes sense that using a coupled ocean-atmosphere model in this region could be important for
replicating observed cloud cover. NCEP2 often has the largest biases in radiative fluxes and total
cloud fraction compared to satellite estimates, which suggests very large uncertainties in the
reanalysis data. Though CFSR and NCEP2 both come from the same modeling center, the
models and resolutions used in each are quite different. Furthermore, the difference in
performance between the coupled reanalysis product (CFSR) and non-coupled reanalysis product
(NCEP2) is stark. The evidence that the coupled CFSR outperforms NCEP2 and the other non-
coupled reanalyses in most variables suggests that the ocean-atmosphere coupling could be
partially responsible for improved reproduction of atmospheric variables. This could be
especially pertinent in the NE Pacific midlatitudes where atmosphere-ocean interactions are

important, and coupled models should be utilized when possible.

Disregarding dataset biases when using reanalysis products can produce substantial
problems. Consider an analysis of the ocean surface radiative budget in the NE Pacific using data
from the poorest performing reanalysis product, NCEP2, in the summer months, when NCEP2
typically has its largest biases. With summer downward shortwave biases on the order of
40 Wm2, upward shortwave biases on the order of 6 Wm™, downward longwave biases on the
order of -12 Wm, and upward longwave biases on the order of -2 Wm2, the net radiative flux
biases would be on the order of 32 Wm™. Assuming a mixed layer ocean depth of 10 m (a
reasonable summer mixed layer depth in this region), these net radiation biases would mean that
estimations of temperature for 1 m? of the ocean mixed layer would be off by ~2.1 °C (~3.8 °F)
over 1 month. This ‘the worst case scenario’ of SST error is well outside of typical standard

deviation of SSTs in this region.

Our analysis also highlights the need for more in-depth evaluation of reanalysis products
before their application to climate studies. A thorough understanding of reanalysis performance
is necessary in order to (a) choose the reanalysis product most appropriate for the region and
variables of interest, and (b) quantify uncertainties in results reached by using these reanalyses.
Though there are some in-depth, observationally-based, regional evaluations of reanalyses (e.g.,
Jin-Huan et al., 2014 (Eastern Himalayas); Josey, 2001, & Josey et al., 2002 (North Atlantic);
Newman et al., 2000 and Kumar & Hu, 2012 (tropical Pacific); Ma et al., 2008 (China); Yu et
al., 2010 and Ming et al., 2013 (Antarctica)), more projects that systematically evaluate and

compare reanalysis products for many regions around the globe would help address this need.
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Our study suggests that there is no one ‘gold standard’ reanalysis that is best for all
climate studies. The most appropriate reanalysis product depends on the atmospheric variables of
interest, the sub-region of the NE Pacific domain that is being studied, the time period of interest,
and whether the reanalysis products are needed to represent climatology or anomalies. Generally,
reanalysis products perform best at large spatial and temporal scales, whereas the biases are
much larger when looking at smaller spatial scales and sub-annual time scales. This study, for
example, shows that for the region of the NE Pacific, CFSR may be the most appropriate
reanalysis product to use if studying downward shortwave radiative flux at the surface, since this
dataset has the smallest biases (Table 3.2). On the other hand, ERA-Interim has the smallest
biases for downward longwave radiative flux at the surface, which means the ECMWF product
may be best for studies that are particularly sensitive to longwave radiative flux accuracy (Table
3.2). A study of the coastal NE Pacific might avoid using NCEP2 and MERRA2, which show
particularly large biases in shortwave and longwave radiative fluxes near the coast compared to
the open ocean (Figs. 3.3, 3.4). Furthermore, studies focused on anomalous events might choose
to use CFSR data, which has the smallest biases during anomalous events defined to be outside 1

o of climatology (Fig. 3.5).

3.6 Conclusions

This study evaluates the quality of radiative fluxes and total cloud fraction from five
reanalysis products compared to CERES EBAF satellite estimates in the NE Pacific (40°-60°N,
180°-120°W). The analysis quantifies uncertainties in the variables that can help guide
appropriate use of reanalyses in this region. Biases in climatological annual cycles of downward
shortwave radiation ranged from 0.86 Wm™ (CFSR) to 21.2 Wm™ (NCEP2) while biases in
climatological mean of upward shortwave radiative flux ranged from 1.0 Wm™ (ERA-Interim) to
3.6 Wm™. Biases in climatological annual cycles of downward longwave radiation ranged from
-8.9 Wm2 (MERRA2) to 3.6 Wm? (CFSR), while biases in climatological annual cycles of
upward longwave radiation ranged from -2.7 Wm2 (MERRA2) to 2.5 Wm™ (JRA-55). In all
cases, biases between reanalysis and satellite estimates are larger during anomalous events that
exceed 1o compared to all anomalous deviations. Furthermore, deviations during anomalous

events that exceed 1o are similar to or much greater than climatological deviations. These results
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indicate that there are limitations to application of reanalysis products. Using reanalysis data to
study climate processes with a signal within the bounds of errors cited in this manuscript may not
be useful. Caution should be taken to fully understand the uncertainties within reanalysis
products before applying them to climate analysis, since results presented here show large
variability in performance between reanalyses, variables within the datasets, and sub-regions of

the study domain.
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Chapter 4 The Role of Clouds and Surface Heat Fluxes in the
Maintenance of the 2013-2016 Northeast Pacific Marine Heatwave

4.1. Introduction & Background

From boreal fall of 2013 through early 2016, anomalously high sea surface temperatures
(SSTs) were observed in the Northeast (NE) Pacific, appearing in the Gulf of Alaska waters and
eventually affecting regions along the coastline of North America. The warm SSTs exceeded 6°C
above normal in some locations during its multi-year duration, making it the largest and longest
marine heatwave (MHW) ever observed (Bond et al., 2015; Gentemann et al., 2016; Scannell et
al., 2016; Jacox et al., 2016; Frolicher and Laufkétter, 2018). MHW:s often have devastating
ecological and economic impacts, which can increase in severity with the length and intensity of
the MHW. Anomalously warm SSTs can cause coral bleaching (Le Nohaic et al., 2017; Hughes
et al., 2017), movement of marine species to cooler water (Cavole et al., 2016; Oliver et al.,
2017; Wernberg et al., 2016), mass species die offs (Jones et al., 2018; Oliver et al., 2017;
Garrabou et al., 2009), and harmful algal blooms (McCabe et al., 2016). For the NE Pacific
MHW in particular, the harmful algal bloom associated with the event was the largest ever
recorded and caused closures of many lucrative fisheries in the U.S. Pacific Northwest (Cavole et
al., 2016; McCabe et al., 2016). A better understanding of MHWSs, working towards the ability to
forecast the intensity and duration, could improve the adaptive capacity of communities
impacted by these events.

The NE Pacific 2013/16 MHW (hereafter the NE Pacific MHW) is one of the most well-
studied MHW events (Bond et al., 2015; Hartmann, 2015; Jacox et al., 2016; Gentemann et al.,
2016; Di Lorenzo & Mantua, 2016; Hobday et al., 2018; Oliver et al., 2018; Myers et al., 2018),
making it a good case study for understanding the maintenance mechanisms of MHWs. A MHW
is defined as a period when SSTs exceed an upper threshold, typically the 90" percentile relative
to local climatology, for five days or longer (Hobday et al., 2016). This NE Pacific MHW (‘the
Blob’) is defined as a severe MHW since SST anomalies reached 3 times the 90" percentile
differences from the local climatological SSTs (Hobday et al., 2018). MHWs are increasing in
severity and frequency, and this trend will likely continue into the future due to climate change
(Oliver et al., 2018); consequently, it is prudent to understand the physical drivers that start and
maintain MHWs (Frolicher and Laufkétter, 2018; Oliver et al., 2017). The onset of the high
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SSTs in the NE Pacific was associated with a ridge of high pressure that persisted over the Gulf
of Alaska region for many weeks, stagnating winds and causing anomalous atmosphere-ocean
heat fluxes (Bond et al., 2015; Gentemann et al., 2016; Hartmann, 2015). Less attention has been
paid to why the anomalously warm SSTs lasted for so many years.

One possible process responsible for the maintenance of the MHW is a positive SST-cloud
feedback. Many studies of the NE Pacific atmosphere-ocean system have observed concurrent
increases in SSTs, decreases in low cloud fraction, and increases in incoming solar radiation at
the ocean surface, suggestive of a positive SST-cloud feedback (Clement et al., 2009; Norris et
al., 1998; Bellomo et al., 2014). In the subtropical Pacific off the coast of Baja California during
the same MHW, Myers et al. (2018) observed a positive SST-cloud feedback and concluded it
did indeed play a role in the persistence of the anomalous SSTs. However, they also found that
further north in the NE Pacific (40-50°N and 140-160°W) from January 2013-December 2013,
there was no evidence of a positive SST-cloud feedback during the onset of the MHW (Myers et
al., 2018). The NE Pacific MHW offers a convenient natural experiment to study whether or not
a SST-cloud feedback helped maintain the MHW in the midlatitudes — a region that was not been
the focus of most previous work. Regional studies of cloud feedbacks are essential for
understanding spatial patterns in these feedbacks- an important step in reducing our uncertainty
of cloud feedbacks in climate models.

Here we expand on the work of Bond et al. (2015) and Myers et al. (2018) by studying a time
period that encompasses the entire duration of the MHW (November 2013-January 2016), using
different datasets (CFSR and GODAS) and analyzing a different study region. We seek to
understand the drivers contributing to the persistence of warm SST anomalies during the entire
2013-2016 NE Pacific MHW. Specifically, we address the following questions:

1. How does the atmosphere respond to anomalously warm SSTs during the NE Pacific

MHW?

2. How does the atmospheric response to anomalously warm SSTs in turn affect the SST

anomalies? In other words, what processes caused the warm SSTs to persist for multiple

years?
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4.2. Data and Methods

4.2.1 Reanalysis Data

Data from the National Center for Environmental Prediction (NCEP) Climate Forecast
System Reanalysis (CFSR) (Saha et al., 2010; Saha et al., 2014) are used to determine anomalies
of SSTs, surface radiative heat fluxes, turbulent heat fluxes, and cloud fractions during the
MHW. More details on the CFSR product are in Appendix B. We use reanalysis due to its
complete spatial coverage, long time series, and comprehensive list of variables. Moreover,
CFSR was found to be the most appropriate reanalysis dataset for the NE Pacific region, based
on comparisons between six reanalysis datasets and NASA’s CERES satellite estimates of
radiative flux and cloud fraction in which CFSR included the smallest errors (Schmeisser et al.,
2018). An analysis using CERES-EBAF data is included in the Appendix B so readers can see
the sensitivity of results to dataset choice. Qualitatively, CERES and CFSR yield the same
results (Appendix B, Table B1, Figures B4 & BS5). CFSR turbulent fluxes were also compared to
the OAFlux product (a dataset of best estimates of surface fluxes using satellite data and
numerical weather prediction output), and the differences were small enough that the choice of
dataset has minimal effect on results of this study (see Appendix B). All data are either provided
as a 1°x1° gridded product, or are re-gridded to 1°x1° resolution using linear interpolation.
Monthly mean data are utilized for all analyses presented here, unless otherwise noted.
Climatologies were computed by averaging data from 1979-2016, and anomalies were computed
by subtracting the monthly mean from the monthly climatology. The MHW time period is
defined from November 2013-January 2016. Any MHW composited averages were computed by
averaging data from that time period. The NE Pacific region of interest is defined here from 40-
50°N and 130-150°W. We used the location of the maximum average SST anomaly to help

define the study region for this analysis.

4.2.2 Marine Heatwave Identification

Here we use the MHW definition similar to Hobday et al. (2016), but we use monthly
data instead of daily data. Since our focus is on the role of the atmosphere in the MHW, longer-
lasting events (rather than the shorter duration events like those in Hobday et al. (2016))

presumably interact more strongly with the atmosphere and thus monthly data is sufficient.
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Anytime observed SSTs exceed the monthly 90™ percentile threshold, it is considered a MHW.
Using this method, the MHW time period for this study is defined as starting in November 2013
and ending in January 2016.
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4.2.3 Ocean Mixed Layer Heat Budget

A mixed layer heat budget was constructed to analyze the processes contributing to
anomalous SSTs during the NE Pacific MHW. Following Cronin et al. (2015), the following

equation the mixed layer temperature tendency is computed from:

d Qo dh\ (T —Ty,) k0T
a = pch M 77 (i + ) - h oz,

where T is sea surface temperature, Q. is net heat flux at the ocean surface, pC, is the volumetric
heat capacity of water (pCp = 4.088 x 10% J°C-'m™), h is the mixed layer depth, ua is ocean
current velocity, wy is vertical velocity, Tn is the temperature at the bottom of the mixed layer, k
is the diffusivity constant, and z is depth. The first term on the right side of the equation
represents the contribution of ocean surface net heat flux to mixed layer temperature tendency,
the second term represents the contribution by horizontal advection, the third term represents
entrainment at the bottom of the mixed layer, and the fourth term represents vertical diffusivity at
the bottom of the mixed layer. For the purposes of this study, the third and fourth terms on the
right side of the equation are combined into one term, and are referred to as ocean processes at
the bottom of the mixed layer. Given a lack of necessary data, this term is treated as the
computational residual.

SSTs, radiative heat fluxes, and turbulent heat fluxes for computation of the mixed layer
heat budget are from CFSR. Ocean current velocity and mixed layer depth data are from NCEP
Global Ocean Data Assimilation System (GODAS). The mixed layer depth is defined as the
depth where the ocean temperature does not exceed more than 0.8°C from that of the surface.
This value was found to be appropriate using monthly mean data for the region of interest.

All radiative fluxes are defined with respect to the ocean mixed layer, so positive upward
radiative fluxes are from the ocean to the atmosphere, and positive downward radiative fluxes
are from the atmosphere to the ocean. All turbulent fluxes are defined as positive upward from

the ocean to the atmosphere.
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4.3. Results

4.3.1 Atmospheric response to 2013-2016 NE Pacific MHW

The CFSR data show there was a strong anomalous atmospheric response to the warm
SSTs in the NE Pacific throughout the duration of the MHW. The mean SST anomaly during the
MHW averaged 1.6 K throughout the study region (Figure 4.1a). The duration of the NE Pacific
MHW was unprecedented (Appendix B, Figure B2), lasting for over two years (Figure 4.1b).
The atmospheric response can be seen in the MHW-composited average anomalies of surface
radiative fluxes, turbulent fluxes, net heat flux, and cloud fractions during the MHW (Table 4.1,
Figs 4.2, 4.3 & 4.4). Upward shortwave radiative flux anomalies are not presented here because
the changes are small compared to the other radiative flux terms, and mirror changes in the
downward shortwave radiative flux since ocean surface albedo remains relatively constant. More

details on the processes associated with the NE Pacific MHW follow.
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Figure 4.1 (a) Sea surface temperature anomaly from CFSR, averaged over the time period of the marine

heatwave from November 2013 to January 2016, study region outlined in black; (b) Monthly averaged sea
surface temperature time series from CFSR in black, SST monthly average climatology in blue and the
monthly average 90th percentile in green. Red shading indicates any time period where SST exceeds the
90th percentile threshold and is thus defined as a marine heatwave.

Time

All CFSR surface radiative fluxes had anomalous responses to the warm SSTs in the NE
Pacific. During the MHW, upward longwave radiative flux increased by 8.2 Wm™ on average
(Table 4.1, climatological averages and standard deviations also provided in table). This increase
in upward longwave radiative flux is expected given the Stefan-Boltzmann law and,

unsurprisingly, the pattern of the longwave flux anomaly mirrored the pattern of the SST
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anomaly (Figures 4.1a & 4.2¢). During the MHW, downward longwave radiative flux increased
by 4.1 Wm™ on average. The largest downward longwave radiative flux anomalies were co-
located with the largest anomalies in upward longwave radiative flux and SST (Figure 4.2b). The
downward longwave radiative flux anomaly was due to some combination of an increase in air
temperature, changes in clouds, and changes in humidity. CFSR data show changes in all of
these parameters during the MHW (positive anomalies of air temperature and humidity not
shown), though the relative contribution of each of these variables contributes to the increase in
downward longwave radiative flux is unknown. Downward shortwave radiative flux increased
by 7.1 Wm during the event, likely due to the accompanying reduction in low cloud (Figure
4.4).

Within the region of interest, shortwave radiative flux anomalies were greatest in the
southern half of the domain compared to farther north (Figure 4.2d). This pattern closely matches
observed changes in low cloud (Figure 4.4). Increases in downward longwave radiative flux,
upward longwave radiative flux, downward shortwave radiative flux, and upward shortwave
radiative flux (not shown) result in a net radiative flux anomaly of 2.3 Wm into the ocean
mixed layer during the MHW (Figure 4.2a). Due to the spatial pattern of the shortwave radiative
flux anomaly shown here, the net radiative heat flux anomaly also was strongest in the southern
part of the domain compared to the north (where net radiative flux anomalies were smaller or

even negative).
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Table 4.1 Climatological average* and standard deviation of parameters from 1979-2016, followed by
anomalies composited and averaged over the marine heatwave (11/2013-01/2016) for sea surface
temperature, radiative fluxes, turbulent fluxes, and cloud cover at different levels. All values are spatially
averaged over domain from 40-50°N and 130-150°W. Seasonal anomalies composited over the marine
heatwave are also presented.

Climatological | Average Average Average Average Average
average and anomaly DJF MAM JJA SON
standard during anomaly anomaly anomaly
deviation MHW during during during ano.maly
(1979 to 2016) MHW MHW MHW during
MHW
SST 285.1+59 | 1.6+0.2 |13+0.2 1.7+0.3 1.9+0.3 1.4+0.3
)
Upward LW 3752+313 |82+1.0 |68+09 |86+1.6 |10.1+1.6 |76+14
(Wm)
Downward 334.0+304 |41+1.8 [44+13 |39+37 |28+22 |38+20
LW (Wm?)
Downward SW | 133.2+744 | 7.1+33 |28+1.7 |[59+72 |17.1+£79 |51+3.0
(Wm)
Net radiative 83.1+729 |23+19 [(00+14 |[08+42 |88+54 [09+24
flux (Wm2)
Latent heat 56.7+£404 | 7.0+25 14+45 |59+£32 [9.1+£3.7 17.3+3.7
(Wm)
Sensible heat 1.8+16.4 1.1+£1.0 |-33+18 [1.7£1.1 |20+12 |44=+1.6
(Wm)
Net heat flux 245+1054 |-58+3.6 |1.9+6.7 |-68+£60 |-24+59 |-20.8+
(Wm?2) 5.6
(positive into the
ocean)
Total cloud 79.6+135 |-33+£13 |-27+1.1 |-29+£23 |-6.1+£29 |-28+14
cover (%)
Boundary layer | 449+ 184 |-69+19 |-63+1.8 |-7.6t45 |-11.0+ -544+2.0
cloud cover 2.7
(%)
High cloud 334+119 |53+1.0 |58+26 |60+13 |60+23 |32+1.6

cover (%)

*Climatological average is computed using monthly values from CFSR averaged over the time period from 1979-2016
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Figure 4.2 (a) Net radiative flux, (b) Downward longwave radiative flux, (¢c) Upward longwave radiative

flux, (d) Downward shortwave flux anomalies composited and averaged over marine heatwave time
period (11/2013-01/2016). The region of interest from 40-50°N and 130-150°W is boxed in black.
Positive downward fluxes defined as into the ocean surface, positive upward fluxes defined as out of the
ocean surface, per CFSR convention.

As with radiative flux anomalies, turbulent heat flux anomalies observed during the
MHW also varied spatially and seasonally. Latent heat flux anomalies were positive throughout
the entirety of the domain, and averaged an additional 7.0 Wm flux of energy out of the ocean
mixed layer during the MHW (Figure 4.3a). The latent heat flux anomaly was largest during
autumn (SON) months throughout the MHW (an average of 17.3 Wm energy loss from the
ocean mixed layer), and smallest during winter (DJF) months throughout the MHW (an average
of 1.4 Wm energy loss from the ocean mixed layer) (Table 4.1). Sensible heat flux anomalies
were mostly positive throughout the domain and average 1.1 Wm™ energy lost from the ocean
mixed layer during the MHW (Figure 4.3b). There was also a seasonal signature in sensible heat

flux anomalies with the highest positive anomaly in SON (4.4 Wm) and a negative anomaly in
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DJF (-3.3 Wm) (Table 4.1). Anomalously weak winds were observed during the MHW (Bond
et al., 2015; Gentemann et al., 2016; Myers et al., 2018) and could be partially responsible for
the latent and sensible heat flux anomalies during the MHW. The combination of turbulent and
radiative heat fluxes yields the net flux from the ocean surface, which in this case was dominated
by turbulent flux anomalies.

(a) Latent heat flux (b) Sensible heat flux
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(c) Net heat flux
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Figure 4.3 As in Figure 4.2, but for (a) latent heat flux, (b) sensible heat flux, and (c) net heat flux,
including both radiative and turbulent heat fluxes. Positive turbulent fluxes defined as out of the ocean
surface, positive net heat fluxes defined as out of the ocean surface, per dataset conventions.

The average net heat flux anomaly, including both radiative and turbulent heat fluxes,
was negative (-5.8 Wm2) during the MHW and was dominated by the turbulent heat flux
anomalies described above. While the net radiative heat flux anomaly during the MHW provided
a positive anomalous heat flux of 2.3 Wm to the ocean mixed layer, the turbulent heat flux
anomaly of -8.1 Wm™ more than offset this so that the ocean mixed layer experienced net

anomalous cooling (-5.8 Wm2) due to the net anomalous heat flux alone (Figure 4.3c). The net
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heat flux anomaly was influenced by the cloud cover response to the MHW mainly through the
radiative heat flux response.

Substantial cloud changes were observed which coincide with the radiative flux
anomalies during the MHW. A reduction in total cloud cover occurred during the MHW, with an
average anomaly of -3.3% (Figure 4.4a). The total cloud cover anomaly was highest during
summer months (JJA, an anomaly of -6.4%, Table 4.1), when total cloud cover is highest in the
NE Pacific. This summer cloud anomaly resulted in an anomalous downward radiative flux of
17.1 Wm during a time of year when the upper mixed layer is shallow and thus the heating rate
is higher. The warmer surface temperatures were in turn accompanied by enhanced heat loss
(primarily due to latent heat fluxes) in the summer and fall. A reduction of boundary layer cloud
cover (-6.9%) was also observed throughout the domain during the MHW (Figure 4.4b). The
reduction in cloud cover was largest in the southern part of the domain compared to the north,
and the largest anomalies were observed during the summer (JJA, an anomaly of -11.0%, Table
4.1). This reduction in low cloud was very likely the primary driver of the observed increase in
shortwave radiation at the surface during the MHW. Despite reductions in low cloud cover,
clouds were not reduced throughout the entirety of the atmospheric column. High cloud cover
increased during the MHW by 5.3% on average throughout the domain (Figure 4.4c¢). It is
presumed that the most important effect of the high cloud changes was to contribute to an
increase in the downward longwave radiative flux at the surface.

Although the elevated SSTs during the NE Pacific MHW coincided with a reduction in
low cloud cover and an increase in radiative heat flux into the ocean surface, the turbulent heat
flux anomalies offset the radiative heat flux anomalies such that the net heat flux anomalously
cooled the ocean mixed layer (Figure 4.3¢c). Without the radiative component, however, the

turbulent heat flux anomaly driven cooling would have been more efficient
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Figure 4.4 As in Figure 4.2, but for (a) total cloud cover, (b) boundary layer cloud cover, and (c) high
cloud cover.

4.3.2 Ocean Mixed Layer Heat Budget During 2013-2016 NE Pacific MHW

The terms of the ocean mixed layer heat budget reveal that atmospheric processes
(represented in the net heat flux term) often balance the ocean processes (represented in the
advection, entrainment and diffusion terms), despite varying greatly throughout the year. The
time series of ocean mixed layer temperature tendency shows it has a strong seasonality, with
increasing SSTs (positive temperature tendency) from approximately February to September
each year, and decreasing SSTs (negative temperature tendency) from October to January
(Figure 4.5a). This temperature tendency is largely driven by the seasonality in net heat flux,
which warms SSTs in the summer when insolation is highest, and cools SSTs in the winter when
turbulent heat fluxes dominate (Cronin et al., 2015). Horizontal advection contributes a positive
temperature tendency by advecting warmer water from the western Pacific and from lower

latitudes. The bottom flux term, which is the computational residual and represents entrainment
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and diffusion at the bottom of the mixed layer (in addition to any errors) balances seasonality in
the other terms. In summer, when the mixed layer is shoaling and at its most shallow, the bottom
processes are strongly cooling SSTs, while in the winter, when the mixed layer is deepest,
bottom processes have a very minimal effect on SSTs in the mixed layer (Ronca & Battisti,
1997). Anomalies of the ocean mixed layer heat budget terms reveal that processes that control
mixed layer SSTs were anomalous during the NE Pacific MHW (Table 4.2).

Furthermore, the net heat flux anomalies (Section 4.3.1 & Figure 4.5¢) offset positive
anomalies in ocean processes (Figure 4.5d-¢) in order to maintain a near-climatological SST
tendency throughout the MHW. Despite the large positive anomaly in 2013 at the beginning of
the heatwave, the temperature tendency remains more or less close to 1979-2016 climatology
throughout the MHW, which reflects the fact that the SSTs remained elevated after the initial
forcing (Figure 4.5b). The anomalies in each heat budget term are relatively small and not
consistently either positive or negative (Figure 4.5b-¢). The slight seasonal variations in the
anomalies of terms contributing to temperature tendency tend to offset each other, such that the
temperature tendency anomaly throughout the MHW remains negligible. This analysis shows
that, after the initial forcing that warms SSTs and marks the onset of the MHW, these elevated
upper ocean temperatures did not just relax back to climatology in a few months’ time. Instead,
the anomalous atmospheric and ocean processes offset and largely balanced each other (Table
4.2; MHW-average radiative flux anomaly of 2.3 Wm, latent heat flux anomaly of -8.1 Wm™2,
ocean advection anomaly of -7.8 Wm™ and mixed layer entrainment and diffusion anomaly of
11.8 Wm), resulting in the maintenance of the MHW for over 2 years. While the latter value
was estimated as a residual, the sign of the term is reasonable. The warmth of the upper mixed
layer during the MHW implies greater stratification near its base, consistent with suppressed
exchanges between the mixed layer and cooler waters at depth. The demise of the MHW
occurred in late 2016 during a period of enhanced cooling. The principal mechanisms were the
surface heat fluxes (Figure 4.5¢) and horizontal advection (Figure 4.5d) in association with

anomalous winds from the northwest (not shown).
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Figure 4.5 (a) Time series of ocean mixed layer heat budget components — temperature change over time
(black), heat flux (red), horizontal advection in the ocean mixed layer (blue), and ocean processes at the
bottom of the ocean mixed layer (light green); (b) time series of temperature tendency, where solid line is
the climatology and dashed line is observed temperature tendency 2013-2016; (c) as in (b) but for heat
flux component; (d) as in (b) but for horizontal advection component; (d) as in (b) but for contribution to
mixed layer heat budget by ocean processes happening at the bottom of the mixed layer. In (b)-(e),
positive anomalies are shaded in red, and signify additional warming (or less cooling) than typical, while
negative anomalies are shaded in blue and signify less warming (or additional cooling) than typical.
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Table 4.2 As in Table 4.1, but for the four terms of the ocean mixed layer heat budget. Blue shading
indicates negative anomalies- less warming or more cooling than average. Orange shading indicates

positive anomalies- more warming or less cooling than average.

Climatological Average Average DJF Average MAM Average JJA Average SON
average and monthly monthly monthly monthly monthly
standard anomaly during | anomaly during | anomaly during | anomaly during | anomaly during
deviation MHW MHW MHW MHW MHW
(2001 to 2016)
Temperature (°C/day) | -1.0e-4 £5.3e-2 | -2.2e-3+1.5¢-2 | -9.3e-4+9.8e-3 | 2.9¢-3 £ 2.8e-3 1.8e-3 +9.8e-3 -1.3e-2 £ 1.6e-2
Tendency (Wm?) | -030+160.8 | -5.7+39.2 4.9+517 120+ 116 1.7£9.1 24.9+30.6
Net Heat Flux | (°C/day) | 3.9e-2 + 7.8e-2 -3.9e-3£1.9¢e-2 | 1.1e-3+6.0e-3 1.6e-3 + 1.6e-3 -1.2e-3£1.5e-2 | -1.7e-2 £ 6.9¢-3
(W/m?) 118.3 +£236.6 -10.2 +49.7 5.8+31.6 6.6 6.6 -1.1+14 -32.5+13.2
Horizontal (°C/day) | 2.4e-2+1.1e-2 -3.0e-3 £8.0e-3 | -3.2e-3+1.3e-2 | 1.0e-3 +3.0e-3 -6.1e-3 £2.1e-3 | -3.9e-3 £ 1.7e-3
Advection
(W/m?) 72.8+334 -7.8 +£20.9 -16.9 + 68.6 42+12.5 -5.7+£2.0 -7.5+£33
Ocean ML (°C/day) | -6.3e-2+3.5¢-2 | 4.5e-3 £ 1.6e-2 34e-3+1.5e-2 2.1e-4 + 3.2e-3 -9.0e-3£6.9¢-3 | 8.1e-3+7.7e-3
Bottom
Processes (W/m?) -191.1 £106.2 11.8+41.8 17.9+79.1 0.87+13.5 -84+64 155+ 14.7

4.4. Discussion

Analysis of the NE Pacific 2013/16 MHW using a combination of reanalysis data and a

mixed layer heat budget shows that the atmosphere had a strong anomalous response to the warm
SSTs. A positive regional, non-equilibrium SST-cloud feedback does play a role in reinforcing
high SSTs but is offset by the large turbulent flux anomalies in the region. Anomalous ocean
processes were largely balanced by atmospheric processes, which preserved the atypically warm
SSTs, maintaining the MHW for over 2 years.

A remarkable result from this study is that the midlatitude NE Pacific atmosphere-ocean
system has the ability to maintain itself in an anomalous state for multiple years through a subtle
balance between oceanic and atmospheric processes. After the initial atmospheric forcing that
caused the SST warming (Bond et al., 2015), the atmosphere responded with anomalies in
radiative fluxes (2.3 Wm) that were largely offset by anomalies in latent heat fluxes (-8.1 Wm-
2), and balanced by anomalies in ocean advection (-7.8 Wm) and mixed layer entrainment and
diffusion (11.8 Wm2). It is worth mentioning that anomalies in ocean advection are expected to
be negative, since the analysis is formulated to look only at the MHW area where there are warm
SSTs anomalies, and presumably the surrounding areas from which the ocean water is being

advected are not experiencing anomalously warm SSTs. This yielded a near-climatological SST
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tendency during the MHW and led to the unprecedented persistence of the warm SST anomalies.
Our results also show that mechanisms that start a MHW are not necessarily the same as the
combination of oceanic and atmospheric mechanisms that maintain the anomalous SSTs during a
MHW or contribute to the decay of a MHW (Bond et al., 2015; Myers et al., 2018).

Myers et al. (2018) did not follow the MHW to termination and analyzed a slightly
different region than the one analyzed here. Nevertheless, while magnitudes of radiative and
latent heat flux anomalies during the NE Pacific MHW differed between this study and Myers et
al. (2018), both analyses highlight the importance of latent heat fluxes in the mixed layer heat
budget in the NE Pacific MHW. This study finds an average net radiative flux anomaly of 2.3 +
1.9 Wm additional energy into the ocean mixed layer from November 2013-January 2016;
Myers et al. (2018) find a much smaller net radiative flux anomaly 0.4 + 1.7 Wm™ net for the
region from 40-50 °N, 140-160 °W in 2013, and the 0 + 1 Wm™ anomaly in 2014. Here we find
turbulent heat flux anomalies of 8.1 & 3.5 Wm™ out of the ocean from November 2013-January
2016, while Myers et al. (2018) present turbulent heat flux anomalies of -12.7 + 4.7 Wm™ (into
the ocean) in 2013. Results show different processes at work at the onset of the MHW (Myers et
al., 2018) compared to throughout the duration of the MHW. Here we show that positive
radiative flux anomalies throughout the MHW were important in maintaining the SST anomalies,
contrary to conclusions in Myers et al. (2018). In addition, turbulent heat fluxes actually
contributed to the onset of anomalously warm SSTs in 2013, while throughout the duration of the
MHW the turbulent fluxes provided anomalous cooling to the ocean mixed layer which offset the
positive radiative flux anomalies and yielded near-climatological SST tendencies. Still, our
analyses of the NE Pacific MHW agree with Bond et al. (2015) and Myers et al. (2018) on the
central role of turbulent fluxes on SSTs during the event, and that radiative anomalies associated
with a SST-cloud feedback do not dominate SST tendencies in this midlatitude region.

The findings presented here have important implications for the study of SST-cloud
interactions in general. While the observed reduction in low cloud concurrent with elevated SSTs
during the MHW further supports ample documentation of a negative SST low cloud correlation
in the Northeast Pacific (Klein & Hartmann, 1993; Klein et al., 1995; Norris & Leovy, 1994;
Norris et al., 1998; Norris, 2000; Clement et al., 2009), the offsetting turbulent heat fluxes show
that a positive SST-cloud feedback alone does not necessarily drive SST tendencies in the

region. Observations of a coincident increase in SST, decrease in low cloud, and increase in
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incident shortwave radiative flux are not enough to infer additional SST warming. Turbulent
fluxes play an essential role in determining how the change in heat flux actually affects SSTs and
must be considered in analyses of SST-cloud interactions. The observed ocean-atmosphere
interactions during the NE Pacific MHW closely follow the theoretical framework of Ronca and
Battisti (1997), in which clouds respond to SST changes but do not further warm SSTs due to
compensating turbulent heat fluxes. Ronca and Battisti (1997) find for the NE subtropical Pacific
that net heat flux anomalies associated with SST anomalies are too small to in turn affect SSTs.
In other words, the atmosphere responds to changes in SSTs, but the subsequent net heat flux
anomalies are not large enough to feed back onto SSTs. This combined effect is more aptly
described as a SST-cloud/atmosphere response than a SST-cloud/atmosphere feedback.
Numerous studies claim positive SST-cloud feedbacks based on observations of a SST-cloud
response- anomalously warm SSTs, reduction in low cloud, and increased incident solar
radiation at the surface (Norris et al., 1998; Clement et al., 2009; Bellomo et al., 2014; Bellomo
et al., 2016). We show here that this may not always be enough evidence to claim the presence of
a true SST-cloud feedback that yields sustained anomalous SST tendencies, given the importance
of turbulent fluxes and ocean processes to SST tendencies in the midlatitudes. Studies should be
careful to specify the effect of SST-cloud feedbacks on SST tendency. In the case of the NE
Pacific MHW, an observed positive SST-cloud feedback does not yield anomalous SST
tendencies since turbulent fluxes counterbalance radiative fluxes to sustain SST anomalies.

In the context of other NE Pacific SST-cloud feedback studies, our work suggests that
both SST-cloud feedbacks and turbulent flux feedbacks in this region likely have high spatio-
temporal variability. While we show that a positive SST-cloud feedback did not dominate the
mixed layer heat budget in the midlatitude NE Pacific during this MHW, there is evidence of a
positive SST-cloud feedback dominating and driving the persistence of warm SSTs during the
same MHW at lower latitudes in the subtropical NE Pacific (Myers et al., 2018). Moreover,
many other studies present evidence for a positive SST-cloud feedback in the NE Pacific at
lower latitudes than the region studied here (Klein & Hartmann, 1993; Klein et al., 1995; Norris
& Leovy, 1994; Norris et al., 1998; Norris, 2000; Clement et al., 2009). The important role of
turbulent fluxes in the midlatitudes appears to be enough to dampen positive SST-cloud
feedbacks that have been documented in the lower latitudes of the subtropics (Ronca and Battisti,

1997). If SST-cloud feedbacks indeed have such high spatio-temporal variability, more work is
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needed to understand what environmental variables support SST-cloud feedbacks. Regional
studies like this are necessary to reduce the uncertainty in cloud feedbacks and incorporate their

spatial variability more appropriately into climate models.

4.5. Conclusions

Reanalysis data show that the anomalously warm SSTs during the NE Pacific 2013/16
MHW were accompanied by increases in upward longwave, downward longwave, upward
shortwave and downward shortwave radiative fluxes. The changes in downward shortwave
radiative flux were associated with a reduction in low cloud fraction. The observed positive net
radiative flux anomaly provides evidence for a positive SST-cloud feedback; however, this
feedback does not dominate SST tendencies during the MHW. Instead, near-climatological SST
tendencies were observed due to negative anomalies in turbulent fluxes that offset the radiative
flux anomalies throughout the MHW. These results show the importance of turbulent fluxes to
SST tendencies in the midlatitudes.

Analysis of the ocean mixed layer heat budget during the MHW reveals the essential role
of ocean processes in determining the maintenance of SST anomalies during the MHW. Small
anomalies in oceanic horizontal advection and processes at the bottom of the ocean mixed layer
offset small anomalies in the net heat flux such that the MHW persisted for over 2 years.
Through the balance in oceanic and atmospheric anomalies, the atmosphere-ocean system in the
NE Pacific is able to maintain anomalous SSTs for the duration of the longest MHW ever

observed.
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Chapter 5 Global Marine Heatwaves Confirm Cloud Response in
Global Climate Models

5.1 Introduction

Marine heatwaves (MHWs) are events of anomalously warm sea surface temperatures
(SSTs) that exceed an upper SST threshold for an extended period of time (Hobday et al., 2016;
Hobday et al., 2018). MHWs have already become more frequent and more severe in the last few
decades due almost entirely to warming mean ocean temperatures (Oliver et al., 2018), and this
trend is expected to continue with future global warming (Frolicher & Laufkoétter, 2018;
Frolicher et al., 2018). Although MHW:s are discrete regional warming events, it is reasonable to
wonder if these events offer a preview of anomalous atmosphere-ocean interactions under future
warming. Here we quantify the mean local atmospheric response to MHWs, with a focus on
surface heat fluxes and clouds, and evaluate whether the local responses align with changes
predicted by global climate models in a warmer world.

Recent MHWSs have had negative impacts on marine ecosystems and on the economies of
coastal communities. Common ecological observations among recent MHWs include extreme
mortality of marine species, harmful algal blooms, coral bleaching, and shifts in species ranges
to cooler waters (Piatt et al., 2020; Cavole et al., 2016; McCabe et al., 2016; Le Nohaic. et al.,
2015). When fish species shift ranges during MHWs, it heavily influences the success of local
fisheries, and less available catch can lead to economic devastation of fishing communities
(Cavole et al., 2016; McCabe et al., 2016). Understanding atmospheric perturbations that
accompany past MHWs is central to understanding and modeling the physical processes driving
MHWSs, which will help in anticipating and minimizing future negative environmental and
socioeconomic impacts during these events.

Despite the name, MHWs are not solely oceanic phenomena. They result from coupled
atmosphere-ocean interactions. MHWSs can be influenced by both local and non-local, large-scale
atmosphere-ocean processes. In turn, MHWSs can have both local and non-local atmospheric
effects. Large scale remote processes, like ENSO or the PDO, can enhance or suppress the
formation of MHW s through teleconnections (Holbrook et al., 2019). Anomalous SST patterns
can be started or perpetuated locally by atypical ocean currents or processes in the ocean mixed

layer, as well as atypical atmospheric processes (Holbrook et al., 2019; Schmeisser et al., 2019).
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In the atmosphere, the response of clouds to warm SSTs and the resulting net heat flux at the
ocean surface can drive the tendency of SSTs during MHWSs (Schmeisser et al., 2019).
Understanding the changes in atmospheric processes during MHWS is important for determining
regional differences in atmosphere-ocean interactions that drive MHW evolution, and for
forecasting evolution of MHWs during future events.

An analysis of the atmospheric response to the 2013-2016 Northeast Pacific MHW
showed substantial anomalies in cloud cover, radiative fluxes, and turbulent fluxes concurrent
with the anomalously warm SSTs. During the approximately 2-year long MHW, low cloud cover
decreased, downward shortwave radiative flux increased, upward and downward longwave
radiative fluxes increased, and latent and sensible heat fluxes out of the ocean increased
(Schmeisser et al., 2019). While there was a small positive net heat flux into the ocean at times
during the event due to a positive SST-cloud feedback, there was a small net negative heat flux
anomaly (out of the ocean, increased cooling) averaged over the lifetime of the event. The
question is: does the atmosphere respond similarly during all MHW events worldwide? What can
we generalize about atmospheric responses to MHW:s to better understand processes that control
the evolution of individual events? Does this provide insight into atmospheric adjustment to
warm SSTs in a warmer future climate?

Here we: (1) detect global MHWs from 2001-2019 using satellite data and compute the
additional forcing to the atmosphere during these events; (2) present local anomalous patterns in
clouds and heat fluxes observed during MHW events; and (3) detail how radiative and turbulent
heat flux anomalies contribute to the spatial variability in net heat flux response during MHWs.
Results are compared to global climate model predictions of clouds to determine that MHW s

provide an example of future anomalous atmosphere-ocean interactions.

5.2 Methods

The SST values used here are from the Hadley Centre Global Sea Ice and Sea Surface
Temperature (HadISST) V1.1. The HadISST product uses in-situ and satellite SST
measurements combined using an optimal interpolation procedure (Rayner et al., 2003). Grid

boxes and timesteps in which sea ice was present were removed for this analysis. The HadISST
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data is available from 1871 to present, but we use 1°x1° gridded monthly means from 2001-2019
to match the availability of the radiative flux and cloud satellite data.

Satellite data are used here instead of a reanalysis product (which would afford a longer
time series) because a global evaluation of reanalyses products for the variables of interest is not
available. Satellite data offer a shorter record, but a well-validated and ‘best available’ dataset for
the variables needed. The surface radiative fluxes and cloud cover are from NASA’s Clouds and
Earth’s Radiance Energy System (CERES) Energy Balanced and Filled (EBAF) Edition 4.1
satellite measurements. The CERES-EBAF Surface product is a derivative of the CERES
synoptic 1° monthly means product, which calculates radiative fluxes using a 1D radiative
transfer model based on inputs of temperature profiles, water vapor profiles, clouds, and other
geostationary satellite observations. The data are constrained to match top of atmosphere fluxes
and ocean heat storage. Detailed information on the CERES-EBAF product can be found in Kato
et al. (2013) and Kato et al. (2018). CERES-EBAF data is provided on a 1°x1° grid. We use
monthly means from 2001-2019. All mention of radiative fluxes here refers to fluxes at the ocean
surface.

Turbulent fluxes are from the Woods Hole Oceanographic Institute (WHOI) Objectively
Analyzed air-sea Fluxes (OAFlux) Project. The OAFlux product synthesizes meteorological
variable estimates from various sources. The objective analysis reduces errors in individual input
sources to yield an output product with minimal error. Then, the COARE 3.0 bulk flux algorithm
is used to compute turbulent fluxes from the input meteorological variables. The OAFlux dataset
is available over the global oceans on a 1°x1° grid and we use monthly means of latent and
sensible heat fluxes from 2001-2019 to match the available time period of the CERES-EBAF
data.

MHWSs were detected in the HadISST dataset by first computing the climatological 95"
percentile of SSTs for each month in each grid cell. Each time the mean SST in a given month
exceeds the monthly 95" percentile threshold, it is flagged as a MHW in a binary file. The binary
file is used to select surface heat flux and cloud cover data during MHWs. Those data are
composited over all months flagged as MHWs, and averaged to yield ‘MHW-averaged’ variables
in each grid box. Given the length of the data record used here, some especially long MHWs
(like the 2013-2016 NE Pacific MHW) may not be captured in their entirety by this algorithm,

which necessarily only detects 5% of months as MHWs. In this sense, we can view this analysis
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as capturing the MHW months with the highest magnitude SST anomalies (as opposed to
capturing all MHW months). Lowering the detection threshold to a 90" percentile threshold
helps address this issue of including entire MHWs; however, a sensitivity analysis showed that
changing the threshold did not significantly alter results presented here.

To help interpret any regional differences in average surface heat fluxes or cloud cover
during marine heatwaves compared to average conditions, it is useful to know if the atmosphere
experiences similar regional forcing due to a change in SSTs during MHWs. We assume that the
forcing from the sea surface to the atmosphere can be quantified as the upwelling longwave

radiative flux, computed by the Stefan-Boltzmann equation:
LW = eoT* [5.1]

We can quantify the difference in forcing by the ocean surface to the atmosphere
between normal and marine heatwave conditions by differentiating the Stefan-Boltzmann

equation and rearranging:

dLw _ [5.2]
—_— 3
aT 4e oT

dLW = 4€ 6T3(T' = T) [5.3]

where LW is the upward longwave radiative flux at the ocean surface, o is the Stefan-
Boltzmann constant, € is the emissivity (which we assume is unity at the ocean surface and will
be dropped in further equations), T is the mean SST, and 7~ is the MHW SST threshold at the
95t percentile. The equation can be rearranged and reduced to a fractional representation to
yield:
dLw _4 (T'=T) [5.4]
oT* T

This equation can be multiplied by 100 and used to analyze the percentage change in
forcing during MHWs in different regions around the world. The hypothesis is that, if there are
differences in forcing during a MHW warming, the atmosphere will show larger anomalies in

regions where the forcing from SST changes is also larger.
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5.3 Results

5.3.1 MHW Detection & change in forcing from ocean to atmosphere during MHW:s

In 18 years, each grid cell experiences on average 11 months (~5% of an 18-year data
record) of MHW conditions. For all MHWs identified across the globe, the average SST
anomaly for all events was 0.8 °C.

Figure 5.1 shows the change in forcing due to anomalously warm SSTs during MHW
conditions as computed in Equation 5.4, averaged over all seasons. The forcing change due to a
warmer SST during MHWs is not uniform globally. Areas of strong forcing are evident in
regions such as the Northeast Pacific, Northwest Atlantic, central and eastern tropical Pacific,
and the Southwest Atlantic. While Figure 5.1 is computed using data from 2001-2018, and thus
the 95 percentile thresholds used in the calculation may be influenced by recent large and
severe MHWs, the same calculation using the full HadISST dataset (1870-2018) yields nearly
the same spatial pattern (though magnitudes of percentage forcing change are larger, see Figure
CI1 in Appendix C). The fact that the larger forcing changes observed in some regions compared
to others are robust across a long dataset highlights unique atmosphere-ocean interactions
occurring in these regions.

The magnitude of the average SST anomaly during MHWs (Figure 5.2a) matches the
pattern of forcing change (Figure 5.1), as expected. As we show, regions that experience a
greater percentage change in forcing also experience larger anomalies in some atmospheric

variables during MHWs.
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Figure 5.1 Percentage change in forcing [W/m2] from upward longwave radiative flux at the surface
driven by warming of SSTs from climatological SSTs to MHW threshold, averaged over time period
2001-2019

5.3.2 Atmospheric perturbations during MHWs

Our analysis shows that there are robust atmospheric perturbations associated with MHWs.
Upward longwave radiative flux increases during MHW s globally, as dictated by the Stefan-
Boltzmann law (Figure 5.2c). Upward longwave radiative flux anomalies are highest in regions
that experienced the highest SST anomalies during MHWs (Figure 5.2a), particularly in the NE
Pacific, eastern tropical Pacific, and northwest Atlantic. Downward longwave radiative flux also
increases almost everywhere worldwide (Figure 5.2d), which is largely dictated by ubiquitous
and concurrent increases in air temperature (not shown) and humidity (Figure 5.2b). Cloud
changes seem to have a smaller effect on this downward longwave signal.

During MHWs, low clouds decrease nearly everywhere, with the exception of a large area in
the northwest Pacific, high latitudes in the Arctic and Antarctic, and scattered local coastal
regions (Figure 5.3a). High cloud generally increases everywhere (Figure 5.3b). The
combination of these two opposing signals results in high spatial variability in the total cloud
cover response (Figure 5.3¢). The cloud response is one of the key differences between
atmospheric patterns during MHWs in the tropics compared to the midlatitudes. Large scale

patterns show an increase in total cloud cover during MHWs s in the tropics, a decrease in total
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cloud cover during MHWs in the subtropics and midlatitudes, and an increase in total cloud
cover in the very high latitudes (Figure 5.3c).

The cloud response dictates the downward shortwave anomalies observed during MHW s
and, thus, there is large spatial variability in the shortwave flux anomalies as well. Downward
shortwave radiative fluxes decrease in the tropics, increase in the subtropics and midlatitudes,
and decrease in the high latitudes during MHWs (Figure 5.2e).

Latent heat flux anomalies during MHW3s are regionally variable, with the largest anomalies
(positive out of the ocean) in the tropical Pacific, as well as in western boundary current regions
(e.g., the Kuroshio current in the northwest Pacific and the Gulf Stream current in the northwest
Atlantic) (Figure 5.2g). Throughout large areas in the subtropics and midlatitudes, latent heat
flux anomalies are small and negative (indicating less cooling by latent heat fluxes), with the
exception of the subtropical western and central Pacific where the magnitude is substantially
larger. Sensible heat fluxes are small compared to other flux terms everywhere (Figure 5.2h)
except at very high latitudes, where our confidence in the data is lower due to interference by sea

ice and challenges with satellite retrievals.
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Figure 5.2 Atmospheric variable anomalies composited and averaged during MHW events: (a) SST
anomalies (°C), (b) 2 m absolute humidity anomalies (g/kg), (¢) upward longwave radiative flux
anomalies at the surface (W/m2) (positive is up), (d) downward longwave radiative flux anomalies at the
surface (positive is down), (e¢) downward shortwave radiative flux anomalies at the surface (positive is
down), () net heat flux anomalies (W/m2), (g) latent heat flux anomalies (W/m2), and (h) sensible heat
flux anomalies (W/m2) (positive is up).
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Figure 5.3 Cloud cover anomalies composited and averaged during MHW events: (a) low cloud cover
anomalies (%) (b) non-low cloud cover anomalies (%), and (c) total cloud cover anomalies (%)

5.3.3 Surface net heat flux changes during MHWs

The surface net heat flux during MHWs measures the atmospheric contribution to SST
tendency in the ocean mixed layer. The surface net heat flux anomaly shows large spatial
variability during MHWs, indicating that the effect of the atmosphere on SSTs during MHWs  is
not globally uniform.

The MHW-averaged net heat flux anomaly tends to be positive (into the ocean) in the
subtropics and midlatitudes, and negative (out of the ocean) in the tropics (Figure 5.2f). In
general terms, the atmospheric response to warm SSTs contributes to the SST tendency by

enhancing warming in the subtropics and midlatitudes with a positive net heat flux anomaly, and
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damping warming in the tropics with a negative net het flux anomaly. There are some smaller
regions that are exceptions (e.g., off Baja California and in the northwest Atlantic).

Comparing the contour plots of net heat flux anomaly (Figure 5.2h) and downward
shortwave radiative flux anomaly (Figure 5.2¢) suggests that the change in shortwave radiative
flux at the surface caused by the cloud response during MHWs is largely driving the regional
variability in net heat fluxes. Anomalies in latent heat fluxes also contribute substantially,
particularly in western boundary current regions and the tropics. Since upward and downward
longwave radiative flux anomalies have robustly similar signs (and, to a lesser extent, similar
magnitudes) during MHWs in all regions of the globe (Figures 5.2¢,d), they are not contributing
much to the spatial structure of the net heat flux anomaly.

We can quantify the extent to which heat flux components (i.e., downward/upward
longwave, downward/upward shortwave, latent, and sensible fluxes) contribute to regional
variations in net heat flux anomaly by computing the percentage contribution of each heat flux
component anomaly to the total net heat flux anomaly during MHWs in each grid box. We do
this by dividing the absolute value of each individual net heat flux component anomaly by the
sum of the absolute value of all net heat flux component anomalies. Results of this calculation
are shown in Figure 5.4. In many places, downward shortwave radiative flux anomalies (Figure
4d) and latent heat flux anomalies (Figure 5.4e) are the dominant contributors to net heat flux
anomalies during MHWs. The fact that latent heat fluxes account for 20-40% of the anomalous
net heat flux response during MHWs is particularly notable since under climatological
conditions, latent heat fluxes are a much smaller contributor to net heat fluxes (5-10%, not
shown).

Downward and upward longwave radiative flux anomalies contribute secondarily to the net
heat flux anomaly spatial variation in most regions (Figures 5.4a,b). Sensible heat flux anomalies
and upward shortwave radiative flux anomalies only contribute substantially in very high

latitudes where sea ice is often present (Figures 5.4c,f).
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Figure 5.4 Percentage contribution of (a) upward longwave radiative flux anomaly, (b) downward
longwave radiative flux anomaly, (c) upward shortwave radiative flux anomaly, (d) downward shortwave
radiative flux anomaly, (e) latent heat flux anomaly, and (f) sensible heat flux anomaly to the MHW-
averaged net heat flux anomaly.

5.4 Discussion & Conclusions

5.4.1 Changes in forcing from the ocean to the atmosphere during MHWs

Our analysis shows that anomalous local forcing from the sea surface to the atmosphere
during MHWs is regionally variable. Regions experiencing the highest SST anomalies and, thus,
upward radiative flux anomalies during MHWSs were also the regions that had the highest change
in percentage forcing from the ocean surface to the atmosphere. This isn’t an inevitable

conclusion, given that the change in forcing is normalized by the average temperature of a
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region. This indicates that certain regions are prone to experiencing especially warm SST
anomalies relative to other regions with similar average temperatures, and as a consequence, the
forcing on the atmosphere from anomalous SSTs during MHWs is larger in these regions.
Furthermore, ocean-atmosphere interactions have an amplified response in these places. For
some atmospheric variables (downward longwave radiative flux, cloud cover and latent heat
fluxes), the larger forcing may be associated with larger atmospheric anomalies. The implication
is that the world’s oceans are not uniform in response to MHWs, and our analyses and modeling

efforts should reflect the heterogeneity in regional evolution of these extreme events.

5.4.2 Atmospheric patterns during MHW:s

Our results capture MHW months with only the most extreme SSTs; they represent only
the highest 5% of SST anomalies during the data period. In some extreme cases when the MHW
persists for many months or years, like that of the 2013-2016 NE Pacific MHW, the entire event
is not captured in this analysis since the duration is longer than could be captured by the MHW
detection algorithm given the length of the data record. (For analyses of individual events with
longer duration, the threshold for MHW detection can be reduced to, say, the 90" percentile or
below, in order to analyze the full consecutive event; alternatively, the detection algorithm can
be altered so that time periods in which SSTs drop below the threshold can be included in the
event if the anomalies are bookended on both sides by MHW conditions). Throughout the
evolution of an entire MHW, the atmospheric patterns may vary. For example, in the 2013-2016
NE Pacific MHW, the average net heat flux anomaly over the duration of the event was net
negative (Schmeisser et al., 2019). However, the analysis here shows the net heat flux anomaly
in that same region is net positive. A careful look at the time series of net heat flux anomalies
during the event indicates that during the time periods of most intense SST anomalies (also
captured in this analysis), the net heat flux anomaly is indeed positive. However, averaging over
the lifetime of the MHW yields a negative net heat flux anomaly, as this includes months when
the SSTs were cooling back to below the MHW threshold. While composited MHW results are
useful, a careful time series analysis of individual events is also crucial in understanding

dynamics that are at play throughout the build-up, duration, and decay of the MHW. The
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dynamics during each phase will be different and not necessarily the same as the processes
represented in event-composited results.

It is also prudent to note that the atmospheric anomalies shown here are almost certainly
a combination of both local effects (from underlying warm SSTs) and remote effects (from large
scale climate variability). The anomalies shown here are important because they document that
indeed the atmosphere is perturbed from its mean state during MHWSs. However, diagnostic
work will be key to picking apart remote and local effects, and then properly incorporate these
physical mechanisms into models that aim to forecast MHWs. While not addressed here, this is
an important area of future research.

Regional patterns in MHW-averaged cloud anomalies presented here generally align well
with SST-cloud relationships published in the literature. As SSTs increase during a MHW, low
clouds decrease almost everywhere (e.g., Klein et al., 1995; de Szoeke and Verlinden, 2016;
Clement et al., 2009; Bellomo et al., 2014). One notable exception is the northwest Pacific (Sea
of Okhotsk and Bering Sea regions), for which the literature on SST-cloud relationships is
sparse, though it is reasonable to assume this area is intermittently affected by sea ice and/or cold
air outbreaks from the Siberian region that could influence clouds. The Southern Ocean also
experiences increases in low cloud in some areas, which could be attributed to sea ice interaction
or poor data quality at high latitudes. We show that high clouds generally increase everywhere
during MHWs. This is expected given the SST-high cloud relationships outlined in the literature
which suggest deep convection generally increases with warming ocean waters (e.g., Zhang et
al., 1995; Ramanthan & Collins, 1991). This is especially apparent in our high cloud results in
the central and eastern Pacific, when warm waters typically associated with El Nifio and a shift
in the Walker circulation bring deep convection and precipitation to these areas. Increases in
high cloud cover in the subtropics or midlatitudes associated with warm SSTs (e.g., Zhang et al.,
1995; Ramanthan & Collins, 1991) or MHWs (e.g., Myers et al., 2018; Schmeisser et al., 2019)
have been observed by many other studies as well. Our MHW-composited cloud anomaly results
show that, even at the tail end of the SST distribution (MHW events), our understanding of cloud
behavior under warm SSTs is consistent with the observations.

The influence of the El Nifio-Southern Oscillation is apparent in the tropical Pacific in
many of the figures presented. We note that a strong El Nifio event can technically be classified

as a MHW in the east and central equatorial Pacific, so El Nifio events are rightly included in the
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analysis, since we are interested to see how extreme SSTs influence the atmosphere. While the
driving forces of El Nifio-related MHWs could certainly be different than the driving forces of
other MHW s globally, we are not concerned here with what drives the spin-up of the MHW;
rather, we are focused on the overlying atmospheric anomalies associated with warm SST
events. In fact, including El Nifio-influenced events provides an excellent confirmation of our

results. The increased convection in the central and eastern tropical Pacific, represented by

decreased low cloud and increased high cloud fractional coverages, aligns with our expectations

of El Nifio behavior. Additionally, the increase in humidity in the eastern and tropical Pacific

aligns with the changes in the Walker circulation during El Nifio events.

In the case of downward longwave radiative flux, a near universal increase during MHW:s

is somewhat surprising given the spatial differences in cloud changes regionally. Since

downward longwave radiative flux is determined mainly by air temperature, humidity levels, and

cloud cover, regional variability in the magnitude of cloud cover anomalies during MHWs might

be expected to yield regional variability in downward longwave radiative flux anomalies at the

surface. Rather, the widespread increases in air temperature and humidity dominate the

downward longwave response. Cloud changes are of secondary importance on downward

longwave radiative flux anomalies during MHWs. These results provide observational evidence

during natural warming events that support the idea that downward longwave radiative flux is

largely set by surface temperatures and the resulting turbulent fluxes that warm and moisten the

overlying atmosphere; cloud changes make a much smaller contribution.

It is worth mentioning that the seasonal dependence of these results is not analyzed here,

as the relatively short time series of MHW events does not allow for sufficient data points in
each season to provide robust results. However, there is good reason to think that these results
are seasonally dependent. For example, outside of the tropics when the oceanic mixed layer is
shallow, it may be easier to warm the ocean water to MHW levels and thus a disproportionate
fraction of MHWs could occur in the warm season. Additionally, climatological cloud cover
differs from season to season in many parts of the world, so cloud response, and more
importantly- the impact of that cloud response on net heat flux at the ocean surface- could
depend heavily on the season. Future work analyzing seasonal dependence of the atmospheric

response to MHWs using longer datasets should be prioritized.
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5.4.3 Implications

There are two important implications of this analysis. First, we show that the role of the
atmosphere in MHWs  is regionally variable and, because of these regional differences in
atmosphere-ocean interactions, we do not expect MHW:s to evolve similarly in all regions.
Second, we argue that the MHW-averaged atmospheric responses shown here are similar to
global climate model predictions of those atmospheric variables in a warmer world, suggesting
that MHWs provide an observational surrogate of what surface flux and atmospheric changes
will look like in a warmer world. The results of our analysis show that some atmospheric
variables have a similar and robust local response to MHWs in all regions globally, while other
atmospheric variables behave differently in the tropics, subtropics, and midlatitudes. These
differences combine to produce spatial variability in the net heat flux response during MHWs.
The net heat flux during MHWSs encompasses the atmospheric effects on SST tendency;
consequently, the local atmospheric contribution to MHW s is regionally variable.

Atmospheric variables like downward and upward longwave radiative fluxes at the
surface, low cloud cover, high cloud cover, and humidity anomalies are robustly uniform in sign
during MHWs s in nearly all regions. But atmospheric variables like latent heat flux, total cloud
cover, and downward shortwave radiative flux anomalies show large regional differences in sign.
It is the latter variables that drive the global spatial differences in net heat flux response at the
surface during MHWs. Generally speaking, the atmosphere tends to cool SSTs through a
negative surface net heat flux anomaly during MHWs in the tropics; the opposite is the case
during MHWs s in the subtropics and midlatitudes. Differences in tropical versus subtropical vs.
midlatitude atmosphere-ocean interactions are largely dictated by cloud response and latent heat
fluxes, which emphasizes the importance of understanding clouds and latent heat fluxes to
properly model the coupled climate system.

Average SSTs in most ocean basins will warm 1°C above 1986-2006 historical averages
by the end of the century in an RCP4.5 scenario, and by 2050 in an RCP8.5 scenario (Hoegh-
Guldberg et al., 2014). The SST anomalies during MHWs presented here average about 0.8 °C,
and thus are a conservative representation of the future ocean conditions under global warming.
The global response of total cloud cover to MHWs in our data set closely resembles the global

response of total cloud cover per degree warming in the global climate model ensemble mean
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from the Cloud Feedback Model Intercomparison Project (CFMIP; Zelinka et al., 2012, Figure
1). Models and observational data from MHWSs both show an increase in total cloud cover over
the tropical oceans, a decrease in the subtropics and midlatitudes, and an increase in the high
latitudes. Regional changes in low cloud and non-low cloud fraction (which make up changes in
total cloud fraction) during MHW:s are also consistent with those from global climate model
ensemble means (Mark Zelinka, personal communication).

We do not claim MHW:s are exact replicas of future ocean conditions. For example,
large-scale SST gradients that exist currently between MHW regions and neighboring non-MHW
regions will either not be present or very significantly reduced when future SST warming
happens on a global scale. Nevertheless, MHW events provide valuable insight into the potential
atmospheric response to future warming of SSTs. It is a reasonable hypothesis that radiative
fluxes, turbulent fluxes, clouds, and humidity will respond similarly to future warm SSTs as
observed in the MHWs analyzed here. Furthermore, MHWs can help validate atmospheric
response to warming SSTs in global climate models. We show that cloud response is a key factor
in determining the net het flux response to MHWSs and, thus, the atmospheric contribution to SST
tendency during MHWs. Correctly modeling clouds in global climate models is fundamental to
properly representing atmosphere-ocean interactions and net heat fluxes in global climate
models; therefore, it is encouraging to see the consistency between the results in this MHW

analysis and model ensemble means.
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Chapter 6 Net Heat Flux Feedbacks During Marine Heatwaves
6.1 Introduction

The net surface heat flux at the ocean surface is a key component of temperature
tendency in the ocean mixed layer. Changes in the net surface heat flux can cause sea surface
temperature (SST) anomalies, and those SST anomalies can in turn change the net surface heat
flux. This amplification or damping of the SST anomalies from the net heat flux response defines
the net heat flux feedback.

Marine heat waves (MHW) are extreme climate events in the ocean when SSTs exceed
an upper threshold (Hobday et al., 2016). MHWs can be initiated by either oceanic or
atmospheric processes. Changes in ocean currents or entrainment at the bottom of the ocean
mixed layer, for example, can cause SST anomalies. On the atmospheric side, reduction in wind,
decrease in cloud cover, or a stalled high pressure ridge can all can change the net heat flux at the
ocean surface and contribute to warm SST anomalies (e.g., Bond et al., 2014; Oliver et al., 2018;
Holbrook et al., 2019). Regardless of whether the surface net heat flux triggers a MHW, it is
inevitably affected by the abnormally warm SSTs of a MHW, and can in turn affect those SSTs.

The average net surface heat flux feedback is negative over the world’s oceans. This is
anticipated given an enhancement of upward longwave radiative flux and turbulent heat flux
accompanying increased SSTs; furthermore, this mostly negative feedback is demonstrated in
observational data (Park et al., 2005; Frankignoul & Kestenare, 2002; Hausmann et al., 2016)
and modeling studies (Frankignoul et al., 1998). However, anomalous atmospheric responses to
SSTs that can modulate the feedback (Park et al., 2005) and thus there are certain regions and
certain seasons that deviate from the global average and experience positive net heat flux
feedbacks. For example, in response to warm SST anomalies, the negative surface heat flux
feedback weakens if atmospheric moisture and/or temperature increases, wind speed decreases,
or low cloud cover decreases over warm SST anomalies. Understanding the dominant heat flux
components (i.e., latent, sensible, longwave or shortwave radiative fluxes) in the feedback
further elucidates features of the local coupled atmosphere-ocean system.

The regions and seasons predisposed to positive net surface heat flux feedbacks are of
particular interest in MHW applications. The hypothesis is that if a MHW is triggered in a region

and season that has a positive net heat flux feedback, the MHW could be more persistent. There

78



is some preliminary evidence that surface heat flux feedbacks may indeed be important in
determining MHW persistence. For example, Bond et al. (2015), Schmeisser et al. (2019) and
Myers et al. (2018) analyzed the 2013-16 MHW in the midlatitude Northeast Pacific and found
suppressed latent heat fluxes led to the start of the MHW. While the surface heat flux response to
the warm SSTs was a net negative feedback in the midlatitudes, the damping was weakened by a
positive SST-cloud feedback that contributed to the persistence of the MHW (Schmeisser et al.,
2019). The subtropical extension of the same NE Pacific MHW was analyzed by Myers et al.
(2018), and results show that the radiative heat flux anomaly dominated the SST tendency and
drove SST anomalies higher, while latent heat flux anomalies played a smaller role (and did not
damp anomalies as expected) during the persistence of the MHW. Oliver et al. (2017) analyzed
the 2015/16 Tasman Sea MHW and found the net surface heat flux anomalies were negligible;
instead anomalous ocean advection was primarily responsible for the MHW development.
Holbrook et al. (2019) provides the first assessment of global MHWs and their drivers. They
found strong correlations between some climate modes and MHWs in certain ocean basins;
however, they showed that local processes are the most important in driving each MHW. There
is still ample work to be done to systematically understand the details of the atmospheric
processes and feedbacks at play during MHWs worldwide.

Synthesis of the literature suggests that spatio-temporal variability in the net heat flux
feedback is to be expected. Furthermore, the importance of the net heat flux feedback in
evolution of SST anomalies (compared to the effect of ocean processes) is also likely to have
high geographic variability. This informs the hypothesis that the spatio-temporal variability in
surface net heat flux feedbacks dictates that when and where warm SST anomalies build to
MHW levels will influence the persistence of the event. Here we aim to establish the variability
in net heat flux feedbacks during normal conditions and also during MHW conditions, and
analyze statistical relationships between MHW duration and net heat flux feedbacks.

Three primary research questions will be addressed here:

1. How do climatological net heat flux feedback parameters computed using updated
datasets and more recent time series compare to past analyses of surface heat flux
feedbacks (e.g., Park et al., 2005)?

2. Do net surface heat flux feedbacks change during a MHW compared to

climatological conditions for that region and season?
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3. Are regions and seasons with positive net surface heat flux feedbacks more
susceptible to persistent MHWs than regions with negative net surface heat flux

feedbacks?

6.2 Methods

The methods used here closely follow that of Park et al. (2005) and Frankignoul &
Kestenare (2002); however, datasets, data resolution, and years of analysis differ. Park et al.
(2005) improved on the Frankignoul and Kestenare (2002) estimates of net heat flux feedback
parameters by using International Satellite Cloud Climatology Project (ISCCP) satellite-derived
radiative fluxes instead of indirect estimates using conversion formulas on the Comprehensive
Ocean and Atmosphere Dataset (COADS). We improve on the Park et al. (2005) estimates of
feedback parameters by using the best available satellite measurements of SSTs and heat fluxes
at a much higher spatial resolution.

SST data are from the HadISST dataset, turbulent fluxes are from the OAFlux dataset,
and surface radiative fluxes are from the CERES EBAF dataset. Additional information on these
products is available in Chapter 5.2. The ocean mixed layer depth used in the analysis is from
NCEP Global Ocean Data Assimilation System (GODAS). More information on GODAS can be
found in Chapter 4.2. All data used are monthly averages interpolated to a 1° x 1° global grid.

Computations of net heat flux feedbacks are based on the theoretical work from

Frankignoul & Hasselman (1977), who develop a simple model of SST:

4

d =F — AT’
dt

where T’ is the SST anomaly, F is the forcing anomaly and A is the heat flux feedback parameter.
Their work suggests that feedback estimates are accurate only when atmospheric persistence
times are small. In other words, the data have to be filtered of low-frequency atmospheric
changes that can bias the net heat flux feedbacks toward positive values. Since El Nifio-Southern
Oscillation (ENSO) is a low-frequency atmospheric variation that can create this bias, the ENSO
signal is removed from all datasets before computing feedback parameters. ENSO signal
removal is performed following the methods from Park et al. (2005) and Frankignoul &
Kestenare (2002). First, a covariance-based EOF analysis was performed to yield ENSO indices
and the first three principal components of SSTs between 20 °S and 20 °N. In each grid box, a
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linear regression between time series of the principal components and the variables of interest
(SSTs and net heat flux components) was performed using three consecutive monthly values
centered on each month (e.g., February regression was done using January, February, and
March). The regression values were subtracted from the data to yield the ENSO-removed
dataset. The data were detrended after removing the ENSO signal in order to remove bias from a
global warming signal.

The net heat flux feedback parameter, 4, is computed with an analysis of the lagged
covariance between temperature anomalies and net heat flux anomalies, using the following
equation from Park et al. (2005), Frankignoul and Kestenare (2002) and Frankignoul et al.
(1998) (based on the original Frankignoul & Hasselman (1977) work):

Cov[T'(i —1),Q"(D)] LT'G-1D=Q'()

A = T D, Tl STG-DTO

where T’ is the SST anomaly, Q’ is the net surface heat flux anomaly, i represents a certain

month and i-/ represents the month preceding i. Seasonal averages of the net heat flux feedback
parameter are computed using the same methodology but with data from three consecutive
months. An example of the seasonal feedback parameter computation is presented in the
following equation for autumn:

LSONY = Cov[T'(4S0),Q'(SON)] _ X.T'(ASO) » Q'(SON)
(SON) = - Cov[T'(AS0),T'(SON)] ~ X T'(ASO) = T'(SON)

where SON stands for September, October, November and ASO stands for August, September,
October. The heat flux feedback parameter is also computed for each component of the net heat
flux, replacing net heat flux in the above equations with one flux component- downward
shortwave, upward shortwave, downward longwave, upward longwave, turbulent and sensible
heat fluxes.

The inverse of the e-folding times of SST anomalies due to the net heat flux feedback can

be computed with the following equation:

A
T_pcph

where A is the net heat flux feedback parameter, pc, is the volumetric heat capacity of water
(equal to 4.088 x 10° J °C! m™) and h is the depth of the ocean mixed layer.

MHWs are defined here as any month when SSTs exceed the 90" percentile threshold as
computed from the 2001-2019 HadISST time series. The 90" percentile is computed for the
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SSTs within each grid cell, thus the MHW definition is regionally specific. Since 10% of the
time series qualifies as MHW conditions, approximately 21 months qualify as MHWs in each
grid cell. The results shown here are generally not sensitive to the MHW threshold, though some
sensitivity analysis is presented to show the difference in results between MHWs defined with
the 90 percentile threshold and those defined with a 95 percentile threshold.

To compare how climatological net heat flux feedbacks compare to those during MHWs,
net heat flux feedback parameters are computed for the entire available time series (total average
net heat flux feedback parameter), and then again for only the portions of the time series
designated as MHWs (total average MHW net heat flux feedback parameter). Then, differences
between the MHW net heat flux feedback parameter and the average net heat flux feedback
parameter are computed to directly compare differences in MHW conditions to climatological
conditions in all regions. Seasonal MHW feedback parameters are not computed since there
aren’t enough MHW months per season for results to be robust.

In order to analyze the relationship between climatological net heat flux feedback and the
maximum length of MHW experienced in that place, the Pearson correlation coefficient is
computed between both datasets. The length of a MHW is computed by adding up the number of

consecutive months that meet the MHW criteria.

6.3 Results
6.3.1 Average seasonal net heat flux feedback parameter

In this section we present global seasonal net heat flux feedback parameters as well as the
associated inverse e-folding times of SST anomalies. Figure 6.1 shows the net heat flux feedback
parameter for each of the four seasons in units of W/ m?/K. A negative feedback parameter
indicates amplification of SST anomalies (a positive feedback) and a positive feedback
parameter indicates damping of SST anomalies (a negative feedback). Although the figures
present feedback parameters, the discussion will center around feedbacks, as feedbacks are more
intuitive. During all seasons, the net heat flux feedback is broadly negative, as would be

expected, for example, with an enhancement of upward longwave radiative and turbulent heat
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fluxes accompanying a warm SST anomaly. However, there are many notable exceptions to this
broad pattern, as positive feedbacks are observed in some regions.

The Northeast Pacific calculations show a tendency for near-zero or positive feedbacks in
much of the region during DJF, MAM, and JJA. The Northwest Atlantic as well as the western
tropical Atlantic have positive net heat flux feedbacks in DJF and MAM. There are positive net
heat flux feedbacks throughout a decent portion of the Southern Ocean during all months, with a
particular region southwest of South America that shows a strong positive feedback much of the
year. The net heat flux components contributing most to the positive net heat feedbacks are

presented in the next section.
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Figure 6.1 (a) DJF, (b) MAM, (c) JJA, and (d) SON net heat flux feedback parameters (in W/m?*/K)
across the globe, averaged over years 2001-2018. Negative heat flux feedback parameters indicate a
positive feedback and vice versa.
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Figure 6.2 (a) DJF, (b) MAM, (c) JJA, and (d) SON inverse of the e-folding times (in months™) of SST
anomalies from net heat flux feedback. A value of 0.25 indicates an e-folding time of 4 months

-1.00

The seasonal inverse e-folding times of SST anomalies due to influence of net heat flux
feedbacks are presented in Figure 6.2. Inverse e-folding times are shown in months™!, so values
of 1 indicate that SSTs are damped in 1 month, while values of 0.25 indicate that SSTs are
damped in 4 months, etc. Negative inverse e-folding times signify that the net heat flux feedback
does not damp SST anomalies in that region. As anticipated, areas that have negative inverse e-

folding times of SST anomalies are areas that show positive feedbacks.

6.3.2 Average seasonal heat flux feedback parameter by component

To gain insight into the physical mechanisms driving the seasonal net heat flux feedback
patterns (Figure 6.1), this section shows the individual contributing components to the net heat
flux feedback. Figure 6.3 shows the downward shortwave radiative flux feedback parameter for
each season. The downward shortwave feedback is strongly negative in the tropics and especially
so in the tropical Western Pacific. This aligns with the widely accepted mechanism that warm
SSTs in the tropics enhance convection and overall increase in cloud cover, thus decreasing the
shortwave radiative flux at the surface and damping SST anomalies. Much of the midlatitudes

exhibit a positive shortwave heat flux feedback (inferring a positive SST-cloud feedback). In
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some regions like the Northeast Pacific, this positive SST-cloud feedback is persistent
throughout the year, while in other regions, like near the Kuroshio current, the positive SST-
cloud feedback is seasonal (strongest in JJA). In the tropics, and especially the western equatorial
Pacific, the shortwave feedback is a large component in the net heat flux feedback. In the mid- to
high latitudes, the magnitude of the shortwave feedback is on par with contributions from the

other heat flux components.
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Figure 6.4 As in Figure 6.2, but for upward longwave radiative heat flux.
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Figure 6.4 presents the upward longwave radiative flux feedback parameters for each of
the four seasons. The longwave radiative flux feedback parameter is approximately uniform
throughout all regions and seasons, with some regional enhancements. This is consistent with
theoretical expectations that warm SST anomalies will cool with an upward longwave
enhancement that scales with 46SST? (where o is the Stefan-Boltzmann constant equal to 5.67 x
108 Wm2K™).

Figure 6.5 presents the downward longwave radiative flux feedback parameters for each
of the four seasons. The downward longwave radiative flux feedback parameter, like the upward
longwave radiative flux feedback parameter, is approximately uniform throughout all regions
and seasons, though of the opposite sign. There are some regions in the subtropics that show
enhancement of the feedback. Downward longwave feedbacks are positive. This indicates that
the response of the atmosphere, through some combination of changes in clouds, humidity, and
air temperature, acts to amplify SST anomalies. The near-uniformity of sign of the downward
longwave radiative flux feedback is perhaps surprising, especially since the changes in clouds
with SST anomalies (as inferred from Figure 6.3) are not uniform. The magnitude is also similar
globally, though there is enhancement of the feedback parameters in warm water regions of the
subtropics. This suggests that in most regions an atmospheric column experiences increased air
temperature and humidity due to a warmer SST, and these changes in column properties cause a
corresponding increase in downward longwave radiative flux. Unscrambling the effects of
changes in column properties on the downward longwave flux from the effects of cloud changes
is quite challenging, but the uniformity of the results in Figure 6.5 argues for the dominance of

the former, rather than the latter.
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The combination of the upward and downward longwave radiative flux feedbacks is
shown in in Figure 6.6. In regions where the net longwave feedback is negative, the upward
longwave feedback dominates, and in regions where the net longwave feedback is positive, the
upward longwave feedback dominates. There is significant spatial variability in the net longwave
feedback. Generally speaking, there is a tendency for the tropics to have a positive longwave
feedback (the downward longwave feedback dominates), while the mid-latitudes tend towards a
negative longwave feedback (the upward longwave feedback dominates). The positive feedback
in the tropics may be due to an increase in downward longwave radiation from increased cloud
cover. More research looking at cloud property datasets and/or model process studies is needed

to pick apart the physics driving the latitudinal differences in these feedbacks.
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Figure 6.6 As in Figure 6.2, but for net longwave radiative heat flux.

Figure 6.7 shows the seasonal latent heat flux feedback parameters. The magnitude of the
latent heat flux feedback is large in comparison to the other net heat flux components, except for
the shortwave feedback which has a similar magnitude as the latent heat feedback in some
tropical regions. Latent heat flux feedbacks are mostly negative around the globe (e.g., latent
heat fluxes increase with warmer SST anomalies and thus act to damp anomalies). Some regions

of the Southern Ocean experience positive latent heat flux feedbacks throughout the year. In
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addition, the tropical western Atlantic shows persistent positive latent heat flux feedbacks during
all seasons. This positive latent feedback appears to be the dominant component of the positive
net heat flux feedback is this region, particularly in DJF and MAM (see Figure 6.1). The region
near the South Pacific Convergence Zone (SPCZ), and to some extent the Intertropical
Convergence Zone (ITCZ), also shows positive latent heat flux feedbacks. This would indicate
that latent heat fluxes are suppressed during warm SST anomalies, which could occur if winds
decrease or atmospheric humidity increases concurrently. This signal could be indicative, for

example, of a positive wind-evaporation-sea surface temperature (WES) feedback.
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Figure 6.7 As in Figure 6.2, but latent heat flux.

Sensible heat flux feedback parameters are presented in Figure 6.8. Globally, the sensible
heat flux feedback is mostly negative and magnitudes are mostly small. However, areas in the
North Pacific, North Atlantic, and Southern Ocean show a positive sensible feedback during

SOme s€asons.
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Figure 6.8 As in Figure 6.2, but for sensible heat flux.

6.3.3 Net heat flux feedback parameters during marine heat waves

The average net heat flux feedback parameter for the entire time series of data from
2001-2019 is presented in Figure 6.9a. As expected, this map approximately averages out the
seasonal variability in feedback parameter shown in Figure 6.1, with almost all regions showing
a negative feedback (positive A), and only some regions exhibiting a near-zero or slightly
negative feedback. The net heat flux feedback parameter for all months that meet the 95%
percentile MHW threshold and the 90" percentile MHW threshold are presented in Figures 6.9b
and 6.9c, respectively.

Net heat flux feedback parameters during MHWSs have much higher spatial variability
compared to climatological conditions. Furthermore, positive net heat flux feedbacks are more
common during MHWs compared to climatological conditions. The difference between MHW
and climatological net heat flux feedback parameters is shown in Figures 6.9d and 6.9¢ for
MHWs defined with the 95" percentile threshold and 90" percentile threshold, respectively. The
difference is largely negative over most of the globe, indicating that during MHW:s net heat flux
feedbacks are less positive or more negative, depending on the climatological feedback of that

region. The MHW feedback parameters are largely insensitive to the two MHW definition
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thresholds shown here (Figure 6.9b vs Figure 6.9¢). Results show that net surface heat flux

feedbacks change during a MHW compared to climatological net surface heat flux feedbacks for

a given region and season.
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Figure 6.9 (a) The average net heat flux feedback parameter computed using the entire time series of heat
flux data from 2001-2018. (b) The average net heat flux feedback parameter computed only using data
during MHW months that meet the 95" percentile threshold and (c) the 90™ percentile. The difference

between the net heat flux feedbacks during MHWs and during climatology is shown in (d) for MHWs at
the 95th percentile threshold and (e) the 90™ percentile threshold.

The average inverse e-folding times of SST anomalies due to net heat flux feedbacks are
presented in Figure 6.10a for the entire length of the time series (2001-2019), and in Figure
6.10b for only times that are identified as MHWs. The difference between inverse e-folding

times during MHWs and climatological conditions is presented in Figure 6.10c. Inverse e-folding
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times during MHWs are consistently lower than during climatological conditions, meaning that

SST anomalies generally take longer to damp or are instead amplified due to heat flux feedbacks

during MHWSs. Keep in mind that the e-folding times here only represent the influence of the net

heat flux feedback on SST anomalies, and exclude the influence of oceanic process, which will

also influence the decay of SST anomalies during MHWs.
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Figure 6.10 (a) Inverse of e-folding times (in months™) of SST anomalies due to the influence of net heat
flux feedbacks averaged over the entire time series from 2001-2018; (b) as in (a), but for time periods
designated as MHWs; and (c) the difference in inverse of e-folding times during MHWs compared to

climatological conditions.
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The maximum length of a MHW in the data record was computed for each individual
grid cell by summing the longest consecutive number of months that meet the 90" percentile
MHW threshold criteria. The maximum MHW length observed in each grid cell is presented in
Figure 6.11. When Figure 6.11 is analyzed in the context of average net heat flux feedbacks for
each region (Figure 6.9a), many areas with positive feedbacks or small negative feedbacks (like
the tropical Eastern Pacific, Northeast Pacific, western tropical Atlantic, and the Southern Ocean
off of southwest South America) experience longer MHWSs, while many areas with large

negative feedbacks (like the tropical western Pacific) experience MHWs of shorter duration.
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Figure 6.11 The maximum length of a MHW, in months, observed in each grid cell.

To better understand any statistical relationship between average net heat flux feedback
of a grid cell and maximum MHW length, the Pearson correlation coefficient and related p-value
were computed. MHW length and average net heat flux feedback are negatively correlated with a
coefficient of -0.22 and a p-value of 0 (indicating a near-zero chance that the statistical
correlation could be produced from a random distribution of numbers) (Table 6.1). This indicates
that lower heat flux feedback parameters (positive or near-zero feedbacks) are associated with
longer MHWs. This negative correlation holds true for grid cells with positive net heat flux
feedback parameters as well as grid cells with negative heat flux feedback parameters, though
the negative correlation is strongest where heat flux feedback parameters are positive. See
Appendix D for statistics between MHW-averaged feedbacks and maximum length of MHWs.
Note that most of the ocean has negative feedbacks, thus the statistics are more robust in this
regime. These results confirm that areas with small negative net heat flux feedbacks or positive

net heat flux feedbacks of any magnitude are more susceptible to more persistent MHWS.
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Table 6.1 Pearson correlation coefficients between maximum MHW length and average net heat flux
feedback parameters, p-value is the probability that an uncorrelated dataset would produce the Pearson
correlation coefficient, and n is the number of data points that went into computing the statistic. Statistics
are presented for all grid points, only grid points that exhibit an average positive net heat flux feedback
parameter, and only grid points that exhibit on average a negative net heat flux feedback parameter.

Pearson correlation p-value n
coefficient
All data -0.22 0* 31718
Positive net heat flux -0.23 0* 28791
feedback parameters
Negative net heat flux -0.09 1.4e-5 2077
feedback parameters

The negative correlation between MHW length and average net heat flux feedback
parameter is also apparent in Figure 6.12, which shows a scatter plot of maximum MHW length
in each grid cell vs. the average net heat flux feedback in each grid cell, with binned medians of
the net heat flux feedback parameter shown in orange for each maximum MHW length. Figure
6.12a shows the entire spread of the data, and Figure 6.12b zooms in on data ranging from -40 to
40 W/m?/K to better visualize the trend in the binned medians. The data show that the grid cell’s
average heat flux feedback parameter decreases as its maximum MHW length increases. It is
also apparent in Figure 6.12 that the variability of the net heat flux feedback parameter data is
much greater at lower maximum MHW lengths, which is logical since the number of data points
is much greater in the lower maximum MHW length bins compared to the high maximum MHW

length bins.
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Figure 6.12 Maximum length of MHW (in months) in each grid cell vs. the average net heat flux
feedback parameter (in W/m?/K) in each grid cell. Scatter plot points are in blue, and the binned median
of the net heat flux feedback parameter for each binned maximum MHW length are in orange. All data
are shown in (a) and data bounded between net heat flux feedback parameters of -40 and 40 W/m?*/K are
shown in (b), where it is easier to see changes in binned medians with length of MHW.

6.4 Discussion

6.4.1 Annual and seasonal net heat flux feedback climatology compared to past studies

Where geographic overlap is available, the annual and seasonal climatologies of net heat
flux feedback parameters presented here are mostly in good agreement with past studies (Park et
al., 2005; Frankignoul and Kestenare, 2002). Global averages of net heat flux feedbacks are
generally negative, with most places in the ocean experiencing damping by net heat fluxes in
response to SST anomalies. While net heat flux feedbacks are largely negative globally, there are
regions and seasons in which net heat flux feedbacks are positive. Some of those key regions and
the potential mechanisms driving the net heat flux feedbacks toward positive are discussed here.

Over the northeast Pacific the net heat flux feedback is positive or very weakly negative
for DJF, MAM and JJA. This positive feedback is largely driven by a positive shortwave
radiative feedback year-round, and a smaller positive turbulent heat flux feedback contributing
somewhat during DJF and MAM. The positive shortwave radiative feedback observed in the data
is driven by a positive SST-cloud feedback that is well documented in the region (e.g., Norris &
Leovy, 1994; Klein et al., 1995; Norris et al., 1998; Myers et al., 2018; Schmeisser et al., 2019).
Some of this literature on SST-cloud relationships in the Northeast Pacific also notes the

influence of upstream SST on clouds, which is not accounted for in this study and thus the local
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feedbacks presented here may be underestimates (e.g., Norris et al., 1998; Park et al., 2005). Our
feedback results confirm findings from Latif & Barnett (1994), but are slightly different from the
analysis of the North Pacific in Frankignoul and Kestenare (2002) (using NCEP and COADS
data at resolutions of 2°x2° and 5°x5°, respectively) and that of Park et al. (2005) (using EECRA
and ISCCP data at a resolution of 5°x10°). Frankignoul and Kestenare (2002) and Park et al.
(2005) both find negative net heat flux feedbacks in the North Pacific, with the turbulent fluxes
providing a strong net negative feedback and radiative fluxes providing a weaker positive
feedback during all seasons. The more recent time series and higher resolution data analyzed
here suggest that the positive radiative flux feedback dominates negative turbulent flux
feedbacks in most seasons. The discrepancy indicates how magnitudes, not just signs, of heat
flux feedbacks are very important in getting an accurate estimate of the net feedback. Studies that
get the proper signs of radiative and turbulent heat flux feedbacks can end up with different net
heat flux feedbacks in regions of the world like the northeast Pacific where the two terms are
similar in magnitude but of opposing signs. The influence of the climatological net heat flux
feedbacks in the Northeast Pacific on MHWs in the region is discussed in the next section.

A few areas of interest exist in the Atlantic Ocean — one in the western tropical Atlantic
near the Caribbean Sea and one in the far Northwest Atlantic. Both regions exhibit positive net
heat flux feedbacks for DJF and MAM. Unlike in the North Pacific, these positive heat flux
feedbacks are not dominated by the shortwave heat flux feedback. In the western tropical
Atlantic, the shortwave heat flux feedback is strongly negative, likely due to enhanced
convection associated with warm SSTs in the Atlantic ITCZ region (Park et al., 2005). The
Northwest Atlantic experiences near-zero shortwave heat flux feedbacks. Instead, positive latent
heat flux feedbacks are observed in both of these regions in the Atlantic during DJF and MAM.
In addition, the Northwest Atlantic shows a positive sensible heat flux feedback during DJF and
MAM and the western tropical Atlantic has a positive longwave feedback during MAM, both of
which enhance the effects of the positive latent heat flux feedbacks. Previous studies do not
provide information on feedbacks in the Northwest Atlantic due to coarse resolution and missing
data, so our results cannot be compared with others. However, in the western tropical Atlantic,
Park et al. (2005) find similar results as ours for net heat flux feedbacks, turbulent heat flux

feedbacks, and longwave heat flux feedbacks during DJF and MAM. Park et al. (2005) find the
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positive net heat flux feedback extends year-round in this region, while our data show that the
net heat flux feedback flips negative for JJA and SON.

The Southern Ocean exhibits the largest seasonal variability in net heat flux feedback
parameters of any region. With the exception of one study (Hausmann et al., 2016), previous
feedback studies do not analyze this area due to lack of available data. While we have continuous
SST, turbulent, and radiative heat flux data over the Southern Ocean from which to compute
feedbacks, the reliability of data in this region is less robust than other regions of the globe. Data
are sometimes less dependable in the Southern Ocean since satellite retrievals are made more
difficult with frequent cloud cover and presence of sea ice (e.g., Bourassa et al., 2013);
furthermore, there are fewer in-situ datasets with which to validate satellite products.
Consequently, caution must be taken not to overinterpret results in this region. Large patches of
the Southern Ocean have positive net heat flux feedbacks throughout the entire year, particularly
during JJA and SON. Magnitudes of positive feedbacks are especially high in the region off the
southwest coast of South America. Positive shortwave heat flux feedbacks and latent heat flux
feedbacks appear to be the largest contributors to the positive net heat flux feedback. Hausmann
et al. (2016) find mostly negative turbulent and radiative heat flux feedbacks in the Southern
Ocean, using a time period from 1980-2013 and two reanalysis datasets (ERA-Interim and
OAFlux). These differences could be due to the different time periods analyzed, or different
handling of the potential influence of sea ice in the region. It is clear that more research is needed
in this region to better constrain net heat flux feedback estimates and understand the physical
mechanisms influencing the feedbacks.

It is important to note that this study does not explicitly consider the influence of ocean
processes on SST anomalies. Though this is by design, to narrow focus solely onto the effect of
the atmosphere on air-sea feedbacks, it is possible that that ocean processes, like horizontal
advection or changes in the mixed layer depth, may dominate the ocean mixed layer heat budget
in some areas of the ocean during some seasons. While understanding the net heat flux feedback
is essential in order to obtain a complete picture of the atmosphere-ocean system, it is important
to keep in mind that ocean processes are acting in parallel with net heat flux feedbacks to either
damp or amplify SST anomalies. One future direction of this work is to include ocean-induced
feedbacks on SSTs and outline the areas of the world where net heat flux feedbacks dominate

over ocean feedbacks and vice versa.
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6.4.2 Net heat flux feedbacks during MHWs

The evolution of SST anomalies during MHW s depends on the surface net heat flux and
ocean processes including advection, entrainment at the bottom of the ocean mixed layer, and
diffusion at the bottom of the mixed layer. Net heat flux feedbacks represent the local role of the
atmosphere during marine heatwaves, and, in combination with the effects from the ocean and
remote atmospheric forcing, can be used to predict the likely evolution of SSTs during a MHW.
As these results show, net heat flux feedbacks have high spatio-temporal variability. This means
that when and where SST anomalies arise influences the relative role of the atmosphere in the
persistence of the anomalies.

One aim of this research was to analyze whether net heat flux feedback parameters
change during MHWs compared to climatological conditions. Results show that this is true;
average MHW net heat flux feedback parameters are lower (feedbacks tend to be less negative or
more positive) compared to climatological conditions. One interpretation might be that the net
heat flux feedback parameter is not constant throughout the SST anomaly distribution. However,
preliminary analysis suggests that the nature of the atmosphere-ocean system is for net heat flux
feedbacks to tend toward zero at lower frequencies, as is this case with persistent MHWs. The
Barsugli and Battisti (1995) stochastic model of midlatitude atmosphere-ocean interactions show
a reduction in net heat flux feedbacks with increasing duration of MHWs, driven by reduced
thermal damping at longer time scales (Battisti, personal communication). This is early
indication that the difference in net heat flux feedback observed during MHWs may be an
inherent feature of the atmosphere-ocean system, and not necessarily an indication of exotic
physics happening during MHWSs. Diagnostic and modeling studies will be necessary to further
understand these features both in the tropics and midlatitudes to rule out any potential changes in
physics driving a different net heat flux feedback parameter at the upper tail end of the SST
anomaly distribution. Similarly, analysis into the net heat flux feedbacks and associated physics
at the lower tail end of the distribution (marine ‘cold snaps’) could be equally enlightening and
help elucidate any non-linearity in the atmosphere-ocean system.

Another aim of this research was to determine if regions with positive net surface heat

flux feedbacks are more susceptible to longer, more persistent MHWSs. The results show that
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indeed there is a negative (positive) correlation between net heat flux feedback parameter (net
heat flux feedback) and maximum MHW length observed in a grid cell. This means that areas
that have a climatological near-zero or negative heat flux feedback have a tendency for longer
MHWs. Although the time series used here is not long enough for robust seasonal MHW
statistics, one interpretation is that for certain regions, the season in which the SST anomaly
arises may also help dictate the persistence of the anomaly. For example, in a region like the
Northeast Pacific where the net heat flux feedback is positive in DJF, MAM, and JJA, but
negative in SON, these results suggest that an SST anomaly arising in DJF, MAM, and JJA is
more likely to persist longer than if it arises in SON. More exploration of how timing of SST
anomaly formation relates to the net heat flux feedback and MHW persistence will be necessary
as longer time series of reliable data become available.

The most persistent MHW (as well as the largest in area) ever recorded was the 2013-
2016 Northeast Pacific MHW. The analyses presented here suggest that the tendency of that
region to have near-zero or positive net heat flux feedbacks most of the year (dominated by a
positive SST-cloud feedback) very likely played a role in the long e-folding times of SST
anomalies. In addition, the net heat flux feedbacks in that region tend to be even more positive

during times of MHWs, further amplifying this effect.

6.5 Conclusions

Surface heat flux feedback parameters were computed using the best available SST,
radiative flux, and turbulent flux data. The net surface heat flux feedback is negative over almost
all of the world’s oceans, damping SST anomalies. However, there are certain regions and
seasons where a positive net heat flux feedback is observed. Here we are particularly interested
in regions that depart from the average behavior of global net heat flux feedbacks (in other
words, regions with positive net heat flux feedbacks) for two reasons. First, understanding the
spatio-temporal variability of net heat flux feedbacks and properly representing that variability in
models is essential for accurately modeling the atmosphere-ocean system. Second, the
knowledge of net heat flux feedbacks is useful in understanding areas and seasons that may be
prone to persistent MHWs.

Regions such as the northeast Pacific, northwest Atlantic, tropical western Atlantic, and

areas of the Southern Ocean (especially southwest of South America) all show positive net heat
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flux feedbacks during some, if not all, seasons. Analysis of the net heat flux feedback
components (shortwave, longwave, latent, and sensible heat flux feedbacks) elucidate which
factors are the largest contributors to positive net heat flux feedbacks. The dominate heat flux
components differ from region to region, and thus do the physical mechanisms in the atmosphere
that drive the net heat flux feedback. Some regions (like the northeast Pacific) experience large
positive shortwave radiative feedbacks that originate from positive SST-cloud feedbacks in the
region. Other areas (like the tropical western Atlantic) have positive latent and longwave heat
flux feedbacks that likely originate from suppression of winds and/or enhancement of humidity
in the air overlying SST anomalies. While this analysis provides an excellent big picture
understanding of the spatio-temporal variability of heat flux feedbacks, local and regional studies
are needed to better understand the intricate physics in the coupled atmosphere-ocean system that
dictate the net heat flux feedbacks in a given location.

Across most of the globe, net heat flux feedbacks tend to be more positive during MHW s,
indicating longer e-folding times for the warm SST anomalies. It is unlikely that this means
atmosphere-ocean interactions change at the high tail-end of the SST distribution. Instead, this
observation likely confirms the finding of simple atmosphere-ocean models that show net heat
flux feedback parameters tend towards zero as MHWs becoming longer (lower atmospheric
frequencies).

Regions that have negative or near-zero net heat flux feedbacks tend to experience longer
MHWSs compared to regions with large positive net heat flux feedbacks. This finding is very
important for modeling efforts seeking to be able to predict the evolution of MHWs. The net heat
flux feedback clearly plays an important role in how SSTs evolve, and properly representing the
role of the atmosphere (through net heat flux feedbacks) will be essential to predicting the
persistence of MHWs. Providing robust climatologies of net heat flux feedbacks during average
and MHW conditions, like those presented here, will enhance modeling efforts that could
eventually lead to better preparation of coastal regions to minimize the negative effects of

MHWs.
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Chapter 7 Implications & Conclusions

Although the science of MHWs is still in its infancy, it is now well established that the
impacts of these extreme events can be detrimental. Mortality and shifts in ranges of marine
species, harmful algal blooms, closures of fisheries, and coral bleaching from anomalously warm
SSTs can all leave marine ecosystems and coastal communities devastated (e.g., Cavole et al.,
2016; McCabe et al., 2016; Oliver et al., 2017; Wernberg et al., 2017; Le Nohaic et al., 2017;
Jones et al., 2017; Ritzman et al., 2018; Smale et al., 2019). There is urgency to better understand
the physics of MHWs, particularly so we can better predict their onset and progression and give
risk managers a better chance at adapting to and preparing for the negative impacts of these
extreme events. While processes in both the ocean and atmosphere influence the evolution of
MHWs, the goal of this dissertation was to advance our understanding of how MHWs influence
the atmosphere, and how induced changes in the atmosphere influence SST anomalies during
MHWs.

One overarching conclusion from the analyses presented here is: The role of the
atmosphere in MHWs is regionally variable and, because of these regional differences in
air-sea interactions, we do not expect MHWs to evolve similarly in all regions. This finding
has large implications for proper modeling of MHWs, as the unique balance between
atmospheric processes (radiative and turbulent heat fluxes) and ocean processes (advection,
entrainment, and diffusion) in individual locations must be well understood in order to accurately
project the evolution of SST anomalies.

There are multiple lines of evidence to support the regional variability in the
atmosphere’s role in MHWs. Results from Chapter 5 show that the forcing on the atmosphere
from anomalously SST during MHWs s is not uniform globally. Hot spots of particularly high
forcing exist especially along the coasts of North America and in the eastern and central tropical
Pacific. Consequences of this regionally variable forcing are apparent in heat flux and cloud
cover anomalies during MHWSs, which have unique geographic signatures. The tropics tend to
have negative shortwave flux anomalies during MHWs (likely due to enhanced convection),
while the mid-latitudes tend to have positive shortwave flux anomalies during MHWs (likely due
to reduction in low cloud cover with warmer SSTs). Latent heat flux anomalies during MHWs

have high spatial variability and little discernible geographic pattern. Although the net impact on
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the atmosphere (net heat flux) is variable in space, it is worth mentioning that some atmospheric
variables show surprisingly uniform responses during MHWSs. For example, atmospheric
humidity increases almost everywhere during a MHW, as do both upward and downward
radiative fluxes. These are important because they determine which atmospheric variables set the
spatial variability, and which do not. Shortwave radiative flux and latent heat fluxes are the most
important factors in determining geographic differences in net heat flux during MHWs .

The results of Chapter 6 extend those of Chapter 5 and provide more evidence showing
regional variability in the role of the atmosphere during MHWSs. Surface net heat flux feedbacks
provide an excellent framework for understanding how the net heat flux changes with changes in
SST and how those SSTs are in turn damped or amplified by net heat flux changes. While the net
heat flux feedback is negative and damps SST anomalies over most of the world’s oceans, there
are some regions and seasons that experience positive net heat flux feedbacks which would
amplify SST anomalies. This is very important for understanding areas that may be particularly
prone to persistent SSTs. Areas of the Northeast Pacific, tropical East Pacific, tropical West
Atlantic, northwest Atlantic, and Southern Ocean exhibit near-zero or positive net heat flux
feedbacks during parts of the year.

Another robust conclusion emerging from the results is that: The Northeast Pacific has
unique atmosphere-ocean interactions that make it particularly susceptible to persistent
MHWs. The changes in forcing from the ocean to the atmosphere during MHWs are particularly
high in the Northeast Pacific. A decrease in low cloud amount that accompanies an increase in
SSTs yields a positive radiative flux that is not quite offset by enhanced turbulent fluxes during
average MHW conditions. This behavior is confirmed with a near-zero or positive net heat flux
feedback most of the year in this region, largely dominated by the shortwave radiative feedback
and slightly less so by the turbulent heat flux feedback. This effect is more important in summer,
when cloudiness and shortwave radiative flux are both at their peaks, than in winter, when
cloudiness and shortwave radiative flux are both reduced. During the 2013-2016 Northeast
Pacific MHW, the most persistent MHW ever recorded, we computed these unique atmosphere-
ocean interactions on a month-to-month basis as the event developed. The ocean mixed layer
heat analysis reveals that positive SST-cloud feedbacks produced a net radiative heat flux
comparable to the net turbulent heat fluxes at the surface, yielding a near-zero net heat flux that

allowed SSTs to remain elevated for a couple of years. Including an analysis of the ocean
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processes during the event showed that atmospheric and oceanic anomalies often offset each to
produce a balance in which the atmosphere-ocean system was able to maintain itself in an
anomalous state. We now understand that this region, with its unique SST-cloud relationship and
near zero net heat flux feedback, is primed to produce a persistent MHW event like this.

One final intriguing conclusion from the dissertation is: There is preliminary evidence
that MHWs provide an observational proxy for future atmosphere-ocean interactions
expected under global warming. Cloud changes observed during MHWSs show a robust
decrease in low cloud cover globally, an increase in high cloud cover globally, and anomalies in
total cloud cover that are positive in the tropics, negative in the subtropics and mid-latitudes, and
positive in the high latitudes (Chapter 5). These cloud changes closely resemble those predicted
by the CFMIP climate models per one degree of warming. The implication of this is that MHWs
can provide valuable insight into the potential atmospheric response to future warming of SSTs.
In particular MHWs might be able to constrain local responses to warming, though they will not
provide insight into changes in large scale dynamics or dynamical patterns, such as the Pacific
Decadal Oscillation (PDO). Further research is needed to understand the extent to which MHWs
might provide an observational surrogate of what surface flux and atmospheric changes will look
like in a warmer world.

These dissertation results lead in many interesting research directions. Perhaps most
pressing is the need to start analyzing how global climate models represent the atmosphere-ocean
physics of historical MHWs, and then utilize those models to look at atmosphere-ocean
interactions during future MHWs. Are the atmospheric processes observed during past MHWSs
similar during future MHWSs? Or do atmosphere-ocean physics start to look different at the far
tail end of the SST anomaly distribution, or in SST regimes not-yet-observed? There is a realistic
possibility that MHW:s on top of global warming could push the atmosphere-ocean system into
an unprecedented state, in which case we don’t know if the combination of physics in air-sea
interactions will remain constant, or if non-linearities will emerge. Application of the net heat
flux feedback climatology (and the MHW net heat flux feedback climatology) could be
particularly fruitful in helping model development. If models do an adequate job of capturing the
regions of the world that experience near-zero or positive net heat flux feedbacks, they are more
likely to be able to model the formation and duration of MHW s, which could be especially useful
in a world trying to manage the risks of damaging MHWs.
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Continuation of event-specific MHW analyses will also be needed. The atmospheric and
oceanic physics of particularly large or persistent MHW events need to be well understood. The
detailed physics of individual events should be compared and contrasted to events in other
regions to understand how different atmosphere-ocean regimes affect SST anomaly evolution.
Equally important will be the comparison of different events that occur in the same region. This
will help to elucidate what components of atmosphere-ocean interactions are consistent and
predictable, and what previously observed MHW processes may themselves be anomalous
extreme events. An excellent example of this is a comparison of the 2013-2016 Northeast Pacific
MHW to the shorter 2019-2020 Northeast Pacific MHW. We need to understand why one MHW
was so persistent, while the other MHW was much shorter in time but even more intense in terms
of SST anomalies.

Finally, more analyses that assess both atmosphere and ocean processes during MHW:s
will be key. One challenge will lie in finding datasets that accurately represent both the
atmosphere and ocean without introducing large residuals. Another challenge will be building
teams of interdisciplinary experts that can properly synthesize processes in the coupled
atmosphere-ocean system that occur during MHWs .

As mean ocean temperatures increase with global warming, so will the frequency,
duration, and intensity of MHWs as defined by historical MHW thresholds. There is a pressing
need to understand the physical drivers dictating the evolution of MHWSs, not only to better
understand the extreme end of the atmosphere-ocean state but also so modelers can better predict
MHWs and project future MHW changes. MHW science is moving quickly, and we are learning
more and more every year about these extreme events. This research shows that the atmosphere
plays an important role in MHWSs. Everywhere around the globe, atmospheric anomalies are
observed concurrent with MHWs, and those atmospheric changes affect the evolution of SST
anomalies. Any comprehensive analysis of a MHW, or MHW modeling effort, should include
analysis of the atmosphere for a full understanding of the atmosphere-ocean environment that

dictates the progression of a MHW.
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Appendix A

Supplementary information for Chapter 3

Appendix A provides modelers a chain of evidence between the cloud fraction (CF) bias and
surface shortwave (SW) radiative flux bias. CERES EBAF-TOA and —Surface measurements are used for
CERES data shown here, see full descriptions in Chapter 3.3.1. All data for reanalysis is described in
Section 3.3.2. Figure A1l shows total cloud fraction versus top of atmosphere (TOA) albedo in attempt to
give a sense of the extent to which reanalyses are defining clouds fraction in the same way as the CERES
estimates. Figure A2 shows the relationship between total cloud fraction and normalized downward
shortwave at the surface. Finally, Figure A3 shows the relationship between total cloud fraction bias and
normalized downward shortwave radiative flux bias at the surface. Figure A3 shows that, given the weak
relationship between CF bias and SW bias in some of the reanalysis products, factors other than CF bias

must be contributing to the SW bias.

118



PERES ’ ‘ERAJNTEWM

0.60 = e 0.60
y=0.007x+-0.24 y=0.001x+0.31
r2=0.19 r2=0
| 050 - o ° I
050 1 i | Lot
) Q o ¥y
ko) J . L
g B o 8 - %:’ °
| , 2 | T ,
< 0.40 - - < 040 _f:_ﬁ___—————’”‘ -
o - o 3 o
— [ °.° s o¥
“ ° o'o ®e ‘*.
o '”.'.s&.
® o )
— + L]
0.30 B 0.30 =
| T S Aimaaaaussss | F P et
600 650 700 750 80.0 850 900 950 60.0 650 70.0 750 80.0 gs.o 90.0 95.0
Total Cloud Fraction Total Cloud Fraction
MERRA2 NCEP2
0.60 b 0.60 -t B
y=0.007x+-0.07 y=0.007x+-0.09
r2=0.29 r2=0.72
0.50 — = 0.50 - L
o | I ] I
g 8 ,
5 I 3
| t <
< 040 - = < _ L
Ez o 0.40
'_
0.30 1 B 0.30 -
1= 1 I A Asnnanansssasss] ; 7 I R
60.0 650 700 750 80.0 850 90.0 950 60.0 650 700 75.0 800 85.0 90.0 95.0
Total Cloud Fraction Total Cloud Fraction
JRA55
. L L Lo Ll CFSR
0.60 0.60 L L A N Tl
y=0.002x+0.23 20.003x20.17
12-0.02 Y o006
0.50 - 050 | R
° | I
- * $
Q ] o wS F o]
<< .;"‘-n% < 1
g 0.40 7 .. o'.. ‘ K 6 0.40 7 B
B -
.*”: .. ...
o '*.&ﬁ-o
| e |
L]
030 4 ¢ = 0.30 -
‘ T R R I T L I I B ]

60.0 65.0 70.0 750 80.0 850 90.0 950
Total Cloud Fraction

60.0 65.0 70.0 75.0 80.0 850 90.0 95.0
Total Cloud Fraction

Figure Al. Total cloud fraction vs. albedo at the top of the atmosphere for CERES satellite observations
and five reanalyses

119



PERES

0520 -
0.480 -
0.440 -
0.400 -

0.360 |

Normalized Surface Downward SW

0.320

y=-0.006x+0.96 -
r2=0.16

60.0 65.0 70.0 75.0 80.0 850 90.0 95.0

T LA B 1
Total Cloud Fraction (%)

M\ERRAZ

0.520

0.480

0.440

0.400

0.360

Normalized Surface Downward SW

0.320

y=-0.007x+0.89 -
r2=0.35

T T T T T

60.0 65.0 70.0 75.0 80.0 85.0 90.0 95.0

Total Cloud Fraction (%)

| | |  JRASS
= _
@ 0520 - =-0.005x+0.77 -
ko] r2=0.1
§ |
£ 0480 - -
E
a
o 0440 - -
(&)
© q L
5
& 0400 - -
e)
(0]
= 0.360 L
© B L
£
2 0320 - B

N T

60.0 65.0 70.0 75.0 80.0 850 90.0 95.0

Total Cloud Fraction (%)

Normalized Surface Downward SW Normalized Surface Downward SW

Normalized Surface Downward SW

0.520

0.480

0.440

0.400

0.360

0.320

0.520 —

0.480

0.440

0.400

0.360

0.320

0.520

0.480

0.440

0.400

0.360

0.320

lEF(A-II\JITEF{IM

y=-0.002x+0.55-
. r2=0.01

L

e
o %
oo®
%
.
«®
L]
T

60.0

T T [ I
65.0 70.0 750 80.0 850 90.0 95.0
Total Cloud Fraction (%)

| | ] ‘NCEP2

y=-0.005x+0.83 -
r2=0.43
— ° [ ] .
——— T e
60.0 65.0 70.0 75.0 80.0 85.0 90.0 95.0
Total Cloud Fraction (%)
| | CFSR
_ y=-0.003x+0.62-
r2=0.05
I I
60.0 65.0 70.0 75.0 80.0 850 90.0 950

Total Cloud Fraction (%)

Figure A2. Total cloud fraction vs. downward shortwave radiative flux at the surface normalized by

incident shortwave at the top of the atmosphere for CERES satellite observations and five reanalyses.

120



EI‘RA-INTERIM

y=0.002x+0.02 |
0.12 r2=0.02
(%]
@
oM 0.08 L
% N
e) b - ..” o®
® 0.04 et VRV |
N P, o f' .
B L) [ 2] S o,
g ."R.}:. S
S 000 - o Jeve i
=z o 1%y
%0 :O
L]
| "‘..:‘f: L
-0.04 o3¢ L
® .
I I T T
-30 20 -10
Total CF Bias
| ‘ | MERRA2 NCEP2
=-0.004x+-0.07] y=-0.003x+-0.01
0.12 2=019 | 0.12 1205 |
3 3
m 0.08 . m 0.08 =
=
3 %
e] el
g oo04 - ﬁ 0.04 L
© o
£ £
£ 5 B
2 000 L S 000 .
-0.04 - -0.04 -
— . T — T T T
-30 -20 -10 30 -20 -10
Total CF Bias Total CF Bias
‘ | ‘ ‘ JRA55 | crsh
y=-0.002x+-0.01
0.12 - y=-0.002x+-0.02
r2=0.16 012 r2=0.04
3 ! @ i
@ o008 B @ 0.08 =
=
@ %
e} - R L
N 004 B g 004 L
S =
£ £
[e] — [e]
> 0.00 S 0.00
-0.04 -0.04
‘ : | : — — ‘ ——
-30 20 10 -30 -20 10
Total CF Bias Total CF Bias

Figure A3. Total cloud fraction bias (reanalysis — satellite) vs. shortwave radiative flux bias at the surface
normalized by incident shortwave radiative flux at the top of the atmosphere for five reanalyses.

121



122



Appendix B

Supplementary information for Chapter 4

Appendix B includes a description of the CFSR atmospheric reanalysis product used in
the analysis. Appendix B also includes text and two figures providing historical context of the
SST and cloud anomalies observed during the MHW. There is a comparison of two turbulent
flux datasets to motivate our use of CFSR in Chapter 4, which includes a text description of the
results and one supplemental figure of the results. In addition, there are results for the analysis of
atmospheric response to the MHW using CERES-EBAF satellite data instead of CFSR data. That
section includes a description of differences in results using the two different datasets, as well as

two figures and one table showing results.
Details on the CFSR Product

The Climate Forecast System Reanalysis (CFSR) product is a coupled atmosphere-ocean-
land-sea ice reanalysis product from NOAA NCEP. CFSR data is available from 1979 to present,
with an upgrade to the operational model in March 2011. Details about the CFSR model and
reanalysis process is available in Saha et al. (2010) and Saha et al. (2014). The CFSR model
should represent climate changes due to its assimilation of atmospheric concentrations of carbon
dioxide, trace gases, and aerosols. CFSR boundary layer clouds are defined as clouds that occupy
the lowest 10% of the atmosphere by mass, while high clouds are defined at 350hPa and above
(Hu et al., 2008).

2013-16 NE Pacific MHW in context of historical climatology

The 2013-2016 NE Pacific MHW is unprecedented in the historical record of
observations of the region. HadISST version 1.1 data were used to provide a long time series of
SST for the region from 1870-2017. The HadISST dataset was created using a combination of
SST measurements from ships, in situ SST measurements and satellite observations. Figure S1
shows monthly SST anomalies. The magnitudes of the strongest SST anomalies observed during
the MHW have never been observed in the historical record, and the persistence of warm SST
anomalies above 1°C during the MHW was the longest ever in this region. Figure S2 shows

monthly low cloud cover anomalies from CFSR. The magnitudes of the strongest low cloud
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cover anomalies during the MHW were also unprecedented, and the persistence of the low cloud
anomalies was notable. An event of low cloud cover anomalies in 1996-1998 persisted almost as

long as those during the MHW, though magnitudes of the anomalies were not as large.
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Figure B1. Time series of HadISST anomalies from 1970-2018. The duration of the marine heat
wave in the NE Pacific is delineated with vertical dashed lines from November 2013-January

2016. A horizontal reference line at an SST anomaly of 1°C is provided as a visual guide.
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Figure B2. Time series of CFSR low cloud cover anomalies from 1979-2017. The duration of
the marine heat wave in the NE Pacific is delineated with vertical dashed lines from November
2013-January 2016.

Comparison of CFSR to OAFlux product

To determine whether or not there was a substantial difference between using turbulent
fluxes from CFSR or the OAFlux product for this analysis, sensible and latent heat fluxes from
both products are compared. Figure S3a presents the monthly climatology of latent heat fluxes
from 2000-2016 for CFSR (green line) and OAFlux (black line). CFSR estimates of latent heat

flux are consistently higher than OAFlux estimates, with the largest differences in the winter
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when turbulent heat fluxes are the highest. Figure S1b present the monthly climatology of
sensible heat fluxes from 2000-2016 for CFSR (green line) and OAFlux (black line). CFSR
estimates of sensible heat flux are consistently lower than OAFlux estimates, with the largest
differences in the winter when turbulent fluxes are the highest. Differences between the products
are relatively small and, what’s more, the net turbulent heat fluxes are very similar, given that
CFSR estimates higher latent heat fluxes and lower sensible heat fluxes compared to OAFlux.
Since differences between the products are small, CFSR is utilized in the analysis given the long

timeseries available and the dynamical consistency with the other CFSR variables used here.
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Figure B3. (a) Comparison of monthly climatologies of latent heat flux from OAFlux product (black line)
and CFSR (green line) from 2000-2016. (b) Comparison of monthly climatologies of sensible heat flux
from OAFlux (black line) and CFSR (green line) using data from 2000-2016.

Analysis results using CERES-EBAF satellite observations

To understand the sensitivity of the results to dataset choice, the analysis of the
atmospheric response to the 2013-16 NE Pacific MHW was repeated using CERES-EBAF
version 4.0 satellite estimates. CERES-EBAF4.0 provides monthly means of globally gridded

radiative fluxes and cloud data at 1°x1° resolution. More information on the CERES-EBAF4.0
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satellite estimates can be found in Kato et al., 2013. CERES satellite estimates were not used for
the primary analysis in the manuscript due to the shorter time series (the MHW event accounts
for 15% of the total CERES time series, which can skew anomalies), and it was desirable to have
the turbulent and radiative fluxes from the same physically constrained CFSR reanalysis dataset.
In addition, we understand that differences in anomalies calculated using different versions of the
CERES EBAF products is comparable to the difference in anomalies calculated using CERES
and reanalysis data, indicating that there is no optimal dataset choice. However, since CERES
satellite estimates are some of the best available observations of radiative fluxes, it is prudent to
see how they compare to those from CFSR. An in-depth comparison of reanalysis products to
CERES satellite estimates in the NE Pacific can be found in Schmeisser et al., 2018.

Average anomalies of radiative fluxes and cloud cover observed during the MHW from
both the CFSR and CERES-EBAF4.0 datasets are provided in Table S1. Qualitatively, the
anomalies from CERES-EBAF data are the same as those from CFSR during the MHW.
Namely, there were increases in upward and downward longwave radiative fluxes, as well as
increases in downward shortwave radiative flux. The difference in MHW-averaged net heat flux
between the different datasets is 2 Wm (4.3 Wm™ from CERES-EBAF and 2.3 Wm™ from
CFSR). Cloud changes during the MHW were qualitatively the same for both datasets- a
decrease in total cloud cover and low cloud cover, and an increase in high cloud cover. The
results of the sensitivity analysis show that the choice of dataset does not change the conclusions
of the analysis qualitatively; however, the CERES data suggest that the net radiative flux
anomaly played an even more important role in the evolution of the SSTs than suggested by the

CFSR data.
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Table B1. As in Table 4.1 but showing data from CFSR and CERES-EBAF.

Climatological Average CFSR | Average CERES
average and (1979-2016) (2001-2016)
standard deviation | anomaly during | anomaly during
(1979 to 2016) MHW MHW
SST (K) 285.1+5.9 1.6 1.6
Upward LW (Wm) 375.2+31.3 8.2 8.0
Downward LW (Wm2) 334.0 +£30.4 4.1 7.7
Downward SW (Wm?) 133.2+74.4 7.1 5.1
Net radiative flux (Wm2) 83.1+72.9 2.3 4.3
Latent heat (Wm™) 56.7 +£40.4 7.0 -
Sensible heat (Wm™) 1.8+16.4 1.1 -
Net heat flux (Wm2) 245+1054 -5.8 -
Total cloud cover (%) 79.6 +13.5 -3.3 -2.0
Boundary layer cloud cover (%) 449+ 184 -6.9 -6.0
High cloud cover (%) 334119 53 2.6
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Figure B4. As in Figure 4.2 in manuscript, but using CERES-EBAF data (2001-2016) to
compute MHW anomalies.
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(a) Total cloud cover anomaly
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Figure BS. As in Figure 4.4 in manuscript, but using CERES-EBAF data (2001-2016) to
compute MHW anomalies.
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Appendix C
Supplementary information for Chapter 5

In order to ensure the results from Figure 5.1 are robust across a much longer time series,
the analysis was repeated to compute the percentage change in forcing from the ocean surface to
the atmosphere during MHWs. Figure C1 shows this percentage change, as computed with 148
years of SST data from 1870-2018. The general spatial patterns of forcing change are consistent

between the shorter and longer datasets.

Figure C1. Forcing change using HadISST data from 1870-2018 (148 years) (compare to Figure
5.1)
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In order to contextualize anomalies experienced during MHWs, Figures C2 and C3

present MHW-averaged magnitudes of all variables analyzed in the manuscript.
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Figure C2. Magnitudes of atmospheric variables composited and averaged during MHW events:

(a) SST (°C), (b) 2 m absolute humidity (g/kg), (c) upward longwave radiative flux at the surface

(W/m?) (positive is up), (d) downward longwave radiative flux at the surface (positive is down),

(e) downward shortwave radiative flux at the surface (positive is down), (f) net heat flux (W/m?),
(g) latent heat flux (W/m?), and (h) sensible heat flux (W/m?) (positive is up).
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Figure C3. Magnitudes of cloud cover composited and averaged during MHW events: (a) low
cloud cover (%), (b) non-low cloud cover (%), and (c) total cloud cover (%).
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Appendix D

Supplementary information for Chapter 6

In Chapter 6.3.3, results show a statistical relationship between maximum MHW length
and average net heat flux feedback in a given grid cell. There is a negative correlation between
net heat flux feedback parameters and maximum MHW length that suggests areas with lower net
heat flux feedback parameters experience more persistent MHWSs. Table D1 shows the same
statistics as in Table 6.1, but for statistics computed between maximum MHW length and

average MHW net heat flux feedback.

Table D1. As in Table 6.1, but statistics are computed between maximum MHW length and
average MHW net heat flux feedbacks (instead of annual average climatological feedbacks)

n Pearson correlation p-value
coefficient
All data 31718 -0.04 3e-12
Positive net heat flux 21073 -0.11 7e-58
feedback parameters
Negative net heat flux 9795 0.07 2e-13
feedback parameters

Figure D1 shows the same data as in Figure 6.12, but means are computed in each MHW
length bin instead of medians. The relationship between means of net heat flux feedback

parameters and length of MHW is essentially the same as that computed with medians.
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Figure D1. As in Figure 6.12, but each bin has computed means instead of computed medians.
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