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Abstract

Combined effects of global warming and a shutdown of the Atlantic
meridional overturning circulation on West African and European

climate

Meredith Guenevere Longshore Brown, M.S.Geo.Sci.

The University of Texas at Austin, 2012

Supervisor: Kerry H. Cook

The Atlantic meridional overturning circulation has a vast potential for abrupt
climate change due to its large heat transport through the ocean and its nonlinear
dynamics. Because of these unique properties, this paper investigates how the climate of
West Africa and Europe will respond to a shutdown of the Atlantic meridional
overturning circulation at the end of the 21% century. Here we use a regional climate
model with 90-km grid spacing is forced by an idealized sea-surface temperature
anomaly, based upon coupled atmosphere/ocean global model water hosing experiments,
with a business-as-usual global warming scenario to discover how West African and
European climate will change.

In both the boreal spring and summer, cooling in the eastern Atlantic is associated
with a strong intensification and eastward extension of the North Atlantic subtropical

high over Europe throughout the depth of the atmosphere, a strengthening of the heat low
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over West Africa at low levels, and a weakening of the Saharan High in the upper
atmosphere. Rainfall rates also decrease markedly throughout most of West Africa and
Europe: in spring, rainfall rates decrease by 50-80% over Sahelian Africa, in summer
rainfall over Europe decreases by up to 90%, while precipitation over West Africa is

reduced by 40%.
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Chapter 1: Introduction

The importance of studying the abrupt climate change potential of the Atlantic
meridional overturning circulation (AMOC) comes from two unique properties: the
AMOC transports substantial heat poleward, and it exhibits nonlinear dynamical behavior
(Stouffer 20006). It is believed that large inputs of freshwater into the North Atlantic, such
as glacier and polar ice melt due to global warming, could trigger a weakening or total
collapse of the AMOC (Manabe and Stouffer 1988, 1995; Schiller et al. 1997; Wood et
al. 1999; Vellinga and Wood 2002; Clark et al. 2002; Rahmstorf 2002), however, there is
considerable uncertainty as to the likelihood of an AMOC shutdown because different
coupled atmosphere-ocean GCMs (AOGCMs) disagree on the time it takes for the
AMOC to respond to freshening of the North Atlantic, or even if the AMOC responds at
all. AOGCMs that do simulate a weakening or shutdown of the AMOC disagree on the
magnitude of weakening, and AOGCMs disagree on the time it would take the AMOC to
recover to its current state after the forcing has been applied (e.g. Thorpe et al. 2001;
Vellinga and Wood 2002, 2008; Hu et al. 2004; Gregory et al. 2005; Schmittner et al.
2005; Ridley et al. 2005; Jungclaus et al. 2006; Stouffer et al. 2006; Swingedouw et al.
2007; Meehl et al. 2007).

Despite the uncertainty of an AMOC shutdown, the climate consequences which
are varied and uncertain are potentially severe (e.g., Ganopolski et al. 1998; Kuhlbrodt et
al. 2009). The tropical ocean temperature could rise, due to decreased heat transport, and
affect the atmosphere's temperatures and Atlantic ocean salinity would change as the

temperature changed (e.g., Vellinga and Wood 2002, 2008; Chang et al. 2008; Laurian et
1



al. 2009b, Lenton 2008). Atlantic ocean temperatures have been linked to rainfall rates in
the West African Sahel region, a region which receives the majority of its rainfall during
the monsoon season, and therefore changes in rainfall duration or intensity could pose a
significant problem for people in that area (Chang et al. 2008). With increased ice melt in
the north Atlantic, sea levels could rise, endangering coastal communities and economies
(Kulhbrodt 2009). The climate consequences for global warming, including increased ice
melt which could trigger a shutdown of the AMOC, are also of great concern to people
living in West Africa and Europe (Vizy and Cook 2006, Patricola and Cook 2010).

There are many studies which have used AOGCMs to predict the climate effects
of global warming on the strength of the AMOC and on the earth's climate (Stouffer et al.
2006, Vellinga and Wood 2002, 2008), and there are regional studies investigating the
effects of global warming, particularly on the climate of West Africa (Vizy and Cook
2006, Patricola and Cook 2010), however there are no regional or seasonal studies in the
literature up to this point which combine the two potentially high impact events on West
African and European climate.

In order to fill this hole in the literature, this paper seeks to answer the question:
How do global warming and a shutdown of the AMOC affect the climate of West Africa
and Europe and the end of the 21* century? To answer that question, a regional climate
model is used to optimize the simulation of late-20" c. climate over West Africa and
Europe at as fine a spatial resolution as the most advanced GCMs (Vizy and Cook 2006;
Patricola and Cook 2010). For the end of 21* ¢. simulation, and idealized sea-surface
temperature (SST) anomaly is imposed on the 20™ ¢. SSTs and a business-as-usual CO,

scenario is selected. This paper focuses on West Africa and Europe during the warm
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season (May-September), the seasons, spring (May-June) and summer (July-September),
are chosen based on the African rainy period because of the importance of African
monsoon.

The study is presented in the following order: the motivating literature review is
in section 2, in section 3, a description of the model and the analysis tools used, section 4
shows the validation of the model results to the present-day observed climatological

features. Results are presented in section 5 and conclusions will be given in section 6.



Chapter 2: Background

Recent ocean and climate studies (e.g., Wood et al. 1999; Thorpe et al. 2001;
Clark et al. 2002; Rahmstorf 2002; Schmittner 2005) suggest that anthropogenic global
warming will result in a weakening of the AMOC by the end of this century, but there is
a disagreement among models as to the degree of the weakening (e.g., Fichefet et al.
2003; Swingedouw et al. 2006, 2007, Latif et al. 2000; Ridley et al. 2005; Jungclaus et al.
2006; Gerdes et al. 2006; Vizcaino et al. 2008).According to the Intergovernmental Panel
on Climate Change Fourth Assessment Report (IPCC AR4), it is less than 10% likely that
a complete shutdown will occur by 2100 (Meehl et al. 2007).

The disagreement among models as to the weakening of the AMOC arises from
unknown mechanisms which support the stability of the AMOC. Manabe and Stouffer
(1988, 1995) found that the AMOC has two stable equilibria, active and inactive, but the
mechanisms by which the AMOC transitions from one state to the other are not well
known. Since the AMOC is part of the global thermohaline circulation, changes in the
AMOC should be caused by temperature and salinity changes in the mixed-layer,
particularly in the North Atlantic where formation of deep water occurs (Lenton et al.
2008). However, not all the models which aim to force an AMOC shutdown by
freshening the North Atlantic simulate a collapse of the AMOC. Some studies show
substantial weakening or stopping of the AMOC (e.g., Fichefet et al. 2003; Swingedouw
et al. 2006, 2007), while others show negligible changes to the AMOC, or that the ocean
circulation recovers soon after the initial forcing is ceased (e.g., Latif et al. 2000; Ridley

et al. 2005; Jungclaus et al. 2006; Gerdes et al. 2006; Vizcaino et al. 2008).
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Most studies that simulate a weakening or collapse of the AMOC find that surface
temperatures in the North Atlantic cool due to the influx of cold, freshwater. South of the
equator, temperatures increase because the AMOC is not working to transport heat
northward (e.g., Vellinga and Wood 2002, 2008; Chang et al. 2008; Laurian et al. 2009b;
Wen et al. 2010; Laurian and Drijthout 2011). There is a large range in modeled sea-
surface temperature (SST) changes due to changes in the AMOC, for example
Swingedouw et al. (2006) found that a weakened AMOC decreased globally averaged
SSTs by 0.44 K after 70 years, while Laurian et al. (2009b) found a global surface
cooling of 0.72 K.

The atmospheric climate effects resulting from inducing a weakening or shutdown
of the AMOC are also varied (Kuhlbrodt et al. 2009). For the climate over Africa, Chang
et al. (2008) found that cooler SSTs in the North Atlantic increase the land-sea
temperature gradient which, according to previous studies of the African monsoon
variability (e.g., Lamb 1978; Folland et al. 1986; Fontaine and Janicot 1993; Vizy and
Cook 2001), should affect monsoon flow and surface evaporation and have large
implications for precipitation. Over Europe, Brayshaw et al. (2009) found that during the
winter the North Atlantic storm track penetrated further into Western Europe while
Laurian et al. (2009a) found decreased precipitation. Several studies also found a
southward shift of the ITCZ (e.g., Zhang and Delworth 2005; Stouffer 2006), which led
to decreased precipitation in the tropical Atlantic north of the equator (e.g., Vellinga and
Wood 2002, 2008; Jacob et al. 2005; Zhang and Delworth 2005; Stouffer 2006; Chang et

al. 2008, Wen et al. 2010).



According to the literature, it is unlikely that the AMOC will shutdown by the end
of the 21 century, however there is no consensus as to the climate effects of such an
event. Therefore, this paper takes a worst case scenario position and asks how the climate
of West Africa and Europe will respond to a shutdown of the AMOC and global

warming.



Chapter 3: Methodology

EXPERIMENTAL DESIGN
The regional model used to conduct a late-20™ c. control simulation and a late-

21st c. future simulation is the National Center for Atmospheric Research/ National
Oceanic and Atmospheric Administration (NCAR/NOAA) Weather Research and
Forecasting model (WRF; Skamarock et al. 2005) version 3.1.1. The model uses 30
vertical c-levels, with the top of the atmosphere set at 30 hPa, 90-km horizontal grid
spacing, and a model time step of 4 minutes. This horizontal resolution is selected based
on previous regional modeling results (e.g., Patricola and Cook 2010; Neupane and Cook
2011; Vizy and Cook 2011) which demonstrate that WRF can realistically simulate the
boreal summer climate over Africa, the North Atlantic, and North America at this
resolution. This resolution, while comparable to the most state-of-the-art AOGCMs, is
finer than previous models [i.e., Coupled Model Intercomparison Project (CMIP3) IPCC
AR4 AOGMs] and can provide detailed spatial information. Also, by using a regional
model, physical parameterization selection can be optimized for simulating rainfall over
West Africa and Europe in order to produce a realistic simulation of the regional climate
state.

Figure 1 shows the model domain. A domain which encompasses the entire
Atlantic between 5°S to 70°N as well as most of the continental United States, Western
Europe, and northern Africa is chosen to study the effect of changes in the AMOC on the

regional climates of the adjacent land masses. The focus of this paper is on northern



Africa and Europe, while a companion paper, Pu et al. (2011), focuses on the impacts of
an AMOC shutdown over North America.

The physical parameterization selections are the same as Patricola and Cook
(2010), except that the RUC land surface model (Smirnova et al. 1997, 2000) is replaced
by the unified Noah land surface model (Chen and Dudhia 2001), as it was found to yield
more realistic results over the entire domain. Physical parameterizations used include the
Mellor-Yamada-Janjic planetary boundary layer scheme (Mellor and Yamada 1982;
Janjic 1990, 1996, 2002), the Monin-Obukhov-Janjic surface layer scheme (Monin and
Obukhov 1954; Janjic 1994, 1996, 2002), the new Kain-Fritsch cumulus convection
scheme (Kain and Fritsch 1990, 1993) , the Purdue Lin microphysics scheme (Lin et al.
1983; Rutledge and Hobb 1984; Tao et al. 1989; Chen and Sun 2002), the RRTM
longwave radiation scheme (Mlawer et al. 1997), and the Dudhia shortwave radiation
scheme (Dudhia 1989). SSTs are prescribed and updated every 6 hours.

Two ensemble experiments are conducted a late-20" c. control experiment and a
late-21st c. future AMOC shutdown and global warming experiment. Each ensemble
consists of 20 integrations, enough to be averaged together to form a climatology. Each
integration is initialized on March 15™ and run for 200 days, terminating after September
30™ The first 17 days of every integration are devoted to model spin-up and not used for
analysis.

The first ensemble is a late-20™ ¢. control (Control) experiment. These
integrations use the National Center for Environmental Prediction reanalysis 2 (NCEP2;
Kanimitsu et al. 2002) interpolated onto the regional mode grid to specify initial and

lateral boundary conditions. 6-hourly values of winds, temperature, relative humidity,
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surface temperature, mean sea-level pressure, SST, soil temperature, and soil moisture
are utilized to formulate the necessary boundary conditions. Soil moisture and soil
temperature are initialized on 15 March of each year and then updated by the land surface
model. Conditions from individual years from 1981 through 2000 produce the needed
boundary conditions for each of the 20 integrations of the ensemble. Thus, initial and
lateral boundary conditions preserve the 6 hourly transient activity of the individual
years, producing variations among the 20 members of the ensemble. The CO,
concentration is held fixed at 330 ppmv.

The second ensemble is a projected late-21* c. AMOC shutdown which uses a
CO; concentration of 757 ppmv, the 2081-2100 average CO, concentration of the IPCC
AR4 A2 “business as usual” emissions scenario (Shutdown) experiment. Effects of other
greenhouse gases and aerosols are not included in the regional model. Based on the IPCC
AR4, the A2 emissions scenario represents an upper limit of the expected change in CO,
concentration. For this simulation, the source of the shutdown in the AMOC is an influx
of high latitude meltwater of sea ice and ice sheets which we simulate by prescribing the
SSTA pattern from ocean models (e.g., Vellinga and Wood 2002, 2008; Stouffer et al.
2006; Barreiro et al. 2008; Chang et al. 2008). Results from the coupled AOGCMs that
are part of the IPCC AR4 do not indicate a shutdown of the AMOC by the end of the 21*
c., only a slowdown with an average reduction of 25% + 25%, depending on the model
(Meehl et al. 2007).

The initial and lateral boundary conditions for the future shutdown ensemble are
generated by adding anomalies from the [IPCC AR4 AOGCM A2 scenario and applying

these anomalies to the NCEP2 reanalysis late 20" c. control conditions. This differs from
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a conventional downscaling approach where GCMs would be used to generate both the
late 20" ¢. control and 21* c. future conditions by using GCM full fields directly. This
study does not use this downscaling approach because it is important to have an accurate
control simulation, and using initial and lateral boundary conditions derived directly from
the AOGCMs has been shown to degrade the results in other regional climate model
applications (e.g., Seth and Rojas 2003; Rojas and Seth 2003; Cook and Vizy 2008;
Patricola and Cook 2010).

For this study an AOGCM anomaly for each field is produced by differencing the
climate of the 20" c. experiment 1981-2000 climatological monthly mean value averaged
over 9 models (i.e., CGCM3.1 (T47), CNRM-CM3, ECHAM/MPI-OM, GFDL-CM2.0,
MIROC3.2 (medium resolution), MRI CGCM2.3.2, NCAR CCSM3, NCAR PCM, and
the UKMO-HadCM3) from the 2081-2100 A2 emissions scenario climatological monthly
mean value averaged over the same 9 AOGCMs. These multi-model climatological
monthly mean anomalies are then assumed to be the mid-month values and linearly
interpolated to produce anomalies every 6 hours. The 9 AOGCMs are selected to provide
a range of uncertainty across the models, and are the same 9 models used by Patricola
and Cook (2010). Note the approach used here differs from Patricola and Cook (2010) in
that instead of running ensembles with variability of each member forced by the
individual AOGCM anomalies, here ensemble members vary based on the transient
activity from the present day NCEP2 reanalysis. The transient activity from each of the
20 late 20" c. control integrations is being preserved, but it is applied to a different
climate state associated with global warming under the A2 scenario from the AOGCM

multi-model mean.
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The IPCC AR4 AOGCMs do not provide output to determine future soil moisture
and soil temperature anomalies. Given the lack of a better option, the present day
initializations for each of the 20 years for the future AMOC shutdown ensemble are used.
This decision seems justified since the examination of the soil moisture and soil
temperature fields over Africa from test integrations reveal that they adjust to the
overlying atmospheric conditions, usually within a couple of weeks (i.e., within the spin-
up period).

An idealized AMOC shutdown SSTA pattern is designed and applied to the
control SSTs for each integration using results from published water-hosing experiments
(e.g., Vellinga and Wood 2002, 2008; Stouffer et al. 2006; Barreiro et al. 2008; Chang et
al. 2008) as a reference, then adding anomalies to represent greenhouse gas-induced
warming. These AOGCM water-hosing studies indicate the development of a North
Atlantic cooling minimum centered south of Greenland with magnitudes ranging between
-5to -12 K. Since the SSTAs from the water hosing experiments are annual mean
anomalies and this study is focused on the boreal summer months, a more modest — 7 K
minimum magnitude centered at 20°N and 55°W is selected and a Gaussian shaped
cooling center in the North Atlantic is applied. SSTs in the eastern boundary current
(e.g., the Canary Current) are also simulated to cool in these water hosing experiments,
but to a lesser extent, so a comma-like cold anomaly pattern is designed where SSTAs
gradually warm as they approach the equator. While there is some modeling evidence
(e.g., Chang et al. 2008; Stouffer 2006; Vellinga and Wood 2008) that suggests that the
tropical Atlantic/South Atlantic may warm due to an AMOC shutdown, the degree of

warming is uncertain and may well be delayed. No warming due to the shutdown of the
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AMOC was applied in the tropical Atlantic for these integrations, so the results presented
here are dependent upon this caveat.

Finally, to place this idealized SSTA pattern in the framework of global
greenhouse gas warming, a +2.5 K SSTA is applied to every water point in the domain.
2.5 K is the domain averaged SSTA calculated for the 2081-2100 AOGCM multi-model
ensemble mean for the [IPCC AR4 A2 emissions scenario. Over the Mediterranean the
+2.5K anomaly is offset by the projected AMOC shutdown signal (Stouffer et al., 2006),
so the net SSTA change in the Mediterranean is small. Figure 1 shows the idealized

SSTA applied for the future shutdown simulations.

ANALYSIS TOOLS
To relate the rainfall to the large-scale circulation, the vertically-integrated, mass-

weighted moisture budget (discussed in detail in Lenters and Cook 1995) is calculated for

the 20 century control and future shutdown climatologies. In this approach the

climatological precipitation rate, P is equal to the evaporation rate, E minus the vertically
integrated water vapor flux divergence and the local time rate of change of the mixing

ratio:

= = ¢ ls - (0 d
p= E—! . {vsp QUsp +(Equ—a 1)

Where Ps is the surface pressure, Vsp is the three-dimensional divergence operator in
pressure coordinates, Usp is the three-dimensional wind velocity vector, g is the

acceleration due to gravity, Pw is the density of water and do is the sigma-level
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thickness. Because this is a time mean, the third term on the RHS of the Eq. 1 is
neglected.

Eq. 1 can be further decomposed into its time-mean and transient components; the
divergence operator can be expanded into vertical and horizontal components; the
vertical derivative evaluated; and the integral rewritten as a finite sum to produce:

P=C+A+O+T+E )

Where all of the variables in equation 2 are climatological means, and

C:—&Zl:(q§2p'62)Ao- (3)

9Py o=0
A=-L= (i Vo @
9Py o=0
0=-—(qu), (5)
go,
T ¥, D( .U —Esaﬁz)da} (6)
9o, 0

Eq 3, the moisture convergence term, represents the precipitation associated with
horizontal wind convergence, Eq 4, the moisture advection term, is the precipitation
associated with horizontal moisture advection. Eq 5 is the orographic term, or the
precipitation associated with the presence of topography, which is estimated here as part
of the residual, defined as:

O=P—(E+C+A+T) (7)

13



Therefore, O includes orographic precipitation plus numerical error from the
calculations. Finally Eq 6 is the transient eddy term, discussed in greater detail in Lenters

and Cook (1995).
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Chapter 4: Validation

To validate the control experiment, a comparison is made of the model's
precipitation, geopotential height and wind climatology to observational and reanalysis
climatology. For precipitation, it is most important for the model to capture the spatial
distribution of rainfall. One of the advantages of an RCM over a GCM is that the model's
parameterization schemes can be optimized or “tuned,” as was done in this experiment, to
capture an accurate rainfall distribution as observed by satellite or ground station. For the
geopotential height and wind fields, a good simulation will capture the position of notable
atmospheric features, such as the North Atlantic subtropical high (NASH) and the
continental heat low at low levels, and the Saharan high at high levels. Other features,
such as the West African westerly jet and the African easterly jet are also prominent
features, but most important to this study are the NASH, the continental heat low and the

Saharan high.

PRECIPITATION
The precipitation validation is shown in Figure 2. The model has a wet bias in all

seasons, but the seasonal cycle of rainfall and the spatial distribution are well simulated.
Figure 2a shows the 1979-2006 precipitation climatology recorded by the Climate
Research Unit (CRU; Mitchell and Jones 2005) TS3.0 over the land surface and the
NASA Global Precipitation Climatology Project (GPCP) V2.1 (Adler et al. 2003) over
the ocean averaged for May and June (MJ) for the African spring. The CRU TS 3.0
climatology has a spatial resolution of 0.5°, but it is only available over land, while the
GPCP product has a coarser resolution (2.5°), but covers both the land and ocean; by

15



blending the CRU and the GPCP climatologies, a single dataset is obtained, with high
spatial resolution over land, which can be used to validate the present-day control
simulation.

Over the tropics a main precipitation band associated within the ITCZ is
positioned between the equator and 10°N, with the highest intensity rainfall (up to 10
mm/day) located near the coasts of Sierra Leone and Liberia (7°N, 11°W). Between 15°N
and 30°N over Africa rainfall is sporadic with generally less than a trace (0.25 mm/day).
Over Europe, the largest MJ rainfall rates up to 8 mm/day are located over the Alps from
44°N to 48°N and 5°E to 15°E. Elsewhere over Europe, precipitation rates generally
range between 2 and 4 mm/day.

Figure 2b shows the MJ precipitation climatology from the late 20™ ¢. control
ensemble. The regional model simulates the MJ precipitation distribution well, but over
Africa, south of 10°N, between 20°W and 30°E, rainfall rates are larger than observed by
4-10 mm/day, 40-60% more rainfall than observed. Over Europe, precipitation rates are
generally overestimated by 2 mm/day. There is also a domain edge effect along eastern
boundary east of 20°E. The analysis is focused west of 20°E to exclude this edge effect.

Figures 2c and 2d show the July, August and September (JAS) precipitation
climatologies; CRU/GPCP estimates and late 20" c. control, respectively. The
observations (Fig. 2¢) indicate that the rainband over the tropics shifts northward , from
the Guinean coast (5°N), to approximately 8°N over West Africa, while rainfall increases
over the Sahel (12-17°N).), while rainfall intensity also increases over West Africa as
precipitation rates are 2-4 mm/day higher during the summer than in the late spring.

Over continental Europe the rainfall intensity is generally lower (i.e., by ~ 2 mm/day) in
16



the summer compared to the late spring. Three local maxima are observed, one over the
Alps (44°N-48°N, 5°E-15°E), one over Scotland (55°N, 9°W), and one along the coast of
Norway at about 60°N and 5°E.

Similar to MJ, during JAS the regional model simulates the distribution of the
observed precipitation (Fig. 2d) reasonably well, but has a wet bias. The model
overestimates precipitation rates by 4 mm/day or more between 5°N and 15°N over West
Africa. Between 35°N and 52°N the modeled precipitation rates are about 2 mm/day
more than observed, while the model underestimates the Norway maximum (60°N, 5°E).
Overall, the model has a wet bias in the tropics, but it does capture the regional spatial

distributions of the precipitation signal as well as its seasonal evolution.

CIRCULATION
The following describes the circulation validation, shown in Figures 3 and 4. The

most important features for this study are the NASH and the continental heat low at low
levels and the Saharan high in the upper levels. In both spring and summer of the control
experiment, the NASH is stronger and extends further up into the atmosphere, the
continental heat low is lower and encroaches on the west coast of West Africa, and the

Saharah high is more intense the reanalysis.

May-June
Fig. 3a shows MJ 850-hPa geopotential heights and winds from the NCEP2

climatology. The North Atlantic subtropical high (NASH) is centered at approximately
28°N and 49°W. The height gradient is relatively strong on the northern flank of the

NASH between 40°N and 55°N compared to the gradients to the east and south of the
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NASH. Associated with the NASH’s anticyclonic flow are westerly winds across Europe
which turn northerly across the Mediterranean and North Africa, with some easterly flow
at 20°N from 10°E to 20°E; and easterly winds coming off West Africa south of 20°N.
Another important feature of the 850 hPa geopotential height field is the heat low over
West Africa. In the reanalysis the heat low covers most of West Africa at 900 hPa (not
shown), however at 850 hPa the it is still evident.

Fig. 3b shows the MJ control 850 hPa geopotential heights and winds. The
regional model places the NASH approximately 3° latitude north and 11° longitude east
of the NCEP2 reanalysis climatological location and it is up to 20 geopotential height
meters stronger at the center, while the high pressure over Libya (i.e., 25°N-35°N, 0°E-
20°E in the reanalysis) is smaller in extent and shifted eastward 10° longitude and
southward 3° latitude. Examination of the MJ 850 hPa geopotential height climatology
from the ERA Interim reanalysis (not shown) indicates a further east positioning of the
NASH (i.e., centered at ~ 29°N and 42°W) compared to the NCEP2 with approximately
the same strength. The flow on the northern flank of the modeled NASH is in the same
direction and magnitude as the reanalysis, while the monsoon trough over Africa is
deeper in the model denoted by the lower geopotential heights and stronger winds over
West Africa between 5°N and 20°N. Also, 850 hPa winds from the Gulf of Guinea is
more southerly in the control and appear to turn westerly between 5°N and 10°N. The
heat low over continental West Africa in the model extends all the way to west coast, and
north into the Sahara up to 20°N. The validation figures are for 850 hPa, rather than 900

hPa, because while the features of interest are well simulated spatially through the depth
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of the atmosphere, at 900 hPa (not shown) the model calculates geopotential heights 300-
350 gpm higher than the reanalysis at that level.

In Figure 3¢ the 600 hPa NCEP2 MJ geopotential height (gpm) and wind (m/s)
climatology shows the Saharan high centered at 20°N, 0°E. The flow at 600 hPa is
westerly north of 20°N and turns easterly around the Saharan high south of 20°N.

Figure 3d is the 600 hPa control simulation MJ geopotential height (gpm) and
wind (m/s) climatology. In the model, the Saharan high is also centered at 20°N, 0°E, but
it extends further east and west to 20°E and 30°W respectively. Over the ocean there is
also a ridge of high pressure at ~48°N, from 50°W to 30°W which is not in the reanalysis.
This ridge, which resembles the northern flank of the NASH, extends upwards in the

atmosphere to 150 hPa (not shown).

July-September
Fig. 4a shows the observed 850 hPa geopotential heights for JAS from the NCEP2

reanalysis. In JAS, the model (Fig. 4b) simulates the same intensity and location of the
NASH, but the heat low over Africa is lower in the model than in the NCEP2 reanalysis.
The modeled low geopotential heights centered at 10°N, 20°E are associated with a
stronger gradient between the land and the ocean than in the reanalysis, which in turn is
related to stronger low-level westerly (easterly) flow between 5°N and 10°N (15°N and
25°N ). Also, in subtropical Africa (0°-15°N) the 850 hPa winds are south-easterly from
50°W to 10°W.

At 600 hPa, the NCEP2 reanalysis (Fig. 4c) shows the Saharan high centered at

25°N, 5°W, and just as in MJ, the flow is westerly north of the high and turns easterly
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south of the high. In the model (Fig. 4d) the Saharan high is stronger than in the
reanalysis, but centered in the same location. As in MJ, there is ridge of higher pressure
over the ocean, consistent with the intensified NASH throughout the depth of the
atmosphere.

The validation analysis indicates that the regional model can realistically simulate
the late boreal spring and summer climate over northern Africa and Europe. While there
are some differences between the observations and the model results, the spatial and
seasonal distribution of precipitation is accurate and all of the important circulation
features are captured, the NASH, the continental heat low, and the Saharan high.
Furthermore, the overestimated precipitation and the intensified geopotential height and
stronger winds are internally consistent with each other, suggesting that the discrepancies
between the model and the observations are due to the model’s precipitation

parameterization scheme.
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Chapter 5: Results

To determine how the climate of West Africa and Europe respond to the increased
CO; due to global warming and the AMOC shutdown SSTA, the anomalous precipitation
and circulation fields are examined. Linking precipitation and wind, is the vertically-
integrated, mass-weighted moisture budget. In this section, the moisture budget will be
presented followed by the changes to circulation for each season.

Most important to this study is to see how precipitation on the coast of West
Africa and over Europe is supported by the terms in the moisture budget in the control
experiment, and compare that to how precipitation changes are supported in the anomaly
fields. In particular, over West Africa, moisture convergence (Eq. 3) and moisture
advection (Eq. 4) will be important, and over Europe, evaporation, transient eddies (Eq.
6) and orographic precipitation (Eq. 5) will predominantly support precipitation. From
the moisture budget calculations, precipitation can be linked to circulation, and while
causality may not be determinable, the changes to the circulation features consistent with
the changes to precipitation can be linked to the SST forcing and increased atmospheric

COa,.

MAY-JUNE

Moisture Budget
The six terms of atmospheric moisture budget (Eq 2) for the control climatology,

averaged over May and June (MJ) are shown in figure 5. The moisture budget includes

the precipitation (Fig. 5a), evaporation (Fig.5b), moisture convergence (Fig. 5¢), moisture
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advection (Fig. 5d), moisture transients (Fig. 5e), and orographic (Fig. 5f) terms. Each
panel is shaded to the same scale as precipitation field.

The precipitation climatology is shown in Figure 5a, the same as Figure 2a, but
with a different shading scale. Fig. 5b is the evaporation term. Over land, the spatial
structure of the evaporation field is generally similar to that of the precipitation (Fig. 5a),
but evaporation rates are smaller than precipitation rates in West Africa (i.e., 2 — 6
mm/day compared to greater than 8 mm/day for precipitation), except over the Sahara
where both are negligible. Over West Africa (i.e., 5°N-15°N, 15°W-10°E) evaporation
supplies approximately 48 % of the available moisture. Over Europe the evaporation
rates are generally equal to, and in some places greater than that of the precipitation rates.
Over western Europe (38°N-55°N,10W-15°E) evaporation accounts for 108% of the
water available for precipitation.

The moisture convergence term (Eq. 3) is shown in Figure 5c. Over West Africa
this term contributes positively toward rainfall and accounts for ~95% the precipitation
along the Guinean coast (i.e., 4°N-6°N, 10°W-10°E). 85% of the moisture convergence
signal is associated with meridional moisture convergence, related to the strong low-level
moisture influx from the Gulf of Guinea. Over Europe, and West Africa north of 20°N,
the convergence term and the moisture advection term (Eq. 4, Fig. 5d) have very similar
spatial structures, and opposite signs of nearly the same magnitude. To first order,
horizontal moisture convergence and horizontal moisture advection balance each other
out, meaning that the divergence of the horizontal moisture flux is zero. Thus, over

Europe, the net contribution of moisture convergence and moisture advection is
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negligible. The advection term is small over West Africa, and contributes less than 1%
towards precipitation.

The transient eddy term (Eq. 6) is given in Figure 5e. Averaged over the whole
analysis domain (shown) the transient eddy term is nearly zero. North of 20°N however,
they do contribute positively towards precipitation in areas with topography. And in West
Africa, positive transient eddies occur north of 10°N with negative transient eddies south
of 10°N mainly from the meridional transient eddy term. The residual term (Eq.7, Fig. 5f)
is nearly zero over the majority of the analysis domain; however, over Europe, the Atlas
Mountains and the Cameroon highlands, the residual term resembles the pattern of
topography.

As expected, over West Africa meridional moisture convergence is the largest
contributor to precipitation due to the southerly flow from the Gulf of Guinea, while over
Europe, precipitation is supported by evaporation, transient eddies and the residual term
which includes orographic precipitation.

Figure 6 shows the future AMOC shutdown anomaly fields for the moisture
budget terms for May/June. Africa and Europe are both projected to be drier (Fig.
6a).0Over West Africa (5°N-15°N, 10°W-20°E) rainfall rates decrease by up to 6 mm/day,
a 20-40% reduction in rainfall. Across southern Europe (37°N-42°N) 1-2 mm/day
decreases in rainfall are equivalent to a reduction in rainfall of up to 80%, while over
northern Europe (42°N-65°N), 1-3 mm/day decreases correspond to a 20-40% reduction.

The evaporation anomaly (Fig. 6b) shows decreased evaporation in the north
Atlantic ocean where cool SSTAs were applied, and increased evaporation over the

tropical and subtropical ocean where warm SSTAs were applied, except in the Gulf of
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Guinea where there is an area just off the southern coast of increased evaporation with
decreases in evaporation elsewhere. Over the Mediterranean Sea the anomaly is nearly
zero mm/day, which physically corresponds to the fact that no change in SST was applied
to the Mediterranean. There is increased evaporation along the Guinean Coast 4°N-
6°N,10°W-10°E), Central Africa below 6°N, over the Alps (42°N-47°N, 0°E-15°E), in
northern Spain (43°N, 10°W-0°E), and in the Scandinavian countries north of 57°N,
between 10°E and 20°E. Again, areas east of 20°E, while shown in the figures, are not
analyzed because of the large edge effect.

The convergence anomaly (Fig. 6¢) has a very similar structure to and represents
147% of the precipitation anomaly averaged from 0°N-11°N, 50°W-20°E, with areas of
positive anomalous convergence over areas of topography. The excess drying in the
moisture convergence term between 0°N and 11°N is accounted for in the evaporation
term (Fig. 6b) and the three remaining moisture budget terms. There is a strong dipole in
the anomalous convergence signal in central Europe, around the Alps (42°N-48N, 5°E-
15°E), which is well matched in structure by the moisture advection anomaly (Fig. 6d),
but is of opposite sign and ~60% of the magnitude. When added together, the
convergence and advection term, or the convergence of the moisture flux, contribute to
drying over most of Europe with the same dipole pattern as the convergence term around
European topography. Thus, the moisture flux convergence contributes to anomalous
drying on the windward side of topography and anomalous increases in precipitation on
the leeward side, which are negated by the transient and residual terms, Fig.6e and 6f

respectively.
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The transient eddy anomalies (Fig. 6¢) are negligible over most of West Africa,
with a band of positive anomalies from 10°N to 17°N and 8°W to 25°E. These positive
anomalies occur mainly in the meridional transient term and are most likely associated
with increased north-easterly flow around the extended high over Libya (shown in Figure
7). Negative anomalies in the moisture advection term (Fig. 6d) between 10°N and 17°N
cancel with the positive transient anomalies over West Africa. Over Europe there are
positive transient (Fig. 6e) and residual (Fig. 6f) anomalies over the Mediterranean,
southern Spain and from the Alps northward. Together with the advection term (Fig. 6d),
the transient and residual anomalies form a dipole of positive contributions towards
rainfall north of the Alps and negative contributions towards rainfall south of the Alps,
which compensate for the positive anomalies in the convergence anomaly (Fig. 6¢).

In summary, over West Africa, moisture convergence (Fig. 5¢) and moisture
advection (Fig. 5d) support precipitation (Fig. 5a), and the moisture convergence
anomaly (Fig. 6¢) accounts for the 20-40% reduction in rainfall (Fig. 6a). While over
Europe, evaporation (Fig. 5b), transient eddies (Fig. 5¢) and the residual term (Fig. 5f)
account for precipitation (Fig. 5a), and all the terms (Fig. 6b-f) support the anomalous

reductions in rainfall.

Circulation
Figure 7a shows the 850 hPa MJ future shutdown climatology geopotential height

(gpm) and wind (m/s), while Figure 7b shows the future shutdown minus the 20" century
control simulation differences. Fig. 7c is the 600 hPa MJ future geopotential height (gpm)

and wind (m/s) climatology, and Fig. 7d is the 600 hPa geopotential height and wind
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anomaly for MJ. Note the geopotential height anomalies have been normalized by
subtracting the domain averaged May/June increase in geopotential height (i.e., 25 gpm)
to better highlight the changes in the geopotential gradients. The MJ 850 hPa NASH is
centered at 47°N and 5°W, which is approximately the same location as in the control
(Fig. 3b). However the NASH extends further eastward and northward across Europe
and is associated with stronger westerly low-level flow over the North Atlantic between
20°W and 20°E, from 42°N to 58°N. Over northern Africa the anticyclone south of the
Mediterranean Sea has intensified and shifted approximately 10° of longitude to the west.
The stronger anticyclone is associated with enhanced northerly flow over eastern Europe,
the Mediterranean, and north central Africa, and increased easterly flow over the southern
Sahara and Sahel (i.e., between12°N and 25°N). The increase in dry air advection and
reduced moisture convergence over the Sahel during the future AMOC shutdown is
associated with the stronger anticyclonic flow. Along the Guinean coast, the decrease in
moisture convergence is associated with a weakening of the low-level southerly flow.
This change is likely associated with the change in the meridional SST gradient, as in the
future AMOC shutdown North Atlantic SSTAs cool at mid- to high latitudes, while the
tropical Atlantic SSTAs warm creating a larger tropical to high-latitude temperature
difference.

Over Europe enhanced anticyclonic flow is associated with decreased wind
speeds over Spain (36°N-42N, 8°W-0°E), and with the decreased evaporation in that area
(Fig. 6b) accounts for the decrease in precipitation (Fig. 6a). Over Europe from 40°N to
51°N and 0°E to 20°E the anomalous anticyclonic winds lead to decreases in meridional

moisture convergence (Fig 6¢) and moisture advection (Fig 6d) of up to 6 mm/day, which
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is offset by increases in zonal moisture advection (Fig. 6d), increased evaporation over
the Alps (Fig. 6b) and increased residual precipitation (Fig. 6f) to yield and overall
decrease in precipitation of 2-3 mm/day (Fig. 5a).

At 600 hPa (Fig. 7¢) the Saharah high is higher in the shutdown than in the
control (Fig, 3d), and the ridge of high pressure over the ocean is relatively weaker
compared to the control. The 600 hPa anomaly field (Fig. 7d) shows an increase in
geopotential height over Europe and decreases over the ocean and West Africa, similarly
to the 850 hPa anomaly (Fig 7b). The anomaly at both levels is consistent with an
increase in the NASH, while the heat low and the Saharan high are weakened relative to
the increase in the NASH. The MJ anomaly fields, with the NASH increased over land
compared to the ocean, are reminiscent of the wintertime NASH (Davis et al. 1997),
where the NASH strengthens over the land relative to the ocean due to increased cooling
over land compared to the ocean in the boreal winter. This suggests that the imposed
SSTA gradient in the North Atlantic is likely the stronger forcing mechanism in changing

the position and intensity of the NASH.

JULY-SEPTEMBER
As in the MJ section, the JAS section will detail the moisture budget, paying

careful attention to the terms in the moisture budget which support precipitation and the
changes to precipitation, followed by the changes to the circulation field. While the
details are very similar to the spring time, the summer monsoon brings rainfall into the
Sahel, and the NASH moves from its spring time mode to its summertime mode, which is

tremendously important for impacts analysis.
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Moisture Budget
The six terms of Eq. 1 for the JAS control simulation are shown in Figure 8, with

each panel shaded to show that terms contribution towards precipitation and stippling
over negative values, similarly to Fig. 5.

The JAS future precipitation signal (Fig. 8a) shows that the rainband has moved
northward between 6°N and 11°N, bringing rainfall into the West African Sahel (12°N-
17°N) and that the European rainfall maximum is located over the Alps at 43°N between
5°E and 15°E, with a secondary maxima over the Scandinavian countries at 8°E, between
57°N and 62°N, the same as Fig. 2d. The evaporation signal (Fig. 8b) shows maximum
evaporation over the Mediterranean and the tropical Atlantic Ocean from 2°N-6°N and
30°W-10°W. Over West Africa the structure of the evaporation signal is similar to the
structure of the precipitation signal (Fig. 8a), but only accounts for 40% of the
precipitation from 15°W-10°E and 5°N -15°N. Over almost all of Europe the magnitude
of evaporation is 2-4 mm/day and accounts for 114% of the precipitation signal from
0°E-20°E, 40°N-52°N.

The convergence signal (Fig. 8c) over West Africa is mainly made up of
meridional moisture convergence, with zonal convergence dominating on the West
African coast at 15°W and 9°N and again in the West African Sahel at 10°W and 12°N.
The moisture convergence over West Africa is the main contributor towards precipitation
and accounts for ~98% of the precipitation from 15°W-10°E and 5°N -15°N. Over
Europe the convergence signal forms a dipole, with positive moisture convergence along
the northern coast of the Mediterranean and south of the Alps. This dipole is opposite in
sign and magnitude to the moisture advection term (Fig. 8d) over Europe, and similarly to
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MJ, the convergence and advection terms over Europe cancel each other out so the
divergence of the moisture flux over Europe has a negligible contribution to precipitation
over Europe. Over West Africa the moisture advection term (Fig. 8d) is almost zero, but
zonal moisture advection does account for ~3% of the precipitation signal from 15°W-
10°E and 5°N -15°N.

The transient eddy term (Fig. 8e) over West Africa is small, and negative between
5°N and 12°N, but slightly positive over the Sahara (up to 6 mm/day) due to meridional
transient eddies, but the positive transient eddies are negated by negative meridional
moisture advection in over the Sahara due to the dry air over the Saharan dessert. The
residual term (Fig. 8f), which is accounts for both orographic precipitation and numerical
error is small over West Africa, with positive residual contributions towards precipitation
over the Cameroon highlands at 10°E, 5°N. Over Europe the transient eddies are positive
on the windward side of the Alps between 0°E and 15°E and 42°N to 47°N, and also over
the secondary European precipitation maxima at 5°E, between 57°N and 62°N. The
residual term (Fig. 8f) resembles the pattern of topography over Europe (similarly to MJ),
most likely due to orographic precipitation.

Figure 9a shows the JAS precipitation anomaly. Precipitation is decreased by 3-5
mm/day from 8°N to 15°N across West Africa from 15°W to 20°E. This is equivalent to
a reduction in rainfall of 30-50%. Over Europe the maximum precipitation reduction is 3-
4 mm/day over the Alps at about 42°N from 5°E to 11°E. European decreases in rainfall
correspond to 70-80% from 10°W-20°E and 37°-42°N and 30-60% from 0°E-20°E and
42°-65°N. The evaporation anomaly (Fig. 9b) is negligible over West Africa, but over

Europe decreases in precipitation of up to 1 mm/day represent 78% of the precipitation
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anomaly from 10°W-20°E and 40°N-55°N. There are also decreases in evaporation over
the Mediterranean, even though no SSTA was applied there, of up to 3 mm/day.

The moisture convergence anomaly (Fig. 9c) has a dipole signal over West Africa
from 10°N to 20°N, with two additional areas of positive convergence on the coasts, one
at about 10°W from 5°N to 11°N, and the other over the Cameroon highlands at 10°E and
5°N. The negative moisture convergence anomaly is mainly supported by the zonal
component, and we will see in the circulation figures (Fig. 10) that there is decreased
westerly flow into the rainband. The positive moisture convergence anomalies at 15°N -
20°N, 20°W-20°E are mainly supported by the meridional component, and are over
compensated for by negative anomalies in the meridional component of moisture
advection (Fig, 9d), but the positive moisture convergence anomalies at S°N-11°N, 10°W
and 5°N, 10°E are supported by the zonal component, and they are compensated for by
anomalies in the zonal component of the moisture advection.

Over Europe the moisture convergence anomaly (Fig. 9¢) has a similar dipole
pattern of drying on the windward side of topography and wetting on the leeward side as
MJ (Fig. 6¢), but the magnitude of the signal in JAS is one half the magnitude of the
signal in MJ. Furthermore, in JAS the dipole signal is mainly supported by the zonal
component, whereas in MJ it was supported by the meridional component. There is also a
moisture convergence dipole anomaly over the Scandanavian countries, at 8°E, between
57°N and 62°N. The meridional component of this anomaly supports the drying and the
zonal component supports the wetting, and this signal is compensated for, in sign and

magnitude, by the moisture advection anomaly (Fig. 9d).
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The transient eddy anomalies (Fig. 9¢) over West Africa are small except for a
band of positive contributions towards rainfall around 19°N across the whole analysis
domain. These anomalies of 1-2 mm/day are made up of smaller anomalies in both the
zonal and meridional component and are compensated by negative anomalies in the
evaporation (Fig. 9b), meridional moisture advection (Fig. 9d) and the residual term (Fig.
9f). The residual anomaly itself is small over all of West Africa, with the biggest
anomalies of 2-4 mm/day drying over the Cameroon highlands (5°N, 10°E) and the
Guinean highlands (6°N-10°N, 10°W). The transient eddy anomalies over Europe are
also small; with some increases in contribution towards precipitation over the
Mediterranean due to the meridional component, and some drying on the leeward side of

the Alps, also due to the meridional component.

Circulation
Figure 10a shows the future simulation JAS 850 hPa geopotential heights (gpm)

and winds (m/s) for the future shutdown and Figure 10b shows the anomalous 850 hPa
wind (m/s) and normalized anomalous geopotential height field (gpm), calculated in the
same manner as MJ. The future simulated NASH is centered in the same location as the
control simulation NASH, however it is intensified over the whole domain, and stretched
towards the northeast so that it extends further over Europe than the control simulation,
and the heat low over central Africa centered at about 10°N, 20°E, does not extend as far
west. As we can see in the anomaly field (Fig. 10b), in which the geopotential height
anomaly has been normalized to exclude the overall increase in geopotential heights

compared to the control simulation, the intensification and northeast extension of the
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NASH creates an anomalous anticyclone with a northeast tilted axis across the northern
part of the domain, with the greatest increases in geopotential height over northern
Europe and at the western edge of the domain, while the heat low is weakened. This
anomalous anticyclone increases westerly flow across the whole domain north of 50°N.
The intensified westerly flow is consistent with the increased orographic precipitation
and moisture advection on the windward side of European topography that was shown in
Fig. 9. The increased westerly flow also has a stronger geostrophic component than the
control simulation, which is evident by the decrease in zonal moisture convergence (Fig.
9c) over Europe.

At 600 hPa (Fig. 10c) the Saharan high is intensified in the shutdown compared to
the control, just as in MJ. And, as in MJ, the ridge of high pressure over the ocean,
associated with an increased NASH throughout the depth of the atmosphere is slightly
weaker compared to the overall increases to the Saharan high, as we see in Figure 10d,
the 600 hPa normalized anomaly field. In the 600 hPa JAS anomaly the geopotential
height increase is greatest over northern Europe and at the western edge of the domain,
and there are geopotential height decreases over the North Atlantic and Northern Africa.
Similarly to MJ the NASH is intensified, while the Saharan high is weakened. However,
unlike MJ, the anomaly patterns at 850 hPa (Fig. 10b) and at 600 hPa (Fig. 10d) show
that there may also be a westward intensification of the NASH outside of the analysis
domain.

The anomalous anticyclonic flow in the future simulation enhances the northerly
winds coming from Europe across the Mediterranean and into West Africa, which

because of the decreases in evaporation (Fig. 9b) is consistent with the meridional
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moisture advection anomalies (Fig. 9d) contributing to drying across West Africa. The
anomalous anticyclone also produces anomalous easterly flow across the West African
Sahel, west of 20°E, and anomalous northerly flow west of 10°E and south of 5°N which
decreases the westerly and southerly flow coming into West Africa to support the

monsoon rainfall.
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Chapter 6: Conclusions

For this study, examining the effects of global warming and a shutdown of the
AMOC, the WRF model was run at 90km horizontal resolution under present-day
conditions and forced by late-century A2 CO, conditions with an SST anomaly based on
the results of water-hosing experiments (e.g.Stouffer et al. 2006, Velling and Wood 2002,
2008) in order to study the climate effects of global warming and an AMOC shutdown on
West African and European climate. A caveat to this study is that the AMOC shutdown
and global warming forcings are both acting in concert with one another. Separating the
two forcings has been done in the literature, but not on a regional or seasonal scale.
Future work should also investigate the importance of warming in the South Atlantic and
its contribution to the precipitation response in the case of an AMOC shutdown

Reductions in rainfall of up to 80% over southern Europe (Spain and Italy) and
20-40% over northern Europe are associated with an eastward extension of the North
Atlantic subtropical high. Over West Africa, reductions in rainfall of 20-40% occurred
over the Guinean coast the 70% in the Sahel in the spring; and 30%-50% reductions in
precipitation in the Sahel in the summer and are also associated with the changes in the
intensity and location of the NASH.

In both the spring and summer the changes in rainfall are consistent with the
intensification of geopotential heights and extension of the North Atlantic subtropical
high north and eastward over Europe, reminiscent of the wintertime NASH mode, where
the high is relatively stronger over the land than the ocean due to the relative changes in

cooling over land versus ocean. Both seasons also show a weakened heat low over West
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Africa and a weakened Saharan high. The shape and intensity of the anomaly differ
between the seasons, but over West Africa both seasonal anomalies are consistent with
reduced zonal moisture convergence and meridional moisture advection to support West
African rainfall. Over Europe the anomalous anticyclonic flow reduces meridional
moisture convergence in the spring and zonal moisture convergence in the summer. The
changes in North Atlantic SST lead to decreased evaporation over Europe and the North
Atlantic in both seasons, which is consistent with decreased moisture advection and

transient eddy rainfall.
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Figurel. The full model domain and sea-surface temperature anomaly (K).
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Figure 2. May/June precipitation (mm day™) from the (a) 1981-2000 CRU climatology
over land and the 1981-2000 NASA GPCP V2.1 climatology over water, and (b) 20"
century control climatology. Also July — September precipitation for the (c) 1981-2000
CRU/GPCP climatology and (d) 20™ century control climatology. Contour interval is 2
mm/day in all panels.
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Figure 3. May/June 850 hPa geopotential height (gpm) and winds (m s™) from the (a)
1979-2009 NCEP2 renalysis climatology, contoured every 20 gpm, with 1510 gpm and
1530 gpm in dashed lines, and (b) 20™ century control climatology, also contoured every
20 gpm, with 1510 gpm and 1530 gpm dashed in. May/June 600 hPa geopotential height
and winds from the (¢) 1979-2009 NCEP2 renalysis climatology countoured at every 30
gpm, and (d) 20™ century control climatology, also contoured at every 30 gpm.
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Figure 4. July-September 850 hPa geopotential height (gpm) and winds (m s™') from the
(a) 1979-2009 NCEP2 reanalysis climatology contoured every 20 gpm, with 1510, 1530
and 1550 gpm in dashed lines, and (b) 20" century control climatology, also contoured at
20 gpm intervals with 1510, 1530 and 1550 gpm dashed in. July-September 600 hPa
geopotential height and winds from the (¢) 1979-2009 NCEP2 renalysis climatology
contoured every 30 gpm with 4475 gpm dashed in, and (d) 20" century control
climatology, also contoured at a 30 gpm interval with 4475 gpm shown in the dashed

line.
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Figure 5. MJ control simulation vertically-integrated, mass-weighted moisture budget
(mm/day) (a) precipitation, (b) evaporation, (c) convergence, (d) advection, (e) transient
eddies, and (f) orographic residual terms. Each panel is shaded at an interval of 2 mm/day

to show that term’s contribution towards preciptation.
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Figure 6. MJ vertically-integrated, mass-weighted moisture budget for the future AMOC
shutdown minus 20™ century control anomaly (mm/day) for the (a) precipitation, (b)
evaporation, (c¢) convergence, (d) advection, (e) transient eddies, and (f)
orographic/residual term. As in Figure 4, each panel is shaded every 1 mm/day to show

that term’s contribution towards precipitation.
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Figure 7. May-June 850 hPa geopotential heights (gpm) and winds (m s™), (a) future
AMOC shutdown simulation climatology contoured every 20 gpm with dashed lines at
1530 and 1550 gpm, and (b) future AMOC shutdown minus 20™ century control
anomalous winds and normalized anomalous geopotential heights, contoured every 5
gpm, with -2.5 gpm dashed in. May-June 600 hPa geopotential heights (gpm) and winds
(ms™), (c) future AMOC shutdown simulation climatology, contoured at every 30 gpm,
and (d) future AMOC shutdown minus 20" century control anomalous winds and
normalized anomalous geopotential heights, contoured every 5 gpm, with -2.5 and 2.5

gpm dashed in.
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Figure 8. JAS control simulation vertically-integrated, mass-weighted moisture budget
(mm/day) (a) precipitation, (b) evaporation, (c) convergence, (d) advection, (e) transient

eddies, (f) residual term. Same shading as Figure 5.
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Figure 9. JAS vertically-integrated, mass-weighted moisture budget anomaly (mm/day)
(a) precipitation, (b) evaporation, (c) convergence, (d) advection, (e) transient eddies, (f)

residual term. Same shading Figure 6.
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Figure 10. July -September 850 hPa geopotential heights (gpm) and winds (m s™), (a)
future shutdown simulation climatology contoured every 20 gpm with dashed lines at
1530 and 1550 gpm, and (b) anomalous wind climatology and normalized anomalous
geopotential heights climatology, contoured every 5 gpm. July -September 600 hPa
geopotential heights (gpm) and winds (m s™), (c) future shutdown simulation
climatology, contoured every 30 gpm with 4535 gpm dashed in, and (d) anomalous wind
climatology and normalized anomalous geopotential heights climatology contoured every

5 gpm.
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