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Abstract

This thesis advances our physical understanding of the sensitivity of the hydrological cycle to global
warming. Speci cally, it focuses on changes in the longitudinal (zonal) variation of precipitation
minus evaporation (P E), which is predominantly controlled by planetary-scale stationary eddies.
By studying idealized general circulation model (GCM) experiments with zonally varying boundary
conditions, this thesis examines the mechanisms controlling the strength of stationary-eddy circula-
tions and their role in the hydrological cycle. The overarching goal of this research is to understand
the cause of changes in regional P E with global warming. An understanding of such changes can
be useful for impact studies focusing on water availability, ecosystem management, and ood risk.

Based on a moisture-budget analysis of ERA-Interim data, we establish an approximation for
zonally anomalous P E in terms of surface moisture content and stationary-eddy vertical motion
in the lower troposphere. Part of the success of this approximation comes from our nding that
transient-eddy moisture uxes partially cancel the e ect of stationary-eddy moisture advection,
allowing divergent circulations to dominate the moisture budget. The lower-tropospheric vertical
motion is related to horizontal motion in stationary eddies by Sverdrup and Ekman balance. These
moisture- and vorticity-budget balances also hold in idealized and comprehensive GCM simulations
across a range of climates.

By examining climate changes in the idealized and comprehensive GCM simulations, we are able
to show the utility of the vertical motion P E approximation for splitting changes in zonally
anomalous P E into thermodynamic and dynamic components. Shifts in divergent stationary-
eddy circulations dominate changes in zonally anomalous P E. This limits the local utility of

the wet gets wetter, dry gets drier idea, where existing P E patterns are ampli ed with warming



vii
by the increase in atmospheric moisture content, with atmospheric circulations held xed. The
increase in atmospheric moisture content manifests instead in an increase in the amplitude of the
zonally anomalous hydrological cycle as measured by the zonal variance of P E. However, dynamic
changes, particularly the slowdown of divergent stationary-eddy circulations, limit the strengthening
of the zonally anomalous hydrological cycle. In certain idealized cases, dynamic changes are even
strong enough to reverse the tendency towards wet gets wetter, dry gets drier with warming.
Motivated by the importance of stationary-eddy vertical velocities in the moisture budget anal-
ysis, we examine controls on the amplitude of stationary eddies across a wide range of climates in
an idealized GCM with simple topographic and ocean-heating zonal asymmetries. An analysis of
the thermodynamic equation in the vicinity of topographic forcing reveals the importance of on-
slope surface winds, the midlatitude isentropic slope, and latent heating in setting the amplitude
of stationary waves. The response of stationary eddies to climate change is determined primarily
by the strength of zonal surface winds hitting the mountain. The sensitivity of stationary-eddies to
this surface forcing increases with climate change as the slope of midlatitude isentropes decreases.
However, latent heating also plays an important role in damping the stationary-eddy response, and
this damping becomes stronger with warming as the atmospheric moisture content increases. We
nd that the response of tropical overturning circulations forced by ocean heat- ux convergence is
described by changes in the vertical structure of moist static energy and deep convection. This
is used to derive simple scalings for the Walker circulation strength that capture the monotonic
decrease with warming found in our idealized simulations.
Through the work of this thesis, the advances made in understanding the amplitude of stationary-
waves in a changing climate can be directly applied to better understand and predict changes in the

zonally anomalous hydrological cycle.
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Chapter 1

Introduction

1.1 Motivation

The atmosphere transports water vapor from dry regions to wet regions, setting the global distri-
bution of net precipitation (precipitation minus evaporation, P E). Regions of high P E have
high surface-water availability and can thus support more productive ecosystems and agriculture
and better provide for societies’ water needs. Changes in P E in the future can thus have large
impacts on people and ecosystems around the world. Regional variations in P E also extend over
ocean, where they determine the regional variations in sea-surface salinity, an important control on
the structure of the ocean meridional overturning circulation (Broecker et al., 1985).

In most regions of the tropics, precipitation exceeds evaporation as the low-level winds transport
moisture and converge in the Intertropical Convergence Zone (ITCZ). Surrounding this moist region,
there are dry zones that extend up to about 35 latitude associated with large-scale subsidence that
makes up the descending branch of the Hadley circulation. Beyond 35 latitude, precipitation again
exceeds evaporation as synoptic eddies converge moisture that originated in the subtropics. As the
climate warms, there is a general tendency for the amplitude of this latitudinal pattern to increase
due to an increase in moisture carrying capacity of the atmosphere (Mitchell et al., 1987; Chou and
Neelin, 2004; Held and Soden, 2006). Superimposed on this change are shifts in circulation, such
as the equatorward shift of the ITCZ (Chou et al., 2009; Seager et al., 2010; Sobel and Camargo,

2011), the expansion of the Hadley cell (Lu et al., 2007), or the poleward shift and intensi cation of
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the storm track (Kushner et al., 2001; Yin, 2005) that are indicated as robust responses to warming
by some climate models (Collins et al., 2013).

Precipitation minus evaporation also varies strongly with longitude, especially in the Northern
Hemisphere and the tropics, due to the in uence of stationary eddies forced by topography and
longitudinal variations in diabatic heating. This longitudinal, or zonal, variability in P E makes
up 60% of the total global spatial variability of P E in the modern climate (see Chapter 2). Most
land areas have P E that is 0.25{1 m yr ! di erent from the zonal mean. Zonally anomalous
P E thus constitutes a large in uence on the livelihoods of people globally. Examples of these
zonally anomalous P E patterns are the South Asian and East Asian summer monsoons, the
Northern Hemisphere storm tracks, the dryness of the continental midlatitudes, the oceanic sub-
tropical lows, the high precipitation Paci ¢ warm pool, the South Paci ¢ Convergence Zone, and
the zonal structure of the ITCZ.

Stationary eddy circulations can have larger responses to climate changes than zonal-mean cir-
culations because they are not subject to angular momentum constraints. Zonally anomalous P E
can thus account for some of the largest climate changes. Interannual and decadal variations in
P E, for example on the west coast of North America (Deser et al., 2014) or in the South Asian
Monsoon region (Walker et al., 2015), are primarily attributed to variations in the stationary-eddy
circulations. Observed precipitation changes in the Southwest US and the Meditteranean over the
last decades have been attributed to changes in stationary waves (Seager et al., 2007, 2014). It is
an important question to understand how stationary waves and zonally anomalous P E patterns
change across a wide range of climates. This can help us understand what will happen to P E
around the globe as the climate warms in the next century and to understand what P E looked
like in the cold glacial climates of the past and the very warm climates of the more distant past.

The goal of this thesis is to make a make a precise quantitative link between stationary-eddy
amplitude and the amplitude of zonal variation of P E and to understand how stationary-wave
amplitude responds to warming. The response to warming will be examined across a wide range

of climates for stationary waves forced by simple topography and equatorial heating in an idealized
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general circulation model (GCM) and for future climate change in state-of-the-art coupled mod-
els prepared for the Intergovernmental Panel on Climate Change’s (IPCC) 5th Assessment Report
(AR5). In this way we seek to both gain insight into the physical mechanisms determining sta-
tionary wave change and understand some of the ways that these changes can in uence the global

hydrological cycle in the future.

1.2 What is a stationary eddy?

As most of this thesis will be about stationary eddies, it is useful to start with a precise de nition.
For the purposes of this thesis, a stationary eddy is any climatological deviation from the zonal
mean, either of winds or of other variables. Climatological can refer to anything from averages over
a season to averages over 40 years. This de nition includes stationary Rossby waves, which dominate
the planetary scale circulation in the midlatitudes, monsoon circulations which develop seasonally,
and tropical overturning circulations such as the Walker circulation.

The modern zonal-mean wind climatology contains westerly jets in each hemisphere, sometimes
split into separate subtropical and midlatitude jets (Fig. 1.1a). The surface winds in the midlatitudes
are westerly and switch to easterly winds at the border of the tropics, about 30 latitude. Meridional
winds are ageostrophic and generally much weaker than the zonal winds. Together with the vertical
winds they can be represented by an overturning streamfunction (the circulation is clockwise about
positive streamfunction contours), which shows two overturning cells in each hemisphere, a Hadley
cell and a Ferrel cell (Fig. 1.1b). These circulations are described extensively elsewhere (e.g.,
Schneider, 2006; Vallis, 2006). Stationary eddies, departures from this zonal-mean climatology, can
take the form of rotational horizontal circulations or divergent overturning circulations. Rotational
circulations can be represented by a horizontal streamfunction (Fig. 1.1c). These circulations are
primarily Rossby waves and include areas where the westerly jet is strengthened (i.e. Paci ¢ and
Atlantic storm tracks) or weakened (i.e. Northern hemisphere continents). Divergent circulations
include both zonal and meridional overturning circulations. Together they can be represented by a

stationary-eddy vertical velocity (Fig. 1.1d). This includes zonal overturning circulations such as the



a 40 b
le+11
200+ 30 2001
400+ 20 4001
0
6001 \ Lo 600
0
8007 - t 800
. ‘ -10 | -le+11
1000+ - —L . . . 1000
30S
‘ d 01
le+07
60 N1%
S 0.05
30N+
0 EQT 0
30S{
-0.05
60 S+
S —1le+07
—_— —_— —_— —_— -0.1
N0 E I0W 90 E 180 90w

Figure 1.1: The general circulation in ERA-Interim reanalysis (1979-2012). a) Zonal-mean zonal
wind (colors), potential temperature (contours, interval = 20 K), and tropopause height determined
from the 2 K km ! lapse rate criterion (dark green line). b) Zonal-mean meridional overturning

streamfunction showing the Hadley and Ferrel cells. ¢) The stationary-eddy streamfunction, showing
the rotational ow at 300 hPa. d) The stationary-eddy pressure veloctity, 1 = %, at 600 hPa,

showing the divergent stationary-eddy ow. The vertical velocity has been Itered with a 200 km
Gaussian lIter.

Walker circulation as well as local enhancements or reductions of Hadley-cell meridional overturning.

Stationary eddies only exist due to zonal variations of the earth surface boundary conditions such
as topography and surface heat exchange (Held et al., 2002). The ow around topographic obstacles
can set up a stationary Rossby wave if the mountain range is large enough such that the ow around
feels the in uence of the Earth’s rotation. Zonally anomalous surface heating tends to create regions
of deep convection, especially in the tropics. This overturning can also force stationary Rossby
waves through its interaction with the existing rotational ow. Once stationary eddies have formed
in response to zonally varying boundary conditions, they create zonal anomalies in atmospheric
latent heating, water vapor and cloud radiative e ects, and the uxes of heat by transient eddies.
These zonally anomalous heat sources can further amplify or damp stationary eddies and can be
thought of as a feedback on stationary-eddy amplitude.

Most large-scale stationary-eddy circulations outside the deep tropics take the form of stationary
Rossby waves. Rossby waves are perturbations of the zonal-mean atmospheric circulation with a

scale of several thousand kilometers. They are governed by geostrophic balance, where pressure



gradients are balanced by the Coreolis force,

1gy (1.1)
_ p.
fv = f@—x.

Here f is the Coriolis frequency, u and v are the eastward and northward components of the horizontal
wind, and p is the pressure at constant height. By linearizing about a time- and zonal-mean wind,
U, a linear dispersion relation for Rossby waves in a single atmospheric layer can be derived, where
the zonal phase velocity is given by

cx = U (1.2)

K.
Here = df=dy and K = Iokz + 12, where k and | are the zonal and meridional wavenumbers
respectively. For su ciently large spatial scales (small K), the phase velocity can go to zero, whereby
the Rossby waves become stationary. The scale of stationary Rossby waves is thus given by the
stationary wavenumber,

| g

Ks = (1.3)

V]
For this reason, stationary eddies generally have a scale of 8,000 km or greater. Many other properties
of stationary Rossby waves can be derived from a linearization of the momentum equation and are
reviewed elsewhere (Hoskins and Karoly, 1981; Held, 1983; Vallis, 2006). Relevant properties of
stationary Rossby waves will be presented as they are needed.

Stationary eddies induce zonal anomalies in many other quantities, such as P E, temperature,

and speci ¢ humidity. Zonal anomalies will be denoted by

O =0 I[L (1.4)

where [] denotes a zonal average and () denotes the full eld. Throughout this thesis, zonally
anomalous elds such as the time-mean zonally anomalous speci ¢ humidity @ will be considered as

part of the stationary eddy. Stationary eddies are thus de ned as all zonal variations of time-mean



climatic variables about zonal-mean values.

1.3 The problem at hand

There are two overarching themes upon which this thesis makes progress: 1. The link between
stationary eddies and the zonal variation of P E and 2. controls on the amplitude of stationary
eddies in a changing climate. We outline the state of the eld and some of the speci ¢ questions we

hope to answer for each of these themes.

1.3.1 Linking zonal asymmetry of the hydrological cycle to stationary

eddies

The direct link between water vapor transport by atmospheric circulations and the global distribu-
tion of precipitation was established observationally by Benton and Estoque (1954) and Starr and
Peixoto (1958), with more detailed studies made possible by the International Geophysical Year (e.g.,
Peixoto, 1970). This paved the way for studies that were able to attribute the latitudinal pattern of
P E tospeci c types of circulations such as the Hadley circulation, transient, and stationary eddies
(Peixoto and Oort, 1983, 1992). In this way we understand that wet regions of the tropics occur
associated with the ascending branch of the Hadley cell and zonal overturning circulations such as
the Walker circulation. Similarly the dry subtropical latitudes are associated with the descending
branch of the Hadley cell. Transient eddies transport moisture into the midlatitudes, setting the
distribution of P E beyond about 30 latitude.

This link is useful in understanding how P E responds to climate change. O’Gorman and
Schneider (2008b) show how the moisture budget can be used to explain changes in zonal-mean
P E in terms of changes in water vapor, Hadley circulation strength, and transient-eddy kinetic
energy across a wide range of climates in an idealized GCM. There has been much focus on the
change in P E that results from the increase in atmospheric water vapor content with warming

(Mitchell et al., 1987; Chou and Neelin, 2004; Held and Soden, 2006), because this is a large and
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robust change that leads to wet zones getting wetter and dry zones getting drier. However, changes
in atmospheric circulations can not be ignored (e.g., Held and Soden, 2006; Vecchi and Soden, 2007;
Chou et al., 2009; Seager et al., 2010). Increasingly, there is a consensus that we need to focus
on understanding changes in atmospheric circulations in order to properly assess changes in the
hydrological cycle in the future climate.

All studies of the moisture budget to date have focused either on the zonal-mean hydrological
cycle, the full global hydrological cycle, or on speci ¢ regions. We hope to provide a new perspective
by focusing exclusively on anomalies from the zonal mean, with the expectation that the relative
importance of di erent types of atmospheric circulations will shift with this shift of perspective. The

guestions we hope to answer are:

1. Can changes in zonally anomalous P E be tied to the strength of stationary-eddy circulations
in a way that is useful in understanding the response to climate change as a product of moisture

changes and stationary-eddy changes?
2. What measure of stationary-eddy circulations is most relevant for P E?
3. To what extent are transient eddies important in the zonal variation of P E?

4. Are zonal variations of moisture important for the zonal variation of P E?

1.3.2 Stationary-eddy circulations and climate change

Many properties of stationary waves in midlatitudes are well described by linear quasi-geostrophic
theory (Hoskins and Karoly, 1981; Held, 1983). For this reason, linear stationary wave models,
general circulation models with the nonlinearities strongly damped (Ting and Yu, 1998; Held et al.,
2002) or which explicitly solve the linearized primitive equations (Egger, 1976; Hoskins and Karoly,
1981; Nigam et al., 1986, 1988; Valdes and Hoskins, 1989; Ting, 1994), are often used to study the
response of stationary waves to zonally asymmetric forcing. Held et al. (2002), for example, show
how the stationary wave climatology in Northern hemisphere winter compares to that simulated by a

linear model. While the pattern is well simulated, it relies on specifying zonally anomalous transient-
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Figure 1.2: Change of stationary-eddy circulations in CMIP5, from the past (1976-2005, historical
simulation) to the future (2070-2099, RCP8.5 scenario). a) Change of the stationary-eddy stream-
function at 600 hPa (shading), shown with the past climatology (contours, contour interval 1e6). b)
Change of the stationary-eddy streamfunction at 300 hPa (shading), shown with the past climatol-
ogy (contours, contour interval 2e6). c¢) Change of the stationary-eddy vertical velocity at 600 hPa
(shading), shown with the past climatology (contours, contour interval 0.01). The vertical velocity
has been Itered with a 200 km Gaussian Iter.

eddy heat and momentum uxes, which are themselves dependent on the stationary-wave solution.
In this way, linear stationary-wave models are a useful tool for attributing aspects of the stationary-
wave climatology to di erent forcings, but they do not give a closed model for stationary waves in
terms of the zonal-mean circulation and zonally anomalous boundary conditions. In a study of the
stationary-wave response to climate change, Stephenson and Held (1993) nd that the linear model
response is dominated by changes in latent heating and transient-eddy heat and momentum uxes,
rather than changes in the zonal-mean basic state. This emphasizes the importance of understanding

these nonlinearities as they change with the stationary wave.
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Several studies have diagnosed the stationary-eddy response to climate change in coupled climate
models (Brandefelt and Kornich, 2008; Simpson et al., 2014, 2015). These provide quantitative
predictions of what stationary-waves will look like in the future climate. Following these studies, we
show in Fig. 1.2 the stationary-eddy changes from 1979-2005 to 2070-2099 diagnosed from 23 models
from the Coupled Model Intercomparison Project phase 5 (CMIP5, see Chapter 4 for models used).
The future climate (2070-2099) is diagnosed in the Representative Concentration Pathways RCP8.5
scenario, a \business as usual' scenario. The stationary-eddy streamfunction changes, shown for
the lower and upper troposphere in Fig. 1.2 a and b, primarily show phase shifts of stationary-
eddy circulations. A closer look reveals that changes tend to be out of phase with the climatology,
showing a weakening of stationary-eddy circulations. This weakening is much more obvious in the
divergent circulations (Fig. 1.2c), where the main mode of change is to reduce stationary-eddy
vertical velocities. Part of the reason for this is that the total overturning of the atmosphere must
decrease in a warmer climate in order to satisfy energetic constraints on global-mean precipitation
(Betts, 1998; Held and Soden, 2006; Vecchi and Soden, 2007; Schneider et al., 2010). However,
this decrease in global overturning can be distributed between the Hadley circulation, the Walker
circulation, and other stationary-eddy overturning circulations, so this constraint does not provide
precise information on how any individual circulation will change. Further, it does not constrain
changes in the strength of rotational stationary-eddy circulations.

While this type of analysis gives quantitative predictions of stationary-wave changes over the next
century, it gives little insight into the mechanisms behind these changes. For most of this thesis we
turn instead to idealized GCM experiments, where we can probe the physical balances maintaining
the stationary-eddy circulations over a wide range of parameter space. The key question we seek to
answer about stationary waves in a changing climate is: How does the strength of stationary-eddy
circulations, both rotational and divergent, respond to climate change? This is complementary to
studies that provide dynamical mechanisms for changes in the phase structure of stationary eddies
(e.g., Simpson et al., 2015) based on increases in the speed of the subtropical jet and the consequent

decrease in stationary-eddy length scale. The change in strength should depend on the type of
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zonally anomalous forcing, so we will investigate separately stationary eddies forced by orography
and by equatorial heating in an idealized GCM. There is an expectation based on the literature that
the amplitude of orographic stationary waves should depend on the low-level wind (Hoskins and
Karoly, 1981; Held and Ting, 1990), but no study has addressed this together with other factors
such as latent heating and transient-eddy changes. Merlis and Schneider (2011) provide a scaling for
the Walker circulation strength resulting from equatorial heating, but this depends on an assumption
of xed precipitation, and is thus not a closed theory.

An understanding of the stationary-wave response in the full climate system will require a synthe-
sis of what is learned about stationary waves forced by orography and equatorial heating and what
is known about stationary waves resulting from other types of forcing such as subtropical heating

(Rodwell and Hoskins, 1996, 2001; Shaw, 2014; Levine and Boos, 2016).

1.4 A guide to this thesis

In this thesis, we examine controls on the global hydrological cycle as it responds to climate change.
We focus in particular on variations about the zonal-mean hydrological cycle, where much previous
work has focussed exclusively on the zonal-mean. The zonally anomalous hydrological cycle results
from stationary-eddy circulations, so we focus also on questions of how stationary eddies respond to
climate change. The thesis is split accordingly into two parts. Part | (chapter 2-4) is about changes
in the zonally anomalous hydrological cycle with climate change. Part Il is about the changes in
stationary-eddy circulations that govern these zonal variations.

In chapter 2, we present the zonally anomalous hydrological cycle in the modern climate us-
ing ERA-Interim reanalysis. Through an analysis of the zonally anomalous moisture and vorticity
budgets we derive an approximate expression for zonally anomalous net precipitation in terms of
stationary-eddy vertical motion. We also nd that the importance of transient-eddy moisture uxes
and stationary-eddy advection is diminished when the internal cancellation between them is con-
sidered. We examine also the implications of this analysis for the Paci c{Atlantic di erence in

sea-surface salinity. This work is previously published in the Journal of Climate Wills and Schneider
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(2015), but has been updated to provide a clearer explanation of the role of near-surface ow over
topography.

In chapter 3, we start with a review of the moisture budget decomposition of chapter 2 for the
case of idealized GCM simulations forced by two di erent zonal asymmetries: a Gaussian mountain
in the midlatitudes and equatorial heating by ocean heat- ux convergence. These simulations are
performed for a wide range of climates, from 280 K to 320 K global-mean surface temperature. We
proceed to analyze how the zonally anomalous hydrological cycle responds to climate change in these
simulations. The approximate expression of chapter 2 is used to split changes into a thermodynamic
component, due to changes in atmospheric moisture content, and a dynamic component, due to
changes in stationary-eddy overturning circulations. We show that dynamic changes, due to shifts
in stationary-eddy circulations, limit the local utility of the thermodynamic wet gets wetter, dry gets
drier idea, that has been used extensively in the literature. We present the idea that thermodynamic
changes might be more apparent in the amplitude of zonal variations in the hydrological cycle, which
we diagnose using the zonal variance of precipitation minus evaporation (P E). We nd that
the increase in zonal hydrological cycle amplitude does show the e ect of increasing atmospheric
moisture content, but the slowdown of stationary-eddy circulations also plays a signi cant role, even
reversing the tendency towards wet gets wetter, dry gets drier in some latitude bands. This sets up
chapter 4, which examines the zonal variance of P E in the modern climate, and chapters 5 and
6, which examine the mechanisms behind the changes in stationary-eddy circulations in these two
experiments.

In chapter 4, we test the ideas of chapter 3 for climate change over the next century, as seen by
23 state-of-the-art coupled climate models. In particular, we focus on the amplitude of the zonally
anomalous hydrological cycle, which increase in all models. As in the idealized GCM, dynamic
limitations of this amplitude increase are important. Transient-eddy moisture ux changes are
more important than in the idealized GCM experiments, so we derive a means of splitting the
changes into thermodynamic, dynamic, and transient eddy components based on analysisofaP E

variance budget. Stationary-eddies reduce the amplitude increase with warming. Surprisingly, so do
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transient eddies, which have traditionally been scaled up with atmospheric moisture content leading
to an amplitude increase.

In chapters 5 and 6, we diagnose the change in amplitude of stationary-eddies in the idealized
GCM simulations of chapter 3, motivated by their importance for the hydrological cycle. An analysis
of the thermodynamic equation sheds light on the role of surface winds in forcing vertical motion
in the vicinity of topography (chapter 5). The sensitivity of stationary waves to this surface forcing
is set by the midlatitude isentropic slope. Latent heating is found to play an important role in
damping the stationary wave response to topography in warm climates. An analysis of the vorticity
budget shows that the strength of the stationary-eddy overturning (the Walker circulation) in the
equatorial heating experiment is independent of details of the vorticity balance, suggesting that the
vorticity budget responds passively to imposed vertical motion (chapter 6). We examine instead
the moist static energy budget, through which we come to the conclusion that the strength of the
Walker circulation is set by the zonally anomalous net energy input, with a sensitivity that depends
on the energy released per unit mass of deep convection. We also address humerous other aspects of
the dynamics in these simulations, such as changes in stationary-eddy lengthscale (or lack thereof)
and changes in the meridional propagation of wave energy.

In chapter 7, we present the conclusions of this thesis.
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Chapter 2

Zonally anomalous moisture
budget in the modern climate

This chapter is modi ed from work published in the Journal of Climate (Wills and Schneider, 2015),
¢ Copyright 2015 AMS. The reason for modi cation is the development of a simpler theoretic
framework in (Wills and Schneider, 2016; Chapter 3), which allows for a clearer explanation. The

results and conclusions of the paper remain qualitatively unchanged.

Abstract

Transport of water vapor in the atmosphere generates substantial spatial variability of net precip-
itation (precipitation minus evaporation). Over half of the total spatial variability in annual-mean
net precipitation is accounted for by deviations from the zonal mean. Over land, these regional dif-
ferences determine di erences in surface water availability. Over oceans, they account, for example,
for the Paci c{Atlantic di erence in sea surface salinity, with implications for the deep overturn-
ing circulation. This study analyzes the atmospheric water budget in ERA-Interim and MERRA
reanalyses, to investigate which physical balances lead to zonal variation in net precipitation. It
is found that the leading-order contribution is zonal variation in stationary-eddy vertical motion.
Transient eddies modify the pattern of zonally anomalous net precipitation by moving moisture
from the subtropical and tropical oceans onto land and poleward across the Northern Hemisphere

storm tracks. Zonal variation in speci ¢ humidity and stationary-eddy horizontal advection play a
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secondary role. The dynamics leading to net precipitation via vertical motion in stationary eddies
can be understood from a lower-tropospheric vorticity budget. The large-scale variations of vertical
motion are primarily described by Sverdrup balance and Ekman pumping, with some modi cation
by transient eddies. These results suggest that it is important to understand changes in stationary
eddies and their in uence on the zonal variation of transient eddy uxes, in order to understand re-
gional changes in net precipitation. They highlight the relative importance of di erent atmospheric

mechanisms for the freshwater forcing of the North Paci ¢ and North Atlantic.

2.1 Introduction

The hydrological cycle is linked to the general circulation of the atmosphere by the transport of water
vapor. Precipitation in the tropics occurs as easterly winds converge in the Intertropical Convergence
Zone (ITCZ), leading to the vertical motion and moisture transport that make up the ascending
branch of the Haldey cell. In the subtropics, strong subsidence associated with the descending branch
of the Hadley cell leads to a minimum in precipitation and a region of net evaporation. Beyond this
dry zone, transient eddies transport water vapor into midlatitudes, where precipitation associated
with transient storm track eddies is high, leading to positive net precipitation (precipitation minus
evaporation, P E). These are the basic mechanisms that govern the spatial variation of zonal-
mean net precipitation. But the zonal mean accounts for only 40% of the total spatial variance of
annual-mean net precipitation.

Accounting for the rest of this spatial variability, variations about the zonal-mean hydrological
cycle take the form of extratropical stationary Rossby waves, dry subtropical lows, monsoons, storm
tracks, and Walker ciculations. Extratropical stationary Rossby waves are forced by interactions of
the jet stream with topography or by the atmospheric response to ocean heat release or dynamical
heating by transient eddies (Webster, 1981; Hoskins and Karoly, 1981; Held et al., 2002). They
are important for the maintenance of wet and dry zones over North America and Asia (Broccoli
and Manabe, 1992), especially in Northern Hemisphere winter. Dry subtropical lows over oceans

are associated with upstream Rossby wave propagation from topographic sources (Takahashi and



Figure 2.1: Annual-mean net precipitation (P E) from ERA-Interim reanalysis. Here and in all
subsequent gures, the elds are smoothed with a 1.5 real-space Gaussian Iter to remove small-
scale noise. The colorbar is logarithmic, with factors of two between contour levels. All absolute
values less than 0.125 m yr ® are white, with a grey contour separating positive and negative values.

Battisti, 2007) or monsoon heating (Rodwell and Hoskins, 1996, 2001) and play a role in steering
weather patterns that travel across ocean basins. Monsoons are highly seasonal wet zones associated
with low-level wind reversals that are part of a seasonal restructuring of the subtropical meridional
overturning circulation (Webster et al., 1998; Bordoni and Schneider, 2008) which can be ampli ed
locally by topographic blocking of moisture and energy uxes (Boos and Kuang, 2010). Zonal
variation in storm track precipitation governs the climates of midlatitude coastal regions and forces
ocean basin asymmetry in salinity and deep overturning (Warren, 1983; Emile-Geay et al., 2003;
Ferreira et al., 2010). Walker circulations are associated with zonally asymmetric ocean heat ux
convergence in the tropics, leading to a region of high evaporation and strong deep convection, e.g.,
in the Paci ¢ Warm Pool (Gill, 1980; Neelin, 1988; Philander, 1990).

Circulation patterns are tightly coupled to precipitation. Betts (1998) and Held and Soden
(2006) suggest that global-mean precipitation can be thought of as a product of the global upward
mass transport by all atmospheric circulations and a representative boundary layer moisture con-
tent. Similarly, the magnitude of variation in net precipitation with latitude can be directly tied
to the strength of the zonal-mean general circulation. O’Gorman and Schneider (2008b) show that
subtropical net evaporation due to mean- ow moisture divergence scales with the strength of the
Hadley cell and a measure of tropical moisture content. They also relate net precipitation in midlati-
tudes due to transient-eddy moisture ux convergence to the energy of transient eddies. Can zonally

anomalous net precipitation similarly be tied to the strength of zonally anomalous circulations?
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Broccoli and Manabe (1992) show in a GCM that the presence of orography is important for
maintaining midlatitude dry zones, which occur west of the troughs of orographically forced sta-
tionary Rossby waves. Similarly, dry zones can form associated with troughs of Rossby waves
propagating upstream from regions of monsoon heating, which may partially account for the aridity
of subtropical deserts (Rodwell and Hoskins, 1996, 2001).

While dry zones are associated with regions of low-level mass divergence in stationary Rossby
waves, wet zones are often associated with regions of convergence. Several studies point to the role of
lower-tropospheric ow convergence downstream of Tibet in setting the strength and spatial extent
of the strong East Asian Monsoon precipitation in early summer (Molnar et al., 2010; Chen and
Bordoni, 2014). Here we show using reanalyses that the same mechanisms apply to both wet and
dry zones and that the lower-tropospheric stationary-eddy mass ux convergence can be used to
gain quantitative insight into the magnitude of wet and dry zones globally.

Lower-tropospheric stationary-eddy mass ux convergence leads to vertical motion and vortex
stretching, which must be compensated in a steady state by a sink of absolute vorticity. We analyze
the zonally anomalous vorticity budget in reanalysis to gain insight into the balances that can sustain
this vertical motion. We nd that meridional advection of planetary vorticity and surface drag are
the primary contributors. This relates the hydrologically relevant stationary-eddy vertical motion
to the large-scale horizontal ow of the stationary eddies. Tools for understanding the response of
stationary Rossby waves to large-scale forcing by heating and orography (e.g., Hoskins and Karoly,
1981; reviews by Held, 1983 and Held et al., 2002) can thus be applied directly to understanding
the zonal variation of net precipitation.

We use ERA-Interim and MERRA reanalyses for this study as detailed in Section 2.2. In section
2.3, we discuss a decomposition of the zonally anomalous moisture budget, leading to the conclusion
that vertical motion in stationary eddies sets the predominant pattern of net precipitation, while
transient eddies and horizontal advection partially cancel, with the net e ect of bringing moisture
onto land and poleward across the storm tracks. In section 2.4, we discuss the dynamics leading to

vertical motion in stationary eddies using an analysis of the lower-tropospheric zonally anomalous
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vorticity budget. In section 2.5, we discuss the role of these mechanisms in shaping the asymmetry
of sea surface salinity between the North Atlantic and North Paci c, expanding on several other
studies that have looked at atmospheric control of northern high-latitude salinity asymmetries (e.g.,
Warren, 1983; Emile-Geay et al., 2003; Ferreira et al., 2010; Nilsson et al., 2013). In section 2.6
we discuss the extent to which the ideas developed apply to the full moisture budget, including
the zonal-mean component. In section 2.7, we provide an overview of the mechanistic picture these
physical balances leave us with.

It is worth emphasizing from the outset that in simplifying the zonally anomalous moisture
and vorticity budgets to their essential components, we seek not to obtain a complete quantitative

picture, but to provide insight into dominant mechanisms.

2.2 Data and methods

Moisture and vorticity budgets are analyzed using the European Center for Medium-Range Weather
Forecasts ERA-Interim (1.5 ) reanalysis products (Dee et al., 2011). Surface elds are averaged
from four-times daily 6 and 12 hour forecast elds produced from forecasts beginning at 0000 and
1200 UTC. Data on pressure levels are averaged from four-times daily analyzed elds produced at
0000, 0600, 1200, and 1800 UTC on 37 unevenly spaced pressure levels. All analyses are done on
1979{2012 climatologies; we checked subsets of this time period for robustness of the results.

Comparisons of the water cycle between multiple reanalysis projects (Trenberth et al., 2007, 2011)
show that they all tend to have unphysical regions of net evaporation over land, trends associated
with changes of observing system, and an overestimated magnitude of water cycling over oceans
(a ecting precipitation P and evaporation E but not P E). We are interested in the large-scale
balance of terms, which are generally reasonable in reanalyses and should be una ected by these
guantitative issues. All analyses shown here for ERA-Interim were repeated for the NASA Global
Modeling and Assimilation O ce MERRA (1.5 ) reanalysis (Rienecker et al., 2011) using surface
data and data assimilated on 42 pressure levels.

Trenberth et al. (2002) point out issues that can arise when analyzing vertically-integrated bud-
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gets in reanalyses on pressure levels, where information from pressure levels that are not always
present is incorporated via vertical interpolation. Both ERA-Interim and MERRA publish ver-
tically integrated moisture uxes, which we use to calculate the total moisture ux convergence.
However, decomposition of the total ux into stationary and transient components requires addi-
tional vertical integrations of di erent ux components. We checked the robustness of our results
between ERA-Interim’s interpolated pressure coordinate product, ERA-Interim’s hybrid model co-
ordinate product, and MERRA's pressure coordinate product. The large-scale balances are the
same irrespective of vertical coordinate system or dataset used, but signi cant di erences exist be-
tween pressure and hybrid-coordinate elds directly over topography. These di erences cannot be
disentangled from the di erent de nitions of stationary and transient eddies in di erent vertical
coordinate systems. All gures show elds from ERA-Interim pressure coordinate and surface elds.
Tables show values for both ERA-Interim and MERRA.

To study the in uence of zonal variation in net precipitation on ocean freshwater input, a river
network dataset must be used to route net precipitation from the continents into the appropriate
ocean drainages. We use the STN-30P 0.5 river topology dataset (Fekete et al., 2001; Vorosmarty
et al., 2000). This river network model gives the river outlet location for each land point. We make
no attempt to account for water storage in the drainage system. This is a justi able assumption for

the annual mean but not for seasonal variations in freshwater forcing.

2.3 Moisture budget

We examine the moisture budget in the present climate using ERA-Interim and MERRA reanalyses.
The total net precipitation, P E, is shown in Fig. 2.1 for ERA-Interim. We focus in particular on
understanding the mechanisms for zonally anomalous net precipitation (Fig. 2.2e), which accounts
for 60% of the spatial variance in the total P E. By de nition, the zonal mean P E (Fig. 2.2f)
accounts for the remaining 40%.

The zonal variation of P E primarily shows zonal variation of precipitation (Fig. 2.2a), espe-

cially over oceans. Zonal variation of evaporation (Fig. 2.2¢) shows moisture limitation in dry land
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Figure 2.2: Annual-mean hydrological cycle from ERA-Interim reanalysis. (a, b) Precipitation P (c,
d) evaporation E and (e, f) P E. The full elds are decomposed into zonal-mean components (b,
d, f) and zonally anomalous components (a, c, €).

areas and evaporative cooling of warm ocean waters in the western boundary currents.

The moisture budget provides a tool to analyze the ow patterns associated with spatial variation
in P E, avoiding complexities associated with studying precipitation or evaporation independently.
As net precipitation is the only substantial source/sink of atmospheric water vapor, in steady state

it must be equal to the time mean convergence of water vapor ux,

P E= r hugi: 2.1)

Here r is the nabla operator on a sphere, u = (u; Vv) is the horizontal wind, q is the speci ¢ humidity,
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and h i denotes a density weighted vertical integral over the atmospheric column,

ni= % (2.2)

0 g

Any vertical integral between limits a and b other than between 0 hPa and the full time-mean surface

pressure, pg, will be denoted by h ig. This framework for studying moisture ux convergence as a

measure of P E has been used in numerous studies of the hydrological cycle (Peixoto and Oort,

1983, 1992; Held and Soden, 2006; Trenberth et al., 2007, 2011; Seager et al., 2007, 2010, 2014;
Newman et al., 2012).

By Reynolds’ decomposition of the time-mean moisture ux, the climatology of P E on monthly

or longer timescales can be understood as the sum of the e ects of moisture convergence by the time

mean ow and transient eddies. We use ()0 to denote deviations from the time mean, (), such that

O=0+()and

P E= r ug+uq : (2.3)

The transient eddy term (u’q®) includes all correlations between u and g that are not represented
in their annual-mean climatologies (i.e., including seasonal correlations). Newman et al. (2012)
contains a discussion of how this transient-eddy moisture ux is split into synoptic variability (with
frequency less than 10 days) and low-frequency variability.

At this point, it is useful to split the moisture budget into zonal-mean and zonally anomalous
components, to analyze these portions separately. We use () to denote deviations from the zonal
mean, [], such that () =[]+ () . The zonal-mean moisture budget can be written as*

Pl El= r, W +[Olg+@g]l; (2.4)

where ry is shorthand for the meridional component of r. The zonally anomalous moisture budget

1By taking the vertical integral with the zonal-mean surface pressure, we are ignoring terms due to the zonal
correlation of moisture uxes and surface pressure, which are small (10 ® m yr 1). Further references to this
equation drop the limits of integration for clarity.
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can be written as

P E = r Uuq+[U][g]+oy (2.5)
where
vy U [g+[Ug +Uqg (2.6)

is the sum of all terms involving stationary eddies, including the interactions of stationary eddies
() with the zonal mean [] (cf. Kaspi and Schneider, 2013). Only the last of the three terms in
Eqg. (2.6), representing the traditional stationary eddy ux, contributes to the zonal mean. In this
framework, stationary eddy contributions include both zonally anomalous ow patterns (U ) and the
zonal variations in moisture (q ) that result from these circulations. The zonal-mean moisture ux
also shows up in the zonally anomalous moisture budget due to zonal variations in surface pressure,
which in uence the vertical integration. The relative contributions of the terms of Egs. (2.4) and
(2.5) to the total spatial variance in P E are tabulated in Table 2.1.
The zonal-mean moisture budget is analyzed in terms of Eq. (2.4) in Peixoto and Oort (1992).
In low latitudes it is dominated by the Hadley Cell, which has an equatorward surface branch,
resulting in the removal of moisture from the subtropics and convergence in the ITCZ. This is
represented by 1 h[U][q]i and is plotted in Fig. 2.3f. Beyond the zero of the mean- ow moisture
ux at approximately 30 , the moisture ux convergence is dominated by transient eddies, which
transport moisture from the subtropics and tropics to the midlatitude storm tracks, leading to
rainfall associated with synoptic variability. Figure 2.3d shows the contribution of transient eddies
to[P] [E]. Stationary eddies also contribute to the zonal-mean hydrological cycle via the correlation

of zonal variations in circulation and moisture, ¥y h[O g ]i, which is shown in Fig. 2.3b.

Table 2.1: Correlation of 1.5 Gaussian Itered moisture ux convergence terms withP E ( p E)
and global-mean spatial standard deviation, , for each eld. ERA-Interim and MERRA (in paren-
thesis) are both shown.
| P E |PIEI|P E | rimmi| r v | r oy
P E n/a 0.65 (0.60) | 0.76 (0.80) | 0.57 (0.57) | 0.21 (0.17) | 0.62 (0.54)
(myr )| 0.72 (0.62) | 0.47 (0.37) | 0.54 (0.50) | 0.39 (0.38) | 0.35 (0.50) | 0.60 (0.68)
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Figure 2.3: Contributions to the column-integrated moisture ux convergence from (a, b) stationary
eddies, (c, d) transient eddies, (e, f) the zonal-mean circulation, and (g, h) the residual of this
decomposition. The full elds are decomposed into zonal-mean components (b, d, f, h) and zonally
anomalous components (a, c, €, g).
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Scaling relations for changes in zonal-mean precipitation with climate change (O’Gorman and
Schneider, 2008b) start with an understanding of which terms of Eq. (2.4) are dominant in the
climate system. By decomposing the zonally anomalous moisture budget into the terms of Egs.
(2.5) and (2.6), we hope to provide similar insight into which components of the circulation need to
be understood in order to understand P E across di erent climates. This is relevant in light of
recent studies (e.g., Seager et al., 2007, 2010, 2014), which show that changes in circulation can be
as important as changes in atmospheric water vapor content for regional hydroclimate change.

The total zonally anomalous moisture ux can rst be separated into that due to stationary eddies
(W, Fig. 2.3a), that due to transient eddies (u°q?, Fig. 2.3c), and that due to correlations of the
zonal-mean ow ([u][q]). The residual of this decomposition, resulting from discreetization errors, is
small (Fig. 2.3e). We nd that the stationary-eddy moisture ux convergence (Fig. 2.3a) is leading
order in setting the pattern of P E , as can be seen, for example, in its strong correlation with
P E (Table 2.2). In many regions of the globe, especially over oceans, transient eddies provide
a negative feedback by transporting water vapor down moisture gradients set up by the stationary
eddies, to reduce zonal variation in moisture. This is an expected result as transient eddies have
been observed to cause down-gradient moisture uxes in a wide range of climates (Caballero and
Langen, 2005; O’Gorman and Schneider, 2008b).

The transient-eddy moisture ux convergence (Fig. 2.3c) is large in several coastal land areas

that are dried by the stationary eddy uxes, such as California, Chile, and Northern China. This

a
[} b 4
60 N = 1 \
‘g | 1
30 N{ 22 as’ i 0.25
EQ = () oS =1 ‘ 0
I
3051 @ } ! -0.25
60S : - -1
] - * I
+— V. <u/q’seasona1> W —4
90E 180 90 W 05 0 05 1 my!

Figure 2.4: Contributions to the column-integrated moisture ux convergence from the seasonal
cycle, determined from deviations of monthly means from annual means. The full eld is decomposed
into a zonal-mean component (b) and a zonally anomalous component (a).
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is consistent with what is found in other studies (e.g., Newman et al., 2012) where synoptic and
low-frequency variability is seen to be a major in uence on moisture transport from ocean to land.
Some of the transient eddy transport, especially in monsoonal areas, is accomplished by seasonal
correlations, which are not always considered as transient eddies and are therefore shown separately
in Fig. 2.4. This term is calculated using a Reynolds’ decomposition on monthly means. Transient
eddy uxes also provide a large contribution to P E in the Northern Hemisphere storm tracks
through strong local meridional moisture uxes, as is well established (see, for example, Peixoto and
Oort, 1992). Overall, transient-eddy moisture ux convergence has a weak positive correlation with
P E (Table 2.2).

The contribution of the convergence of the zonal-mean moisture ux ([U][g)) to P E (Fig.
2.3e), through the variation of surface pressure (and thus the total mass of the atmospheric column)
is small, except in a few regions of low surface pressure (high surface elevation). In these regions, the
moistening of the ITCZ and the drying of the Hadley cell subsidence zone are not felt as strongly
because some of the (higher) pressure levels used in calculating the zonal mean, and important for
the moisture budget, lie below the topography. This e ect contributes to the relative dryness of
equatorial Africa and South America and the relative wetness of northern and southern Africa in
our analysis on pressure levels. We will consider this a stationary-eddy term for the rest of the text.

We seek to understand which portion of Eq. (2.6) explains the large contribution of stationary-
eddy moisture uxesto P E . Speci cally, we would like to understand:

1. Is the zonal variation of speci ¢ humidity, § , an important in uence on regional hydroclimate?

2. Does P E arise from stationary-eddy horizontal advection or vertical motion (horizontal

divergence)?
For this purpose, we write the time-mean moisture ux convergence as

r o +[U][q]
2.7)

= hglr U+U ry[g+qr u+u rgi ;

where r di ers from r in that the derivative is density weighted [see Appendix 2A (Section 2.8)].
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Figure 2.5: Contributions to column integrated moisture ux convergence by stationary eddies from
(a) vertical advection of zonal mean speci ¢ humidity, (b) vertical advection of zonally anomalous
speci ¢ humidity, (c) horizontal advection of zonal mean speci ¢ humidity, and (d) horizontal advec-
tion of zonally anomalous speci ¢ humidity. The small moisture ux convergence due to correlations
of the zonal-mean moisture ux with zonal variations of surface pressure is included in (a) and (c).

In pressure coordinates, the density used is proportional to the probability that a pressure level is
above the surface at a given point in time (Boer, 1982). This di ers slightly from the methodology
of Newman et al. (2012), who put r in the advective term. While this is an equally valid choice,
density weighting the divergence is preferable in this case because hr Uigs = T(p), where 1 is the
vertical pressure velocity, a property we will use later in the text. In this decomposition (Eq. 2.7),
the rst and second terms on the right hand side are the portion of the stationary-eddy moisture
ux convergence that does not include q , addressing question 1. The rst and third terms are the
vertical motion contribution of the stationary eddies to the moisture ux convergence, addressing
question 2. Fig. 2.5 shows this decomposition of the stationary-eddy moisture ux convergence.
The stationary-eddy vertical advection of zonal-mean moisture, h[g]r Ui (Fig. 2.53), is
seen to be the dominant term. Vertical advection of zonally anomalous moisture, hg r Ui (Fig.
2.5b), is seen to enhance this vertical advection-based patternof P E over oceans due to relatively

high moisture content and reduce it over land due to moisture limitation. This term can be neglected,

except over Africa where moisture limitation apparently plays an important role. The horizontal








































































































































































































































































































































































































































































