1 JUNE 2021 SMITH ET AL. 4343

How Moist and Dry Intrusions Control the Local Hydrologic Cycle in Present and
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ABSTRACT: Models disagree on how much the hydrologic cycle could intensify under climate change. These changes are
expected to scale with the Clausius—Clapeyron relation but may locally diverge due in part to the uncertain response of the
general circulation, causing the hydrologic cycle to inherit this uncertainty. To identify how the circulation contributes, we
link circulation changes to changes in the higher moments of the hydrologic cycle using the novel dynamical framework of
the local hydrologic cycle, the portion of the hydrologic cycle driven by moist or dry intrusions. We expand this dynamical
framework, developing a closed budget that diagnoses thermodynamic, advective, and overturning contributions to future
hydrologic cycle changes. In analyzing these changes for the Community Earth System Model Large Ensemble, we show
that overturning is the main dynamic contributor to the tropical and subtropical annual response, consistent with a
weakening of this circulation. In the extratropics, we show that advective contributions, likely from storm track changes,
dominate the response. We achieve a cleaner separation between dynamic and thermodynamic contributions through a
semiempirical scaling, which reveals the robustness of the Clausius—Clapeyron scaling for the local hydrologic cycle. This
scaling also demonstrates the slowing of the local hydrologic cycle and how changing subtropical dynamics asymmetrically
impact wave breaking and suppress meridional moisture transport. We conclude that dynamic changes in the subtropics are
predominantly responsible for the annual, dynamic response in the extratropics and thus a significant contributor to un-
certainty in future projections.

KEYWORDS: Atmospheric circulation; Hydrologic cycle; Nonlinear dynamics; Climate change; Moisture/moisture bud-
get; General circulation models

1. Introduction hydrologic cycle (O’Gorman and Schneider 2009; Seager et al.
2010; Bony et al. 2013; Pendergrass and Gerber 2016; Pfahl
et al. 2017; Tandon et al. 2018; Weller et al. 2019; Chen
et al. 2019).

Despite this recent effort, delineating between dynamically
and thermodynamically driven changes in future projections of
the hydrologic cycle remains a challenge, complicated by the
nonlinearity of advection in the advection—diffusion—conden-
sation problem, which controls the hydrologic cycle (Neelin
et al. 2010; Lu et al. 2017). Consequently, statistical methods
for decomposition that rely on the empirical correlation be-
tween precipitation amount and vertical velocity may be in-
valid in some regions, particularly the subtropics (Pfahl et al.
2017). Physically based methods that scale precipitation with
the moist adiabatic lapse rate require assumptions of large-
scale saturated ascent (Pfahl et al. 2017), and they cannot
discriminate between the varied processes responsible for that
ascent beyond the relative impacts of stability and the length
scale of convergence (Tandon et al. 2018). Decompositions of
the Eulerian column water vapor budget can result in various
nonlinear or higher-order terms (Seager and Henderson 2013;
Byrne and O’Gorman 2015; Lu et al. 2017), which are not al-
ways negligible and can be challenging to compute or interpret
(Seager and Henderson 2013).

The heterogeneous nature of the dynamic component of
hydrologic cycle change compounds these diagnostic chal-

Climate change will intensify the hydrologic cycle, both in
the mean and the extremes (Trenberth 1999; Allen and Ingram
2002; Held and Soden 2006; O’Gorman and Schneider 2009;
O’Gorman 2015; Chen et al. 2019). While this intensification
will not be spatially uniform (Neelin et al. 2013; Polade et al.
2017; Lu et al. 2018; Song et al. 2018; Feng et al. 2019), confi-
dence in this intensification stems from global energy con-
straints (Trenberth 1999; Held and Soden 2006) and basic
thermodynamic principles (Lorenz and DeWeaver 2007,
Stephens and Hu 2010). Regionally, the magnitude of hydro-
logic cycle changes is less certain, despite clear thermodynamic
signals (O’Gorman 2015; Pfahl et al. 2017). This uncer-
tainty is largely due to uncertainty in atmospheric circulation
changes, often termed the “dynamic” response (Lu et al. 2014;
O’Gorman 2015; Pfahl et al. 2017; Tandon et al. 2018; Weller
et al. 2019), although other drivers of regional climate such as
land-sea contrast may contribute (Byrne and O’Gorman
2015). Work to reduce uncertainty in regional changes has
concentrated on isolating the dynamic or circulation-driven
component of change across the probability distribution of the
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lenges. This dynamic component aggregates many changes in
the atmospheric circulation: at the largest scales, jet streams
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Hadley circulations widen (Kang and Lu 2012; Lu et al. 2007,
Staten et al. 2019); at local levels, circulations respond to in-
creased land-sea contrast (Byrne and O’Gorman 2013; Joshi
et al. 2008), dwindling sea ice (Kim et al. 2014; Romanowsky
et al. 2019), and modified sea surface temperatures (Huang et al.
2017). Thus, narrowing the spread in future projections of re-
gional hydrologic cycle changes requires process-level under-
standing (Liu et al. 2020; Polade et al. 2014).

However, understanding these dynamic changes in isolation
neglects their interdependence (Pendergrass and Gerber 2016;
Thackeray et al. 2018). Despite this, precipitation-producing
(“wet”) processes and precipitation-inhibiting (“‘dry’’) pro-
cesses are often studied separately—a natural dichotomy given
the highly skewed distribution of precipitation and the enor-
mous range of climatological precipitation characteristics.
While such wet and dry speciation has yielded substantial in-
sight (Liu et al. 2020; al Fahad et al. 2020), it may obscure the
relative contributions of wet and dry processes to the net re-
sponse. For example, understanding future changes in rain
rates requires understanding changes in both ascent and de-
scent (Pendergrass and Gerber 2016). This interdependence
motivates an approach that focuses on the driving circulations
common to all wet and dry processes. To address this goal, we
develop a hybrid Eulerian-Lagrangian framework to analyze
the higher moments of the wet and dry ends of the hydrologic
cycle in present and future climates, benefitting from both a
closed budget equation and a diffusive scaling relationship.

Central to our effort is the local hydrologic cycle (LHC), in-
troduced by Lu et al. (2017; hereafter L.17). Intuitively, the LHC
represents the net precipitation or evaporation driven by ‘‘zon-
ally anomalous” moisture or dryness, which we refer to as moist
or dry intrusions. However, the measure of zonal asymmetry
used here is not the Eulerian zonal mean [as in, e.g., Wills et al.
(2016)]. Rather, we measure zonal asymmetry with respect to a
Lagrangian background state, which is more strongly con-
strained to Clausius-Clapeyron (CC) scaling than its Eulerian
counterpart, as we will demonstrate. This approach enables an
alternative perspective on the role of moisture transport process
in dynamically and thermodynamically modifying the hydro-
logic cycle. We define the LHC more formally in section 2.

In introducing the LHC framework, L.17 primarily focus on
its zonal-mean formulation and its application to atmospheric
rivers (ARs) and precipitation extremes. Lu et al. (2018;
hereafter L18) confirm this robust connection between the
LHC and more traditional metrics of precipitation extremes
(see their Fig. 3) while also introducing the zonally varying
LHC, which they use to examine changes in ARs in the western
United States. Xue et al. (2018) similarly utilize the LHC frame-
work to study the Asian summer monsoon. A prominent result of
these previous works on the LHC is that the LHC slows in re-
sponse to climate change in a manner analogous to that seen for
the mean hydrologic cycle (i.e., Held and Soden 2006).

The structure of this work is outlined as follows. In section 2, we
review the LHC framework and its assumptions, extend the moist
framework of .17 and L18 to encompass the dry component of the
LHC, and develop its closed budget equation analogous to the
Eulerian moisture budget (e.g., Seager et al. 2010). In section 3, we
describe the Community Earth System Model (CESM) Large
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Ensemble (LENS) dataset utilized here, along with challenges in the
numerical implementation of the LHC framework. In section 4, we
present our results, beginning by examining advective and over-
turning contributions from the LHC budget in section 4a. In
section 4b, we further probe dynamic changes using the mixing
length scale, hydrological cycling rate, and participation ratio, finding
that the slowdown of the LHC seen in L17 for the wet component
extends to the dry component and that changing subtropical dy-
namics drive an asymmetric response in the mixing length between
the wet and dry components. In section 4c, we examine moist in-
trusions that transport moisture but do not participate in the LHC,
with implications for AR. Our results highlight the predominant role
played by the large-scale circulation in determining the dynamical
response, suggesting that constraining changes in the spatial distri-
bution of hydrologic cycle extremes in the extratropics must begin
with constraining the meridional shifts in the large-scale circulation.

2. LHC budget formalism

The LHC is founded upon displacements (“‘intrusions’’) of
column-integrated water vapor (CWV) from a semi-Lagrangian,
zonally symmetric background state. This background state is de-
termined by conservatively “zonalizing” the zonally meandering
CWV isosurfaces. Schematically, this is illustrated for the Northern
Hemisphere in Fig. 1. For an individual contour (red line), this
process can be conceptualized as determining the parallel (termed
the equivalent latitude, thick black dashed line) which divides the
contour into two regions of equal area, one region consisting of
the poleward moist intrusions (shaded in aqua) and the other of the
equatorward dry intrusions (shaded in tan). Equivalently, the sur-
face area enclosed poleward of the equivalent latitude is equal to
that enclosed poleward of the contour. This process is accomplished
numerically by sorting and rearranging a gridded CWYV field, taking
proper steps to ensure conservation of mass. Repeating this process
for every equivalent latitude yields the background state.

It bears repeating that the background state defined here
is better constrained to the climate state than the zonal mean,
for reasons similar to those argued by Huang and Nakamura
(2016) in the context of potential vorticity. Given this back-
ground state for CWV, we can now utilize it to define moist and
dry intrusions and to integrate the net precipitation or evapo-
ration within the moist and dry intrusions, defining the LHC.

To formally derive the LHC budget, we begin with the col-
umn water vapor equation, which can be derived by taking the
vertical integral of the familiar moisture equation (see L17 or
Trenberth and Guillemot 1995):

Z—T:(E—P)—V.(mv). )

Here m is column water vapor (CWV), E is column evapora-
tion rate, P is column precipitation rate, and v is the vertically
integrated product of specific humidity and horizontal ve-
locity normalized by the CWV. Since the velocity is weighted
by specific humidity, v can be thought of as the lower-
tropospheric-mean horizontal velocity. Due to data availabil-
ity constraints, we approximate column evaporation rate £ and
precipitation rate P with their surface rates. This does not ac-
count for the possibility of “teleportation”” of CWV where
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FI1G. 1. Schematic of the wave activity transformation. Shading represents column water vapor
(in 10 kg m™? increments), arrows represent the moisture transport or column water vapor flux,
and gray contour lines represent the net precipitation (in 3 mm day ! increments). The thick black
dashed line is the equivalent latitude, chosen such that the areas in tan and those in aqua have
equal areas. Integrating net precipitation from the equivalent latitude to the red contour line at a
particular longitude yields the local hydrologic cycle at that longitude and (equivalent) latitude.

water vapor is condensed, advected out of the column, and re-
evaporated elsewhere, but we find these errors, in conjunc-
tion with model failure to conserve water mass, to be small,
asin L17.

To focus on moist and dry intrusions and remove the back-
ground state, we utilize the local wave activity (LWA) trans-
formation. LWA is a conservative line-integral transformation
given by

~_ ~ a

coso, J m>M.p>d,
a

C05¢e J m<M.$<é,

() cos dep

()cospdp, (2)

where a is the radius of Earth, ¢ is latitude, ¢, is the equiv-
alent latitude, and M is the background state CWV; ( )" de-
notes integration over moist intrusions and ()~ denotes
integration over dry intrusions. For further discussion of the
LWA transformation, we refer the reader to the literature [in
particular, 17, L18, and Xue et al. (2018), but also Huang and
Nakamura (2016, 2017) and Nakamura and Solomon 2010,
among others].

Applying the LWA transformation (2) to the CWYV field
yields the moist (A™) and dry wave activity (4~), which mea-
sure the amplitude of moist and dry intrusions, given by

A=A"—A =m)" —(m) . A3)

We apply (2) to the full CWV field, instead of the more
common choice for wave activities of the eddy field, as back-
ground state moisture still plays an important role in the
generation of moist intrusions, as we will show. The CWV
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budget equation can be similarly transformed using LWA to
produce the LHC budget. Changes in this budget will reveal
changes that are driven by the background state M, which we
term the ‘‘thermodynamic” component of the budget, and
those that are driven by advective or overturning processes.
Integrating the CWV budget [Eq. (1)] using the definition of
LWA [Eq.(2)] and of wave activity [Eq. (3)], and simplifying
with the Leibniz integral rule, we yield the basic LHC budget:

LA=Mn) = (E=P) ~ [V-(mv). @

Here 7 represents the meridional extent of a moist intrusion or
its mixing length, which will be discussed in more detail later.
While further simplification of this budget will lead to greater
insight, the basic budget has several important features. Most
importantly,

P-E) =(P-E) +(E-P) )

represents the LHC, broken into wet and dry components
(gray contours in Fig. 1). This definition reveals the LHC to be
the net precipitation (evaporation) connected with moist (dry)
intrusions, from processes such as warm conveyor belts, AR,
low-level jets, or blocks. Since such events are frequently re-
sponsible for wet and dry extremes, the LHC agrees well with
more traditional measures, such as the 99th percentile of P — E
(L18; Xue et al. 2018).

Equation (4) reveals that the LHC is balanced by the ten-
dency of the adjusted wave activity (A — Mn) and by the local
moisture flux convergence (second term on the rhs, black arrows
in Fig. 1). The wave activity must be adjusted because of our
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choice to include the background state in our definition of wave
activity, even though the background state itself does not drive
the LHC. Importantly, the adjusted mean wave activity tendency
is negligible on annual to decadal time scales because surface
temperatures largely determine atmospheric moisture storage.
This suggests that the dominant balance in (4) is between the
LHC and the local moisture flux convergence; we will henceforth
neglect the tendency. This introduces slight errors in the moist
budget for the annual-mean and well-defined seasons and larger
(but still small) errors in the dry budget and shoulder seasons
(see Fig. 1 in the online supplemental material on the Journals
Online website: https://doi.org/10.1175/JCLI-D-20-0780.s1).

To further simplify the basic budget (4) to gain further in-
sight into the LHC, we partition m into a linear combination of
the background state M and the intrusions, m, = m — M. We
further apply Leibniz rule and split the horizontal velocity v
into zonal u and meridional v components, aided by the inte-
gration of the moisture flux divergence m] over a closed
domain. This yields the following budget:

—_— —_— a I
(P—E)=-M( -v)+mu —a[(meu)] . (6)
Here we use d/dx = [1/(acos¢,)]d/0A (A being longitude) for

brevity. Equation (6) is developed more rigorously from (1) in
section 1 of the online supplemental material.

S(P—E) =—(EM)(V-v)' = M5 [ (Vv | + 8(miv) - 5{ [(m ) }}
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Defining 8 = (6)ruture — (6)present as changes in (6) from
present (1990-2005) to future (2071-80) climates, we decom-
pose the annual-mean changes in the LHC budget:

s(P—E) = ~@OM)(V-v) M| (V-v)]
+5(m.v) —5{%[@)] } )

Here the overbar () = 0.5[()syrure + ( Jpresent] Signifies the mean
over both c/limates. In deriving (7), we neglect the cross term
S8[M'(V - v) ] (primes indicate deviations from the time mean).
This term varies primarily on seasonal time scales and does
not change greatly between climate states (not shown). Thus, it
represents a negligible fraction of the total annual and monthly
changes. Ignoring this cross term means our decomposition
tends to overpredict the magnitude of the changes mildly, but
by less than 10% (see supplemental Fig. 1). Neglecting this
term is not essential to our method nor does it impact our
conclusions.

As a final step, the changes in the budget given in (7) are
separated into moist and dry contributions, which is a unique
advantage of this approach. Since moist intrusions () and dry
intrusions (m, ) are computed separately, we can consequently
apply this decomposition to moist and dry intrusions separately:

(8a)

S(E—P) =@6M)(V-v) +m{(vA-7)*] — 8(m; ) +a{ [@7) ]}
S )

thermodynamic

Each of the four terms on the rhs of (8) give some insight into
what processes are physically responsible for modulating the
LHC in a changing climate (see supplemental Fig. 2). The first

term, (8M) ﬁ), represents the contributions from the in-
creasingly moist background state M, weighted by the mean
convergence (divergence); it therefore captures the dominant
thermodynamic influences in the decomposition. The second
term, M8|(V - v)|, quantifies contributions from changes in
the low-level convergence of background moisture and is
intimately linked to changes driven by a weakening over-
turning circulation (Held and Soden 2006; Vecchi and Soden
2007) and increasing static stability (Kang and Lu 2012; He
and Soden 2017). The third term, 8(m.v), corresponds to
changes driven by meridional advection of moist or dry intru-
sions. It captures the primary contributions of phenomena that
transport large amounts of moisture or dryness meridionally,
such as AR and cyclones (tropical or extratropical) in the moist
case, or anticyclones in the dry case. The final dynamic term,
6{8/ax[@) }, is the zonal local wave activity (LWA) flux
convergence and consists of changes in zonal variations in the
zonal transport of moist or dry intrusions, which are prominent
in jet-entrance, jet-exit, and coastal regions. By construction, the
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overturning

N—_——
meridional
advection

(8b)
zonal LWA flux
convergence

zonal LWA flux convergence term does not contribute to
changes in the zonal-mean LHC (see L17). Given the predom-
inantly rotational nature of the low-level extratropical flow, the
zonal LWA flux convergence term largely offsets the meridional
advection term. In designating contributions as ‘“‘advective”
(meridional advection and zonal LWA flux convergence terms)
or “‘overturning,” we note that these are not orthogonal like
the result of a Helmholtz decomposition; rather, they reflect the
dominant circulation regimes responsible for the resulting pre-
cipitation or evaporation.

Because the background state M is so fundamental to under-
standing the LHC and it drives the thermodynamic contributions,
we argue here why it is expected to follow CC scaling under cli-
mate change. To begin, we define CWV saturation fraction o =
MIM,, where M; is the saturation background state CWYV,
the temperature-controlled upper bound on the background
state CWV. To first order, we assume that saturation CWV M
responds to column temperature changes in the same fashion
as saturation specific humidity (e.g., Lorenz and DeWeaver
2007). Denoting mass-weighted, vertically averaged (-), CWV
contour-following (-) temperature as (T), this implies that
M, ~ My exp[—L,(Rwy(T)) '], where My is an unimportant
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baseline constant for M. Thus, we expect the background state to
behave as

M ~ oM, exp[—L, (R, (T))"']. 9)

We now divide future state (subscript 2) by present state
(subscript 1) and assume the column saturation fraction does
not change greatly between climate states (similar to the as-
sumption of constant relative humidity, e.g., Held and Soden
2000). This assumption works reasonably well in most regions,
which we will validate in section 4b. We also replace the ver-
tically averaged temperature with the surface temperature
since it is mass-weighted. This gives

M _
ﬁ? ~ exp(aAT,),

(10)
where a%LvR;‘}V(TAS/)’Z, which should be roughly constant
between climate states. Therefore, we expect changes in
background zonal-mean CWYV to scale in accordance with the
CC relation as A(InM) ~ AT, (cf. Lorenz and DeWeaver
2007, O’Gorman and Muller 2010).

3. Data and methods

To analyze the LHC response to climate change, we utilize
archived data from the Community Earth System Model,
version 1 (CESM) Large Ensemble (LENS). Briefly, CESM
LENS is an approximately 1.25° X 1° coupled Earth system
model simulation comprising 40 members started with varying
initial conditions. A detailed description of the CESM LENS
experiments is outlined in Kay et al. (2014). Six-hourly data
including precipitation, latent heat flux, surface temperature,
specific humidity, velocity, surface pressure, and surface geo-
potential height were downloaded from the National Center
for Atmospheric Research. Having 40 ensemble members in-
creases the ability to reduce internal climate variability, al-
lowing for clearer identification of the forced response and of
uncertainty related to internal variability. In this case, the re-
sponse is forced by RCP8.5, the high emissions pathway that
would result in a global radiative forcing of 8.5 W m ™2 by 2100.

From the downloaded data, we compute CWV and CWV-
weighted velocity according to .17 [see their Eq. (2)], and then
apply the wave activity transformation (2) at each grid point for
the Eulerian-equivalent terms in (8). Lagrangian quantities
such as m, cannot be properly handled by the numerical routine,
and thus we use the equivalence (8/x)[ (m.u)] = (8/0x)[(mu)] —
M (d/9x)[(u)] to diagnose the zonal convergence term.

The result of the wave activity transformation is that data
appear at their equivalent latitude rather than their actual lati-
tude. Since CWV increases moving equatorward, the equivalent
latitude for moist wave activity is equatorward of its actual lati-
tude and vice versa for the dry wave activity. This produces some
artifacts, with a “squeezing” of the moist LHC at the equator and
of the dry LHC at the poles. However, we do not correct for this
because there is not a one-to-one mapping between the actual
latitude of precipitation and its equivalent latitude. Nevertheless,
as argued by L17 (see their Fig. 3), the vast majority of intrusions

Brought to you by Indiana University Library | Unauthenticated | Downloaded 10/25/22 06:47 PM UTC

SMITH ET AL.

4347

are within 5° of their equivalent latitude and the resulting center
of precipitation is typically within 10°. The displacement between
the precipitation center and the equivalent latitude is greatest
in the subtropics, where the moisture transport function domi-
nates the condensation function.

Further artifacts are introduced in the dry LHC budget by
orography, which appears as a dry “island” with an equivalent
latitude near the poles. Since these artifacts are local to orogra-
phy, we mask all parts of the LHC (moist and dry) whenever the
surface exceeds 800 m in height, and we mask poleward of the
Himalayan Plateau for the dry LHC. While some proposals exist
to correct for these artifacts, they are prohibitively computation-
ally expensive and thus are left for implementation in future work.

4. Results and discussion
a. Processes behind hydrologic cycle change

The present-day (1990-2005) climatology of the wet LHC
(Fig. 2a) in CESM LENS highlights regions of heavy precipi-
tation, particularly emphasizing regions upstream of large
moisture transport (black arrows), storm tracks, and the in-
tertropical convergence zone (ITCZ). The good agreement
between the low-level circulation and the spatial distribution
of the LHC gives confidence that the nonlocality discussed
in section 3 is generally small. Examining RCP8.5 fractional
changes (2071-80 minus 1990-2005, divided by 1990-2005) in
the wet LHC (Fig. 2b), we see a spatial pattern analogous to
the wet-gets-wetter, dry-gets-drier pattern previously found for
hydrologic cycle change (e.g., Held and Soden 2006). Fractional
changes show decreases in the subtropics, where the present day
is near zero; modest increases in the extratropics (with a notable
local maximum in the North Atlantic, to be discussed in more
detail later), where the LHC is largest in the present day; and
only faint increases in the deep tropics. The latter result should
be understood primarily as a consequence of the LWA trans-
formation, which leads to a “squeezing” of Eulerian features
near the equator and a small discontinuity at the equator itself.

There are two important results seen in the fractional change
of the wet LHC. First, while the wet LHC tends to increase
where it is wet and decrease where it is dry, the fractional
changes shown here stray from the scaling of Held and Soden
(2006), which predicts fractional changes that mirror surface
temperature changes. The breakdown of this scaling for the
LHC is consistent with the breakdown seen for the Eulerian
zonally anomalous hydrologic cycle, where stationary eddy
contributions generally show a spatial pattern of expansion
rather than thermodynamic intensification (Wills et al. 2016).
The other important result seen in these changes is the rela-
tively good agreement between ensemble members (indicated
by lack of stippling in Fig. 2b, which measures ensemble dis-
agreement). The ensemble disagreement in future wet LHC
changes is primarily seen on the edges of subtropical dry zones,
suggesting that the disagreement may primarily be on the ex-
tent of subtropical expansion.

As might be anticipated, the climatology of the dry LHC
(Fig. 2¢) stands out in the subtropics and over major ocean
evaporation basins, with subtropical stationary circulations
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FIG. 2. Annual, ensemble-mean (a) present-day (1990-2005) wet local hydrologic cycle [LHC; (P — E)*; shad-
ing], (b) RCP8.5 (2071-80) fractional change in the wet LHC, (c) present-day dry LHC [(E — P) ; shading],
(d) RCP8.5 fractional change in the dry LHC. Arrows in (a) and (c) represent the annual-mean, ensemble-mean,
vertically integrated, specific-humidity-weighted velocity (v), a measure of low-level tropospheric flow. All data are
taken from the CESMv1 Large Ensemble (LENS). Stippling represents regions where fewer than 85% of the 40
ensemble members agree on the sign of the response; land surface height above 800 m is masked in gray due to the

impacts of orography on computing the LHC.

(black arrows) strongly influencing the spatial distribution. It is
small over the land surface, likely due to soil moisture limiting
evaporation. RCP8.5 fractional changes in the dry LHC (Fig. 2d)
reveal the poleward expansion of the subtropical dry zones
alongside a robust increase in most regions for evaporation
connected with dry intrusions, with some modest weakening in
the equatorial Pacific and over some land regions. Despite ro-
bust increases in the dry LHC, many of these regions also exhibit
increases in the wet LHC, highlighting the compensating effects
of hydrologic cycle intensification. These changes in the dry
LHC further suggest that a simple thermodynamic scaling such
as the dry-gets-drier paradigm does not adequately explain LHC
changes. They also foreshadow the consistent storyline of this
work that the subtropical expansion and precipitation decline
has profound impacts on the wet and dry ends of the LHC.
We now diagnose the components of the LHC and its
changes using (8). The spatial pattern of the present-day wet
LHC is broadly set by the large-scale convergence of back-
ground moisture [M (V - v)"; Fig. 3a], which is strongest near
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the ITCZ but also contributes on the equatorward flank of
storm track regions, reflecting the influence of overturning
circulations. Meridional advection of moist intrusions (m) v;
Fig. 3c) tends to have local maxima in storm track regions,
reflecting the importance of moisture transport for these re-
gions. As expected, a portion of this meridional advection is
offset by the zonal moist local wave activity (LWA) flux con-
vergence, namely /x| (m.u) "] (Fig. 3e).

As with the moist case, the spatial structure of the
present-day dry LHC is set by the spatial pattern of diver-
gence of background moisture [M (V - v) ; Fig. 3b], which is
connected with large-scale overturning. It is largest in the
subtropics, with negative values (green shading) likely being
artifacts of orography. Meridional advection of dry anom-
alies (m_v; Fig. 3d) also exhibit local maxima in the sub-
tropics and equatorward of storm tracks in regions of
anticyclonic wave breaking. As before, the zonal divergence
of dry LWA (8{0/dx[(m.u)"1}; Fig. 3f) offsets some of the
meridional advection.
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FIG. 3. Annual, ensemble-mean components of the closed LHC budget for the present-day (1990-2005) climate
in CESM LENS. The LHC is balanced by the low-level (a) convergence or (b) divergence of background moisture,
meridional advection of (c) moist or (d) dry intrusions, and the zonal (¢) moist local wave activity (LWA) flux
convergence or (f) dry LWA flux divergence. As in the previous figure, land surface above 800 m is masked (gray

shading).

The results of this decomposition into overturning and ad-
vective components show that our budget-based decomposi-
tion can identify contributions to the LHC based on their
associated circulation regime. While it is not unique in this
capacity (e.g., Seager and Henderson 2013; Chen et al. 2019),
our decomposition is rooted in the processes that produce or
suppress precipitation and thus provides a new perspective to
link changes in the circulation to the hydrologic cycle. To be-
gin, we apply (8), normalized by the present-day LHC, to yield
the RCP8.5 fractional changes. The *“‘thermodynamic” con-
tributions, (8M)(V - v), behave similarly between wet and dry
budgets and agree with CC scaling in most regions (Figs. 4a,b).
The addition of the convergence weighting (V - v) does lead to
some zonal variations from CC scaling, particularly for the
moist case. The dry thermodynamic response is largely posi-
tive, even with increasing background CWV, partially because
an increase in water vapor holding capacity increases both
vapor pressure deficit and the local slope of the CC relation,
strengthening evaporation (Scheff and Frierson 2014).

Examining the contributors beyond the background state,
we see that overturning contributions to the wet LHC
(M8[(V - v)"]; Fig. 4c) weaken it; possibly due to the weak-
ening in the overturning circulation (Vecchi and Soden 2007)
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or the increase in dry static stability (Kang and Lu2012; He and
Soden 2017) suppressing large-scale convection. Overturning
contributions to the dry LHC (MS8[(V - v)” ]; Fig. 4d) dominate
the structure of changing dry intrusions, with prominent sup-
pression of dry intrusions (green shading) in most regions,
particularly the equatorial Pacific. Despite the importance of
weakening divergence for enhancing the dry LHC, it remains
unclear whether this weakening is due to the increase in the
effective dry stability and subsequent weakening of downward
motion in a warming climate (Tamarin-Brodsky and Hadas
2019), the weakening of tropical large-scale overturning and its
associated subsidence (Vecchi and Soden 2007), the weakening
of radiatively driven subsidence by the longwave effects of
increased greenhouse gases (Bony et al. 2013), or some com-
bination of the above. Amidst this suppression, overturning
contributions in the North Atlantic region act to enhance the
dry LHC. One possible interpretation here is an expansion of
subtropical dry zones and the poleward shift of storm tracks,
both of which may allow for deeper propagation of dry waves
into the midlatitudes.

Turning to contributions from advective circulations, me-
ridional moist advection [8(r v); Fig. 4¢] dominates dynamic
wet LHC changes in the midlatitudes, particularly in storm
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FIG. 4. Fractional contributions of the different components of the LHC to the fractional RCP8.5 change (2071-
80 minus 1990-2005) in CESM LENS. Changes in the LHC are separated into those driven (a),(b) thermody-
namically, (c),(d) by the overturning circulation, by the meridional advection of (e) moist or (f) dry intrusions, and
by the zonal (g) moist LWA convergence or (h) dry LWA divergence. Contributions are determined by taking the
change in each budget term of Eq. (8) and dividing by the present-day wet or dry LHC so that they remain additive.
Stippling represents regions where fewer than 85% of the 40 ensemble members agree on the sign of the response.
As in previous figures, land surface above 800 m is masked (gray shading). Note the differing scales between (left)
wet and (right) dry LHC changes, chosen to align with Figs. 1b and 1d, respectively.

track regions, as expected. Close comparison of the changes
with present-day contributions (Fig. 3c) reveals a modest
poleward shift and intensification. This poleward shift is con-
sistent with previous work (Chang et al. 2012; Tamarin-
Brodsky and Kaspi 2017), although some studies, even those
specifically examining CESM LENS, do not see dynamic in-
tensification (Wang et al. 2017; Peings et al. 2017; Yettella and
Kay 2017). In part, this difference could be due to the nature of
the LHC compared to Eulerian metrics, as the former em-
phasizes the area of an intrusion and the latter emphasizes its
temporal variance (Chang et al. 2012). Supporting this
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interpretation, Lagrangian compositing of extratropical cy-
clones in CESM LENS has shown that individual storms pro-
duce more precipitation, while their frequency and lifetime get
reduced (Yettella and Kay 2017). This difference also fore-
shadows the residual thermodynamic influences in the advec-
tive term, which will be further discussed in section 4b.
Changes in meridional dry advection [8(m_ v); Fig. 4f] are
generally a weak but positive (drying) contributor to the dry
LHC. The relative zonal homogeneity here suggests it may
reflect the thermodynamic contributions of an increasing
background moisture gradient. An important exception here is
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near North Africa and the Mediterranean, where there is a
local maximum in dry advection contributions that is largely
offset by other changes.

The zonal moist LWA flux convergence (6{(6/8x)[(7n:;)+]};
Fig. 4g) is responsible for much of the heterogeneity of the wet LHC
response. This term contributes positively (wetting) on the western
boundary of continental landmasses, particularly over the
western coast of the United States, both in the annual mean
(Fig. 3g) and in DJF (not shown here). Because zonal LWA
flux convergence can be generated by landfalling AR, in-
creases of AR along the North American Pacific coast (Gao
et al. 2015; Hagos et al. 2016; L18) may explain the increases
seen here. Orography generally enhances this flux conver-
gence on its windward (western; cf. Fig. 2a) side and sup-
presses it on the leeward (eastern) side, although some
influence of orographic artifacts (as discussed in section 3)
cannot be ruled out. There is a local maximum in contribu-
tions from the flux convergence in the jet exit region of the
North Atlantic. This could be attributable to the cooler sea surface
temperatures (SST) resulting from the North Atlantic warming
hole (Menary and Wood 2018), which could trigger condensation
for relatively warmer parcels zonally advected into the region.

The dry zonal LWA flux divergence (3{(0/8x)[(7n:;)7]};
Fig. 4h) is a crucial avenue for subtropical expansion of the dry
LHC, particularly in the North Atlantic and South Pacific
where subtropical anticyclones strengthen (He et al. 2017).
Consistent with Scheff and Frierson (2012), who suggest that
uncertainty in extratropical precipitation change predomi-
nantly results from subtropical expansion, we find this flux di-
vergence term to be more uncertain (i.e., more stippling) than
the other LHC contributors. Intriguingly, the zonal divergence
appears to play a larger role than the meridional advection in
determining the spatial structure of dry LHC changes. This
suggests that an increase in the magnitude of dry intrusions
(m,_ , which appears in both advective terms) is not sufficient to
explain the advective changes. This is significant because m, is
partly thermodynamic, as we now explain.

b. Isolating dynamic changes

Because advective terms are influenced by a steepening
moisture gradient, they do not represent purely ‘“‘dynamic”
contributions to the LHC. While these budget terms do not
explicitly contain the background state M, a simple diffusive
picture (e.g., Vallis 2006; Caballero and Hanley 2012) of a
moist or dry intrusion suggests that its magnitude [m, ~ (IM/
dy)n] depends on its mixing length (7)) and the gradient (9 M/
dy) it is mixed across. Changes in this gradient are essentially a
thermodynamic response given the exponential response of the
background state (i.e., CC scaling; also see Caballero and
Hanley 2012).

To demonstrate that the background gradient obeys CC
scaling like the background state, we derive a scaling for it by
taking the meridional gradient of (9) and taking the ratio be-
tween future and present climate states, as before. We also
neglect terms that do not contribute in the first order. The
result, derived more rigorously in section 2 in the online sup-
plemental material (on the Journals Online website: https://
doi.org/10.1175/JCLI-D-20-0780.51), is
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Thus, to more cleanly separate thermodynamic from dynamic
influences on the LHC, we introduce the LHC scaling. This
scaling is independent of the budget analysis of section 4a and
derives from the semiempirical linear relationship between wet
(dry) LHC and moist (dry) wave activity. This relationship,
found for the moist and total wave activities by .17 and L18,
also extends to the dry, and it is expressed as

N + _ +
(P-E)" AA

,T+

(12a)

(E-P) ~ — (12b)
Here A is the critical amplitude (supplemental Fig. 4), de-
fined as the minimum amplitude required of a moist intrusion
to participate in the wet LHC. It is calculated as the intercept in
the linear regression between A™ and (P — E)* (L17; Xue et al.
2018). The intercept is negligible for the dry regression, im-
plying that dry waves do not need a critical amplitude. (This
asymmetry is analogous to ascent and descent, the latter always
being unsaturated.) The other important scaling factor here is
7, which represents the time scale over which moist and dry
intrusions are damped by their respective sinks (supplemental
Fig. 4). Since the LHC acts as a wave activity forcing on short
time scales [0A/dt; see (4)], 7 can be understood as an ap-
proximate e-folding relaxation time for the wet LHC to return
wave activity to its critical amplitude and the dry LHC to re-
turn wave activity to the background state.

When calculating the above regression, we first aggregate
the 1.25° X ~1° data into 7.5° X ~6° data (using six-by-six
blocks of the original grid as the new grid cell) because the
strength of the linear relationship between A and (E — P)
comes in part from the central limit theorem (L17). For most
grid cells, this brings enough “normality” to justify the linear
regression; aggregating over larger areas does not substantially
improve performance (not shown). Because the choice of in-
dependent variable in the regression is arbitrary, we utilize
reduced major-axis regression (see L17 and references
therein). When displaying the time scale and critical amplitude,
we interpolate back to the original 1.25° X 1° grid for consis-
tency with the mixing length.

To remove the thermodynamic effects of the moisture
gradient, the wave activity in (12) can be scaled like a wave
amplitude as A* ~m]n* ~ (aM/ay)(n*)* or A~ ~m,m ~
(aM/ay)(n~)? (L17), where 7 is the mixing length. Combining
this with (12) yields the scaling for the wet or dry LHC:

IMA*T — AT (n*)

PTE t
( ) dy At Tt

: (13a)

(E-P)” ~%ﬂ

13b
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FIG. 5. Using an a = 7.4% K~! (O’Gorman and Muller 2010; Lorenz and DeWeaver 2007), we are able to predict the future distribution
of (a) the column water vapor (CWV) background state M and (b) its meridional gradient dM/dy given the present state and the RCP8.5
change (2071-80 minus 1990-2005) in zonal-mean temperature in CESM LENS, utilizing (10) and (11). We also compute (c) the scaling
factor a directly from RCP8.5 changes to assess where the theory holds well and to compare it to the zonal-mean CWYV 7z, which does not

follow Clausius—Clapeyron scaling as strongly as the background state M.

or, in its fractional form:
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Intuitively, the scaling suggests changes in the wet and dry
LHC are driven by 1) a changing background moisture gradi-
ent, 2) a changing mixing length scale, and 3) a changing cycling
rate (r~'). In addition, the wet LHC (14a) may also be influ-
enced by changes in the quantity (A" — A})/A™", termed the
participation ratio, which reflects the portion of a moist in-
trusion exceeding the critical amplitude and thus being dam-
ped by (“participating in”) the wet LHC. Absent the
participation ratio, the scaling in (13) has a similar form to
other diffusive scalings of the eddy moisture flux (cf. Caballero
and Hanley 2012), whose vertical integral largely balances
precipitation.

The mixing length n we define here is thus qualitatively
similar to Eulerian estimates as a measure of the effective
displacement of column-mean moisture by large-scale
eddies, which is related to the width of the baroclinically
unstable zone (particularly for the moist mixing length).
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Crucially, however, the moist and dry mixing lengths
measure displacement from the wave-free, conservatively
estimated background state M rather than the zonal mean.
Since the zonal-mean CWV decreases poleward more
gradually than the background state, this generally results
in a longer (but similar order of magnitude) estimate of
mixing length compared to other estimates (cf. Caballero
and Hanley 2012; Swanson and Pierrehumbert 1997; Tandon
et al. 2018). Further, the adiabatic assumption that guides
the construction of the background state (Nakamura and
Solomon 2010) may result in longer mixing lengths than those
accounting for strong diabatic effects (Caballero and Hanley
2012). Despite these differences in definition, the mixing
length utilized for the LHC plays a large role in the magnitude
and spatial distribution of the LHC’s dynamic response since
it is the only quadratic term in the scaling. Thus, it provides
important insight into how large-scale moisture transport
processes driven by eddy stirring can modify the LHC.
Before analyzing the dynamic changes in the LHC in detail,
we first verify the thermodynamic scalings for the background
state and gradient (Fig. 5). CWV background scaling is eval-
uated in Fig. 5a, where we use a slight modification of (10)
to predict the future CWV background distribution (M>)
given the present-day quantities (subscript 1), present-day
and RCP8.5 zonal-mean temperature, and an Earth-like
o« = 74%K™' (O’Gorman and Muller 2010; Lorenz and
DeWeaver 2007). We calculate the present-day CWV-associ-
ated temperature as the surface temperature along a CWV
contour [i = i(q&,_,)], and we approximate the future CWV-
associated temperature by multiplying its present distribution
with the ratio of the RCP8.5 to present-day zonal-mean
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temperatures [/T\:2~ T;(Ts,z/ T;1)]. This ensures we are not
unfairly utilizing the future CWV distribution to predict the
background state CWV.

Overall, the scaling performs quite well for most latitudes for
the background state (Fig. 5a), which monotonically decreases
moving poleward by construction. The scaling modestly under-
predicts the background CWYV near the equator, where CWV-
associated temperature is not well defined, and it overpredicts
the background CWYV in the Northern Hemisphere high lati-
tudes. The scaling likely overpredicts here because the as-
sumption of constant CWV saturation fraction (o) holds less
well over land than ocean (i.e., Byrne and O’Gorman 2015).

Despite the approximations required to compute gradients
numerically on a coarse grid, we successfully predict the future
gradient (Fig. 5b) using (11) in the same manner as we used
(10) to predict the background state. This demonstrates that
the sharpening moisture gradient is fundamentally a thermo-
dynamic response. The gradient scaling also does not accu-
rately predict changes near the equator (where the gradient is
poorly defined) or in the high-latitude Northern Hemisphere,
likely for the same reason the background state scaling over-
predicts changes in this region.

Instead of using a fixed rate « to predict future changes, we also
compute it directly to evaluate the degree to which RCP8.5 changes
obey the CC relation. This “CC rate” is like a fractional rate of
change except it accounts for the exponential scaling of the CC
relation (O’Gorman and Muller 2010). It increases relatively uni-
formly, with most regions hovering around 7.5% K ! (Fig. 5c). In
contrast, the CC rate for Eulerian zonal-mean CWYV is more vari-
able with latitude (black dashed line). Thus, we argue that M is
better constrained by CC scaling than its Eulerian counterpart and
is an effective measure of thermodynamic impacts. The fractional
changes in gradient fluctuate meridionally considerably more than
the changes in the CWV background, but as we have shown the
changes are essentially thermodynamic.

We proceed to use the LHC scaling to examine the LHC
structure for the present-day annual mean (Fig. 6), beginning
with the mixing length. The mixing length is calculated by di-
rectly computing the displacement of the M contour from its
equivalent latitude. The present-day moist mixing length scale
(Fig. 6a) is long on the equatorward flanks of storm tracks and in
monsoon regions, reflecting how these circulations transport
moisture, both directly and indirectly through enhanced wave-
breaking. The dry mixing length scale is largest in the subtropics
(Fig. 6b), as the large values poleward of orography are likely
artifacts from the orographic “dry island” effect (see section 3).
Interestingly, the dry mixing length scale exhibits local maxima
over North Africa, the western United States, and Australia,
while the dry LHC is generally small over land (Fig. 2b) due to
the soil moisture constraint on evaporation.

The moist cycling rate (Fig. 6c) increases from very low
values in the subtropics (long moist time scale) to high values in
the polar regions (short moist time scale), especially near
orography. In contrast, the dry cycling rate (Fig. 6d) is very low
in the tropics, likely because upward motion in convective re-
gions is stronger than downward motion (Bretherton et al.
2005) which leads to longer dry wave lifetimes. Both cycling
rates tend to be strongest in the vicinity of storm tracks,
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particularly in jet entrance and exit regions, where wave
breaking leads to mixing and brief wave lifetimes.

The present-day structure of the participation ratio (Fig. 6¢)
can be understood by considering the critical amplitude. In the
tropics, where the critical amplitude is kept low by deep con-
vection, the participation ratio is high. It decreases rapidly into
the subtropics, where a large critical amplitude favors the
transport of wave activity rather than its conversion into pre-
cipitation. This minimum participation ratio is critical for
transport by AR, which is examined further in section 4c.
Storm track regions also exhibit local maxima in the partici-
pation ratio, as the increased baroclinicity reduces the critical
amplitude (Xue et al. 2018).

Now we use (14) to decompose RCP8.5 changes in the LHC.
Overall, the cumulative scaling contributions match the spatial
pattern of changes quite well, with some overestimation of
their magnitude, particularly in the dry case (supplemental
Fig. 3). Changes in mixing length scale (Figs. 7a,b) again paint a
picture of dynamically driven drying in the subtropics and
midlatitudes, with increases in dry length scale and decreases in
moist length scale, consistent with the weakened midlatitude
stirring found by L17. A notable exception to this is over the
Southern Ocean and to an extent the North Pacific, consistent
with projections of intensified storm tracks (Chang et al. 2012).
Advective contributions to the LHC budget (Figs. 4e-h) sup-
port this notion. Comparing with climatology (Figs. 6a,b),
length scale changes also suggest a poleward shift of storm
tracks, which is more consistent with previous findings than the
results from the budget-based decomposition.

Changes in the hydrological cycling rate portray an in-
creasing residence time (decreasing rate) for moist waves
(Fig. 7c; brown shading), consistent with but more general than
the slowdown of the general circulation predicted by earlier
work (e.g., Held and Soden 2006; Vecchi and Soden 2007). This
result is consistent with L18, who attribute the change to a
weakening of vertical motion or an upward shift of the atmo-
spheric circulation (Singh and O’Gorman 2012). Likewise,
residence times decrease for dry waves in almost all regions
(Fig. 7d; green shading) except the deep tropics. A possible
explanation for the decreasing lifetime for dry waves is the
weakening of downward vertical motions by the increasing dry
static stability (Tamarin-Brodsky and Hadas 2019).

The participation ratio (Fig. 7e) decreases in most regions
(brown shading). This may be due to the increase in the atmo-
spheric moisture storage capacity, which gives rise to a smaller
fraction of moist waves which condense into precipitation. An
important exception occurs near the North Atlantic warming
hole. In this region, cooler SSTs lead to strong growth in moist
wave damping and an increase in the LHC. This interpretation is
supported by the large increases in the North Atlantic that are
seen in the zonal moist LWA flux convergence (Fig. 4g). As a
reference, the fractional change in moisture gradient from Fig. Sc
is shown again (Fig. 7f), normalized by global-mean temperature,
as it contributes positively toward both ends of the LHC.

c. Implications for atmospheric rivers

Beyond providing a clean separation between dynamic and
thermodynamic components, this scaling can be further utilized
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FIG. 6. Annual, ensemble-mean (a),(b) mixing length scales, (c),(d) cycling rates, and (e) participation ratio for
the present-day (1990-2005) climate in CESM LENS. As in previous figures, land surface above 800 m is masked

(gray shading).

to probe moisture transport, particularly by ARs. Crucially,
the scaling reveals that a moist intrusion is not entirely
available for participation in the wet LHC, as some propor-
tion of it {measured by one minus the participation ratio, or
1-[(A* —A})/A*]=AF/A"} must be reserved due to ener-
getic limitations and the temperature dependence of saturation.
Thus, the critical amplitude A; measures the moisture transport
by intrusions that does not result in precipitation. Because the
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nonprecipitating portions of ARs are characterized by large wave
activity and low participation ratio (L17), A, has important im-
plications for moisture transport by ARs. This picture of the wet
LHC is akin to a watershed with a dam controlling its out-
let (Fig. 8).

In this analogy, the moist wave activity measures the amount
of water in the watershed. Any influx of water (wave activity)
into the watershed that exceeds the capacity of the dam, which
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FIG. 7. Annual, ensemble-mean fractional RCP8.5 (2071-80 minus 1990-2005) changes for the (a) moist and (b) dry mixing
length scale, (c) moist and (d) dry cycling rates, (e) wet LHC participation ratio, and (f) background moisture gradient in
CESM LENS. Changes in the wet LHC consist of contributions from the background moisture gradient, moist mixing length
(weighted double the other contributions), moist time scale, and the participation ratio. The dry LHC consists of similar
contributions as the wet, except using the dry counterparts and excluding the participation ratio. Stippling represents regions
where fewer than 85% of the 40 ensemble members agree on the sign. As in previous figures, land surface above 800 m is
masked (gray shading). Note the different scales between wet and dry changes.

represents the critical amplitude, must be released from the
watershed. This released fraction of the water constitutes the
wet LHC, and the rate the dam releases water is the cycling
rate. Just as an understanding of a watershed’s outlet would be
incomplete without examining the regulating reservoir, this
analogy suggests that our understanding of the active LHC
could be furthered by examining the critical amplitude.
To accomplish this, we utilize a scaling for the critical am-
plitude similar to the moist wave activity A* ~ (aM/ay)(n*)*
AL~y (s)
Here, 0/ takes on the meaning of “mean free path” or the dis-
tance moist waves can propagate with their humidity content con-
served (L17). Thus, it resembles estimates of mixing length that rely
on tracer conservation, such as meridional velocity autocorrelation
(e.g., Swanson and Pierrehumbert 1997; Caballero and Hanley
2012). However, it is longer than these other estimates, just as the
moist and dry mixing lengths were, and for the same reasons.
Similarly to the mixing length, the mean free path represents the
dynamic contribution to changes in the critical amplitude.
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As previously mentioned, we calculate the critical amplitude
as the intercept from the regression in (12a), and we subse-
quently use (15) to calculate the mean free path. The present-
day critical amplitude in CESM LENS (Fig. 9a) highlights
source regions for AR where moisture transport exceeds
moisture loss via condensation, such as the western Pacific and
North Atlantic, as we would expect. While ARs are not sta-
tionary like the reservoirs in our analogy, they are the domi-
nant meridional moisture transporters (Zhu and Newell 1998)
and are inefficient precipitators (L17; L18), making them the
major contributors to the critical amplitude. However, the
critical amplitude is not capturing AR impacts, as it is distinct
from the LHC, which results in (net) precipitation.

Under RCP8.5, the critical amplitude (Fig. 9b) increases in a
similar fashion to the wet LHC (Fig. 2b), except with smaller
decreases in the subtropics and larger increases near the poles.
Despite showing a strong increase in the wet LHC (Fig. 2b), the
North Atlantic region shows a modest decrease in the reserved
LHC, which may partially explain the increase in the active por-
tion (if one assumes the total LHC does not change significantly in
this region).
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FIG. 8. Schematic illustrating the different components of the LHC
framework, which is akin to a watershed with a dam or levy at its outlet.

The present-day mean free path (Fig. 9¢c) is longest in jet entrance
and exit regions, illustrating how large-scale wave breaking trans-
ports moisture by stretching material contours and elongating the
mean free path. The present-day mean free path is particularly large
over the North Atlantic, where the strong, wintertime storm track
excels at transporting moisture from near the subtropics into the
Arctic (supplemental Fig. 5), and over the northern Indian Ocean
and northwest Pacific, where summertime monsoonal circulations
are the dominant moisture transporters (supplemental Fig. 6; Xue
et al. 2018). The mean-free path is large over continental interiors
during the summer season, perhaps reflective of the role of low-level
jets (Algarra et al. 2019).

While the critical amplitude generally increases in a warmer cli-
mate, RCP8.5 changes in mean free path (Fig. 9d) show a decrease in
subtropical regions and an increase in higher latitudes. A crucial
exception to this high-latitude lengthening is in the North Atlantic
near the warming hole. This unravels the dynamics behind the super-
CCincrease seen in the wet LHC here (Fig. 1b): the cooler SST act
to enhance condensation, reduce the mean free path, lower the
critical amplitude, and thereby raise the participation ratio (Fig. 7e),
which is the central dynamic contributor. This is consistent with the
previous budget-based results (Fig. 4g) that the warming hole results
in a locally sharpened SST gradient, enhancing baroclinicity and the
participation ratio, and also increasing the downstream convergence
of moist wave activity.

Changes in mean free path (Fig. 9d) also explain the subtropical
decreases in the critical amplitude (Fig. 9b), which is consistent
with a weakened stirring (L17). Whether this decline will exceed the
thermodynamically driven increase appears to underlie the ensem-
ble uncertainty in critical amplitude (stippling, Fig. 9b). As with
uncertainty in the moist mixing length (Fig. 7a), the uncertainty in
mean free path (stippling, Fig. 9d) is largely at the margins of the
subtropical decline, implicating the strength of the expansion as the
source of uncertainty. This result further emphasizes the profound
impacts of subtropical expansion on the LHC, suggesting that
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further insight into dynamic LHC changes should focus on the im-
pacts of subtropical change on wave breaking and moisture
transport.

5. Summary and conclusions

Here we have conducted a thorough analysis of changes in the
local hydrologic cycle (LHC) for the RCP8.5 scenario as simu-
lated by the CESM1 Large Ensemble (LENS). Our dynamical
approach provides two independent methods for decomposing
wet and dry LHC changes, with contributions either from
overturning and advective circulations, or from the moisture
gradient, mixing length, and cycling rate (and participation ratio
for the moist case). We show the thermodynamic changes
measured here are commensurate with the Clausius—Clapeyron
relation. To the first order, changes in tropical LHC are due to
thermodynamic increases countered by weakening low-level
convergence, likely due to the slowdown of the Hadley circu-
lation (Lu et al. 2007; Vecchi and Soden 2007) and increasing
land-sea contrast (He and Soden 2017).

In the midlatitudes, wet LHC changes are driven by thermody-
namic increases in conjunction with increasing meridional advection.
This advection primarily results from extratropical cyclones and at-
mospheric rivers, pointing to the need for a robust understanding of
midlatitude storm track changes. The dominant pattern of dry LHC
changes is one of subtropical expansion. These changes are mainly
driven by changes in overturning and in the zonal dry LWA flux
divergence, the latter being key in jet entrance and exit regions.

Our scaling-based approach further reveals a global slowdown in
the LHC cycling rate, along with a shortened moist mixing length
but a lengthened dry mixing length for the midlatitudes. These
changes appear linked to subtropical expansion and changes in
stability, which also reduce the moisture mean free path.

Based on this analysis, we argue that the meridional shift and
weakening of the general circulation is the predominant dy-
namic driver behind the intensifying LHC in CESM LENS.
While we do not neglect the importance of different regionally
relevant mechanisms, we can quantify their relative and syn-
thetic contributions and directly link changes in the LHC to
changes in different circulation regimes. This suggests that on-
going efforts to predict and constrain circulation changes may
ultimately help constrain annual changes in the mean hydrologic
cycle and the extremes (Shepherd 2014; Pfahl et al. 2017).

We now suggest several avenues for future work. The dry
LHC budget analysis presented here is a unique contribution
of this work, but the presence of strong artifacts over the land
surface makes it difficult to interpret for many important re-
gions. Future work should seek to minimize the numerical
impacts of orography on the dry LHC. Changes in dryness are
often considered on longer time scales than the 6-hourly
changes analyzed here (Polade et al. 2014), which creates a
challenge for contextualizing these results. Yet the changes in
the dry LHC over the ocean modestly resemble the spatial
patterns of change seen in changes in dry days (Polade et al.
2014), increasing our confidence in the relevance of these results.

Ongoing extension of this work will analyze CMIP6 models
to identify the robust dynamic contributions to the LHC
change under global warming and the dynamical sources of
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FIG. 9. Annual-mean, ensemble mean (a) present-day (1990-2005) reserved LHC, (b) RCP8.5 (2071-80) frac-
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represents regions where fewer than 85% of the ensemble members agree on the sign.

intermodel spread. Future work will begin by evaluating
models against these results and against reanalysis to identify
dynamic sources of climatological bias. These dynamic con-
tributors will then be compared to reanalysis data to further
evaluate the simulated interactions between the large-scale
circulation and the hydrologic cycle.
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