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ABSTRACT

Several physical mechanisms have been proposed for projected changes in mean precipitation in the tropics
under climate warming. In particular, the ‘“wet-get-wetter”” mechanism describes an amplification of the
pattern of precipitation in a moister atmosphere, and the “warmer-get-wetter’” mechanism describes en-
hanced upward motion and precipitation in regions where the increase in SST exceeds the tropical-mean
increase. Studies of the current climate have shown that surface convergence over the tropical oceans is
largely driven by horizontal gradients of low-level temperature, but the influence of these gradients on the
precipitation response under climate warming has received little attention. Here, a simple model is applied to
give a decomposition of changes in precipitation over tropical oceans in twenty-first-century climate model
projections. The wet-get-wetter mechanism and changes in surface convergence are found to be of widespread
importance, whereas the warmer-get-wetter mechanism is primarily limited to negative anomalies in the
tropical southern Pacific. Furthermore, surface convergence is linked to gradients of boundary layer tem-
perature using an atmospheric mixed layer model. Changes in surface convergence are found to be strongly
related to changes in the Laplacian of boundary layer virtual temperature, and, to a lesser extent, the
Laplacian of SST. Taken together, these results suggest that a “‘Laplacian-of-warming’” mechanism is of
comparable importance to wet get wetter and warmer get wetter for the response of precipitation to climate

change over tropical oceans.

1. Introduction

Large changes in tropical precipitation are projected
to occur with climate change (Collins et al. 2013), but
there are substantial differences between GCM:s in the
pattern of these changes (Neelin et al. 2006; Kent et al.
2015; Chadwick et al. 2016). Furthermore, the robust-
ness of the response shows little improvement from
CMIP3 to CMIP5 (Knutti and Sedlacek 2013). To better
understand the response of precipitation in different
models, it is useful to distinguish the contribution to the
precipitation response from changes in temperature or
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humidity (the thermodynamic contribution) and the
contribution related to changes in winds or convective
mass fluxes (the dynamic contribution). Such a decom-
position can be based on the water vapor budget (e.g.,
Held and Soden 2006; Seager et al. 2010), an approxi-
mate relation involving convective mass flux and low-
level specific humidity (e.g., Chadwick et al. 2013), or
the dry static energy (DSE) budget (e.g., Muller and
O’Gorman 2011).

The thermodynamic contribution to changes in pre-
cipitation results in an amplification of the historical
pattern of precipitation (or precipitation minus evapo-
ration) due to increases in water vapor content of the
atmosphere with warming. This amplification was re-
ferred to as the “‘direct moisture effect”” by Chou and
Neelin (2004) and as wet regions getting wetter and dry
regions drier by Held and Soden (2006); we will refer to
it as the “wet-get-wetter”” mechanism for brevity. Wet
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get wetter becomes evident in the global-scale pattern of
precipitation change over ocean in climate model pro-
jections (Held and Soden 2006; Byrne and O’Gorman
2015), but it is strongly modified by the dynamic con-
tribution at regional scales over tropical oceans (Chou
et al. 2009; Xie et al. 2010; Chadwick et al. 2013).

The dynamic contribution to changes in precipitation
is a major source of uncertainties in the projected pre-
cipitation response in the tropics (Kent et al. 2015).
Chou and Neelin (2004) used the moist static energy
(MSE) budget to illustrate how a dynamic contribution
can arise through decreases in convective instability at
convective margins (the ‘“‘upped ante”” mechanism) and
through changes in gross moist stability in convective
regions. Changes in gross moist stability have also been
used to argue for a “warmer-get-wetter’’ mechanism
that leads to a positive dynamic contribution to precip-
itation change in regions where SST increases by more
than the tropical mean (Xie et al. 2010; Ma and Xie 2013;
Huang et al. 2013; Huang 2014)." According to this
mechanism, a greater increase in SST in a certain region
leads to a local decrease in gross moist stability, which
favors more ascent and precipitation in that region. The
influence of the pattern of SST change is found to be
surprisingly large compared to wet get wetter over
tropical oceans, and this has been argued to be because
wet get wetter is largely offset by a weakening of con-
vective mass fluxes (Chadwick et al. 2013).

The mechanisms discussed above for the dynamic
contribution to the precipitation response to climate
change are based on changes in stability of the atmo-
spheric column. But it is well known for the present cli-
mate that SST gradients drive boundary layer pressure
gradients that strongly affect patterns of surface conver-
gence (SC) and precipitation over tropical oceans (Lindzen
and Nigam 1987; Battisti et al. 1999; Sobel 2007; Back and
Bretherton 2009a). In addition, the mechanisms discussed
above effectively assume a single mode (e.g., a first baro-
clinic mode) of vertical motion, but observations and re-
analysis show that the shape of vertical motion varies
strongly across precipitating regions of the tropical oceans
(e.g., Trenberth et al. 2000; Back and Bretherton 2006;
Back et al. 2017). For example, vertical motion in the west
Pacific warm pool is typically “top heavy” while vertical
motion in the east Pacific ITCZ is typically ‘“bottom heavy”
(Back et al. 2017).

Motivated by the need for two modes of vertical
motion and the importance of boundary layer dynamics

! Changes in SST are linked to changes in vertical velocity with
climate change, so warmer get wetter can be considered a dynamic
mechanism.
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for precipitation, Back and Bretherton (2009b, hereafter
BB09b) introduced a simple “two-mode” model for
precipitation over tropical oceans in the current climate
[see also the model of Sobel and Neelin (2006), which
shares some similar features]. The two-mode model uses
the DSE budget to relate precipitation to radiative
cooling, DSE stratification, and vertical motion. Vertical
motion is represented by a combination of deep and
shallow modes. The deep mode is tied to SST through an
empirical convective instability argument.” The shallow
mode is tied to SC, which is strongly related to gradients
of SST, as shown by Lindzen and Nigam (1987) and
Back and Bretherton (2009a, hereafter BB09a). Thus,
the two-mode model brings together into one frame-
work many factors that are thought to affect precipita-
tion: radiative cooling (in the DSE budget), mean
temperature (which affects the DSE stratification), and
column moist stability and SC driven by SST gradients
(through the shallow and deep modes).

Here, we adapt and apply the two-mode model of BB09b
to better understand the response of precipitation over
tropical oceans to climate change in CMIPS simulations
(Taylor et al. 2012). Based on the two-mode model, we are
able to quantify the relative contributions of wet get wetter,
warmer get wetter, and changes in SC for the precipitation
response. Changes in SC are found to be of widespread
importance, and so we further investigate them using the
atmospheric mixed layer model (MLM) of Stevens et al.
(2002) and BB09a. The changes in SC are found to be
strongly related to changes in the Laplacian of low-level
temperatures, suggesting that a previously overlooked
“Laplacian-of-warming” mechanism is important for pro-
jected precipitation changes. A limitation of our approach
is that changes in SST (or boundary layer temperature) are
taken as given whereas they are actually part of the coupled
atmosphere—ocean response. For example, in a simple
model, cloud-shading effects tend to dampen high SST,
weakening SST gradients (Peters and Bretherton 2005;
Bretherton and Hartmann 2009). Further, Naumann et al.
(2019) used a simple model to show that shallow circula-
tions can be driven by differential radiative cooling in ad-
dition to the influence of the SST gradients emphasized
here. Nonetheless it is useful to understand how changes in
precipitation are influenced by changes in SST.

We begin by describing the two-mode model of
BBO09b (section 2), and we then apply it to climate pro-
jections of precipitation in CMIP5 models to evaluate
the relative contributions of wet get wetter, warmer get

2 Unlike in Sobel and Neelin (2006), the deep mode could not be
constrained by the MSE budget because its effective gross moist
stability was close to zero.
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wetter, and changes in SC (section 3). We use the MLM to
relate the changes in SC to changes in low-level tempera-
tures (section 4), and we combine the two-mode model
with approximations for SC to evaluate the role of changes
in the V2SST for the precipitation response (section 5). We
further assess our interpretation of the mechanisms for
changes in precipitation using atmosphere-only simulations
forced by prescribed SSTs (AMIP simulations) that isolate
the effect of the pattern of changes in SST (section 6) before
giving our conclusions (section 7).

2. Two-mode model for tropical precipitation

We use a two-mode model of monthly-mean precipi-
tation that is similar to the model derived in BB09b but
with some improvements. The model’s characteristic
approximation is the decomposition of the vertical
profile of vertical velocity into its two leading modes of
variability. Differences from the BB09b version of the
two-mode model are described in the appendix.

The derivation of the two-mode model begins with the
time-mean column-integrated DSE budget. Following
BB09b, we neglect horizontal advection of DSE, eddy
DSE fluxes, and surface sensible heat fluxes over tropi-
cal oceans so that the DSE budget is approximated by its
dominant terms which relate to latent heating, vertical
advection of DSE, and the radiative flux convergence:

LP~ <w2—;> _R. )

Here, P is the time-mean surface precipitation rate, L is
the latent heat of condensation neglecting fusion, () is a
mass-weighted vertical integral over a tropospheric col-
umn, w is the time-mean vertical velocity in pressure
coordinates, s is the time-mean DSE, and R is the time-
mean radiative flux convergence. The tropospheric ver-
tical integral is taken between a nominal tropopause at
100 hPa and surface at 1000 hPa, but due to data avail-
ability the radiative flux convergence, R, is defined as the
net longwave and shortwave fluxes at the surface minus
the top-of-atmosphere (TOA), with radiative fluxes de-
fined positive when upward. In this section, the two-mode
model is evaluated using observations and reanalysis, but
in later sections it is applied to climate model output. All
data are monthly and are first averaged over years to give
12 climatological values at a given location.

a. The two-mode approximation

The vertical velocity as a function of pressure is ap-
proximated using its two dominant modes of horizontal
and temporal (seasonal) variability as calculated using
EOF analysis. The EOF analysis is applied to the

DUFFY ET AL.

4405

climatological monthly w between 100 and 1000 hPa using
all grid points over the tropical oceans (20°S to 20°N) and
including the seasonal cycle. Linear combinations of the
two leading EOFs are used to define shallow and deep
modes. Without loss of generality, the linear combination
for the deep mode is chosen by requiring the deep mode to
have zero SC, and the shallow mode is then defined to be
orthogonal to the deep mode. This choice of linear com-
binations allows us to directly relate the shallow-mode
amplitude to SC using mass continuity. We approximately
impose zero SC in the deep mode by requiring w to be
equal at the two lowest pressure levels (see appendix).
The shallow mode has structure Q,(p) and amplitude
o4(x, v, t), and the deep mode has structure ,(p) and am-
plitude o,4(x, y, ). The two-mode approximation is written as

o(x, y, 1, p) = o(x, y, DQ(p) + 0,(x, y, NQ,(p). (2)

The vertical advection of the DSE term, (w(ds/dp)), is
then written Mg 05 + Msq04, Where Mg = (Qy(ds/ap)) is
the gross dry stratification of the shallow mode, and
My = (Qu(ds/dp)) is the gross dry stratification of the
deep mode.

We use multiple linear regression to approximate the
radiative flux convergence, R, as a linear function of the
two mode amplitudes,

R(xa y7 t) :R0+rsos(x’ y’ t)+rdod(‘x7 y’ t)’ (3)

where R, r,, and r; are constant regression coefficients.
We interpret R, to correspond to spatially averaged
radiative heating, while r, and r,; approximately account
for the spatially varying interaction of radiation with
clouds and water vapor. Using these radiation regression
coefficients, we define gross dry effective stratifications
as Mgs = Mg, — 1y and Mgq = Myq — 1y Following
BB09b, we replace M.s and M4 by their horizontal and
temporal averages over the tropical oceans such that
they are constants (although they do differ between
climates and GCMs in the analysis that follows). Using
constant M.s and M.q is a good approximation because
horizontal temperature gradients are weak over tropical
oceans. Combining the simplified DSE budget [Eq. (1)],
the two-mode approximation [Eq. (2)], and the radiative
flux convergence approximation [Eq. (3)] gives

LP(x,y, t)~M_o(x,y, 1) +M_.0,x,y,t)—R,.
(4)

b. Relating the mode amplitudes to surface quantities

The mode amplitudes (o, and o) are then related to
surface quantities, namely relative SST and SC. Relative
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SST, denoted SST,, is calculated as SST minus SST
averaged over the tropical oceans for a given month. SC
is calculated using monthly-mean near-surface (10 m)
winds. Throughout the paper, horizontal derivatives and
the divergence operator are calculated in spherical co-
ordinates using one-sided differences at the coasts and
centered finite differences elsewhere.

The continuity equation is used to relate the shallow-
mode amplitude o to SC as

o,(x,y,t)=aSC(x, y, t). (5)

Applying the two-mode approximation for @ [Eq. (2)] to the
continuity equation at the surface, SC = dw/dp, gives that
SC = (dQy/dp)suace0s, Where we have used that the deep
mode is defined to have zero SC. It follows that the coeffi-
cient a is given by (dQ/dp) ;... which we evaluate using Q,
at the two pressure levels that are nearest the surface.
The deep-mode amplitude o, is approximated by a
multiple linear regression with SST,; and SC,
0,~b

41T, + by SC+ by, (6)

where bssT, bsc, and b are regression coefficients. The
regression coefficients are calculated using locations and
months for which climatological SST,.; is positive be-
cause we want to broadly focus on precipitating regions
but the resulting estimate of o, is relatively insensitive to
this choice. By including SC in the deep-mode regres-
sion we are effectively including the shallow-mode am-
plitude to account for the favorable effect of shallow
ascent and moistening of the environment for deep
convection. As discussed in detail in the appendix,
BB09b used a different deep-mode approximation, but
we find that the approximation given by Eq. (6) is more
consistent with the relationship inferred from reanalysis
and observations.

c. Expression for precipitation and comparison to
observations

An expression for precipitation comes from combining
Eq. (4) with Egs. (5) and (6), but this can give negative
precipitation because of the approximations used [e.g.,
Eg. (6) is not accurate for negative SST,]. Therefore, we
include a Heaviside function, H( ), to prevent the ap-
proximations from giving negative precipitation. The
final model for precipitation over tropical oceans, re-
ferred to the two-mode model, is given by

LP~H(x)x,
x(x, y, )= MseSaJSC(x, y, 1)+ Msed[bSSTSSTrel(x, v, t)
+ by .SC(x, y, t) + b)] — R,. @)
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Notice that SC and SST,; are the only spatially varying
inputs. The parameters M, a4, Med, bssT, bsc, bo, and Ry
are constants in our evaluation based on reanalysis data,
and they only vary between climates and GCMs in our
climate-model analyses. The coefficient a; relates the
shallow-mode amplitude to SC; M5 and M4 combine
the dry stratification of the atmosphere with the shallow-
and deep-mode structures, respectively; and bsst, bsc,
and b, are empirical linear regression coefficients relating
the deep-mode amplitude to SST,., and SC.

We evaluate the two-mode model over August 1999
through July 2009 using monthly ERA-Interim reanalysis
data (Dee et al. 2011) for vertical velocity, temperature,
geopotential, and shortwave and longwave radiative fluxes
at the surface and top of atmosphere; monthly QuikSCAT
observational data for winds used to calculate SC (NASA
2012a,b); and monthly NOAA optimal interpolation SST's
(Reynolds et al. 2002). The time period was chosen based
on availability of QuikSCAT data. Here and throughout
the paper, all data are linearly interpolated to a 1° X 1°
horizontal grid and an evenly spaced pressure grid. Grid
boxes with nonzero land are masked based on the land
fraction variable from the GFDL-CM3 GCM, and the
same land mask is used throughout. The deep mode has
ascent throughout the troposphere with the strongest as-
cent in the upper troposphere, while the shallow mode has
ascent only in the lower troposphere and weak descent in
the upper troposphere (Fig. Ala).

We first compare spatially smoothed time-mean pre-
cipitation from the two-mode model to GPCP (Adler
et al. 2003) over August 1999 through July 2009 (Fig. 1).
Throughout the paper, where spatial smoothing is
indicated it is done by convolving the data with a two-
dimensional, nine-point averaging filter. Also through-
out the paper, precipitation from the two-mode model is
evaluated using as inputs climatological monthly-mean
SC and SST,. averaged over all years for each month of
the year. As compared to monthly-mean GPCP (Fig. 1a),
the two-mode model accurately captures the distribution
of monthly-mean precipitation (Fig. 1b) with a RMSE of
2.08mmday '. The original two-mode model from
BB09b (Fig. 1c) gives a similar distribution of precipi-
tation, but it has a higher RMSE of 2.30 mm day '. The
seasonal cycle is included in the RMSE values that we
report, but the RMSE of the annual mean is actually
higher for the new version of the model than the BB09b
version of the model. The most important difference
between the new and BB0O9b versions of the two-mode
model is the deep-mode amplitude approximation.
When the deep-mode amplitude is plotted as a function
of SST,.; and SC, it is clear that the new version of the
two-mode model is preferable to the BB09b version
(Fig. A2), so the new version is used subsequently.
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FIG. 1. Mean precipitation over August 1999 through July 2009
from (a) GPCP observations, (b) the two-mode model used here
(smoothed), and (c) the two-mode model of BB09b (smoothed).
Contour interval: 1 mm day~'. Values of RMSE in (b) and (c) are
of the climatological monthly precipitation relative to GPCP pre-
cipitation shown in (a), before smoothing.

3. Precipitation response to climate change

We apply the two-mode model to simulations of dif-
ferent climates from an ensemble of 20 coupled GCMs
from CMIP5 (Taylor et al. 2012) listed in Table S1 in the
online supplemental material. The response to climate
change, denoted by A, is defined as the difference
between a historical and a warmer climate. The histor-
ical climate is the time mean of the historical simulation
over 1980-99, and the warmer climate is the time mean
of the RCP8.5 simulation over 2080-99, with some ex-
ceptions.’ For each GCM and for each of the historical
and warmer climates, the vertical modes and parameters
of the two-mode model are calculated using the GCM
data for that climate following the approach described in
the previous section. As shown in Fig. Alb, the vertical
modes in the ensemble mean are similar to those ob-
tained from reanalysis, and they shift upward with cli-
mate warming consistent with a general upward shift of
the general circulation (Singh and O’Gorman 2012) and
with a deepening of the maximum level of convection
(Chou et al. 2013). Monthly precipitation from the two-
mode model is then calculated for each GCM and

3 We use 1981-2000 for the historical period for GFDL-ESM2G,
GFDL-ESM2M, and MRI-ESM1. We use 2081-2100 for the
RCP8.5 period for GFDL-CM3, GFDL-ESM2G, GFDL-ESM2M,
and MRI-ESM1. We use 2079-2098 for the RCP8.5 period for
HadGEM2-ES.
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climate using climatological monthly SST,; and SC from
the GCMs as inputs. To give greater emphasis on the
aspects that are common among models, we take the
ensemble mean across GCMs prior to calculating RMS,
RMSE, and 7 values.

The two-mode model applied to the historical climate
in the GCMs accurately reproduces the time- and
ensemble-mean precipitation as simulated by the GCMs
(RMSE = 1.31mmday ). The two-mode model also
accurately reproduces the changes in time-mean pre-
cipitation (AP) with climate warming both in the en-
semble mean, as shown in Fig. 2, and in individual
GCMs, as shown for the MPI-ESM-MR model in Fig. 3.
We chose MPI-ESM-MR to show in Fig. 3 because it is
an example of a model with a AP that is quite different
from the ensemble mean. For MPI-ESM-MR, the strong
precipitation increase in the western Pacific extends
farther south, there is little change in the ITCZ region of
the central Pacific, and the changes in the Indian and
Atlantic basins are larger as compared to the ensemble
mean. These differences between AP for MPI-ESM-MR
and the ensemble mean are broadly captured by the two-
mode model.

To evaluate the contributions of wet get wetter,
warmer get wetter, and changes in SC, we recalculate AP
from the two-mode model allowing only the relevant
terms in the expression for y [Eq. (7)] to respond to
climate change. In the framework of the DSE budget,
the increase in DSE stratification, —(ds/dp), with
warming corresponds to a wet-get-wetter mechanism
(Muller and O’Gorman 2011), and this increase domi-
nates the changes in M5 and M,.q. Therefore, to eval-
uate the wet-get-wetter contribution, only M. and M.q
are allowed to respond to climate change in Eq. (7),
while the mean of historical and RCP8.5 values are used
for the other parameters and for SC and SST,.. To
evaluate the warmer-get-wetter contribution, only
SST,., is allowed to respond. To evaluate the contribu-
tion of ASC, only SC, which appears in both the shallow-
and deep-mode amplitudes, is allowed to respond. The
sum of these three contributions to AP is not identically
equal to the AP given by the two-mode model because of
small changes in the parameters (ay, bsst, bsc, bo, and
Ro) and in the Heaviside function, but the sum of the
three contributions is a good approximation to the total
two-mode model response (RMSE of 0.20 mm day ).

The wet-get-wetter mechanism tends to increase the
magnitude of precipitation where it is large in the his-
torical climate (Figs. 2d and 3d). The warmer-get-wetter
mechanism is primarily limited to part of the South
Pacific where it contributes a strong negative precipita-
tion change (Figs. 2e and 3e). Notably, much of the
structure of AP is due to changes in SC, particularly in
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FIG. 2. Ensemble-mean response of precipitation to climate change (under RCP8.5) from (a) GCMs, (b) two-
mode model using parameters and modes calculated from each GCM and climate, (c¢) sum of contributions from
wet get wetter, warmer get wetter, and changes in SC, (d) contribution from wet-get-wetter mechanism,
(e) contribution from warmer-get-wetter mechanism, and (f) contribution from changes in SC. Contour interval:
0.5mm day . Zero contour denoted by thick black contour.

the Pacific in the ensemble mean (Fig. 2f) and in all
basins for MPI-ESM-MR (Fig. 3f). A negative contri-
bution from changes in SC partly offsets the positive
wet-get-wetter contribution in some regions, but there
are also regions where the SC contribution is positive.
Overall, we find that the importance of the three con-
tributions is relatively similar across models, but that
they can combine to give different patterns of AP. In the
ensemble mean, the RMS values of the contributions are
0.53mmday ! for wet get wetter, 0.40mmday ' for
warmer get wetter, and 0.63mm day ' for SC.
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The warmer-get-wetter and wet-get-wetter mecha-
nisms have been discussed extensively in the literature.
It is therefore notable that we find a strong contribution
of changes in SC and a relatively limited contribution of
warmer get wetter in our decomposition.

4. Relationship between changes in SC and the
Laplacian of low-level temperatures

The importance of changes in SC in setting the pre-
cipitation response motivates us to better understand

Two-mode model A P, RMSE = 1.19 mm day't
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FIG. 3. As in Fig. 2, but for one GCM, MPI-ESM-MR, instead of the ensemble mean.
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what determines the pattern and magnitude of the
changes in SC. The ensemble mean of the change in SC
features a prominent increase in the equatorial Pacific
flanked by bands of decreases farther south and north
(Fig. 4a). Previous work suggests that low-level winds in
the present climate are strongly affected by SST gradi-
ents. The SST gradients imprint on the boundary layer
temperature gradients, which, by hydrostatic balance,
induce horizontal pressure gradients that help to drive
low-level winds (Lindzen and Nigam 1987; Battisti et al.
1999). In their simplest form, these arguments suggest
that SC should be related to the curvature or Laplacian
of SST (e.g., Sobel 2007). For climate change simulated
by the CMIP5 models, we find that the pattern of change
in SC is related to the spatially smoothed pattern of
change in V2SST (AV?SST) with * = 0.39 for the en-
semble mean (Figs. 4a,b). By contrast, ASST,,; is more
strongly weighted to the Southern Hemisphere and is
more weakly correlated with ASC (#* = 0.26) and
AV?SST (#* = 0.21). The relatively high correlation of
changes in SC with changes in V2SST suggests a possible
role for convergence driven by boundary layer pressure
gradients related to gradients of SST. We next use the
MLM developed in Stevens et al. (2002) and BB09a to
further investigate the relationship between changes in
SC and changes in low-level temperatures.

The MLM is based on a horizontal momentum bal-
ance involving pressure gradients, Coriolis acceleration,
surface drag, and downward momentum mixing from
the free troposphere. According to the MLM, the bulk
boundary layer zonal wind U and meridional wind V are
given by

Ugsoeie, + Vsofe, — po (ap“+e.%)

850%i%e i
U ~ : Jdy ox
e+ f?
; ; ®)
. P P
Visogiee ~ Ussofe, + g’ (f ox i ay)
o &2 + f2 ’

where Ugsg and Vgso are winds at 850 hPa, p is a refer-
ence density set to 1.15kgm >, fis the Coriolis param-
eter, p, is surface pressure, ¢, is a tuned parameter
related to entrainment mixing at the top of the boundary
layer, and ¢; is a tuned parameter related to both this
entrainment mixing and surface friction. The fields Usgs,
Vss0, and py are taken from GCM output, with p, gra-
dients spatially smoothed to reduce noise. For simplic-
ity, we identify the convergence of the mixed layer winds
in Eq. (8) with the convergence at the surface and refer
to it as SC(MLM). Using the values for ¢, and g; from
BB09a results in SC that is too strong as compared to
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F1G. 4. Ensemble-mean response to climate change of (a) SC
(contour interval: 5 X 1077 s™1), (b) negative of V2SST (smoothed,
contour interval: 1.25 X 1072 Km™2), and (c) SST;, (contour in-
terval: 0.25K). Zero contour denoted by thick black contour.
Values of #* in (b) and (c) are for monthly climatological values
relative to the change in SC from the GCMs.

GCM SC for the historical climate. Doubling the value
of the parameters ¢, and ¢; used by BB09a gives roughly
the right magnitude of SC in the historical climate
compared to the GCMs, so we set g, = 4 X 10>s ' and
gi=7x107s7"

We compare SC(MLM) to the ensemble mean of SC
from 11 of the CMIP5 GCMs, which we refer to as
SC(GCM). The GCMs used are listed in the middle
column of Table S1.* In the historical climate, SC(MLM)
is in reasonable agreement with SC(GCM) in pattern
and magnitude (not shown). The pattern of ASC(MLM)
generally agrees with ASC(GCM), but the magnitude of
the dominant negative—positive—negative feature in the
Pacific is generally weaker and narrower in ASC(MLM)
than in ASC(GCM) (Figs. 5a,b).

We next derive two approximations for SC from the
MLM: one that involves the Laplacian of boundary layer
virtual temperature [SC(V>T,)] and one that involves
the Laplacian of SST [SC(V>SST)].

a. Approximation 1: SC(V*T,)

The first approximation relates SC to horizontal tem-
perature variations in the boundary layer. Following

4 CMCC-CESM, CMCC-CM, CMCC-CMS, CSIRO-Mk3.6.0,
and MPI-ESM-MR are excluded because surface specific humidity
was not available for these models, and CanESM2, CNRM-CM5,
MIROCS, and MIROC-ESM are excluded because of pronounced
spectral ringing in the surface pressure field.
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F1G. 5. Ensemble-mean response of SC to climate change from
(a) GCMs, (b) MLM given by Eq. (8), (c) SC(V>T,) given by
Eq. (12), and (d) SC(V>SST) given by Eq. (13). Contour interval:
5 X 1077s™!. Zero contour denoted by thick black contour. The
MLM and approximations are applied to each GCM and climate
separately. The subset of models used for this figure is given in the
middle column of Table S1.

BB09a, the boundary layer is assumed to include the
surface to the top of the trade inversion. The nominal
boundary layer top is located at the mean height of the
850-hPa pressure surface, Zgsp, and the local pressure at
Z = Zgso 1s denoted p,;. Combining the hydrostatic relation
and the ideal gas law yields

I%f w1, Az
p,=ped 5 C)
where R, is the gas constant for dry air, g is the accel-
eration due to gravity, [, dz = [(*’dz is an integral over
the boundary layer, and 7, is virtual temperature eval-
uated as T, = (1 + 0.61¢)T where q is specific humidity.
BB09a showed that the contributions to SC from
horizontal gradients of p; and downward mixing of the winds
at 850 hPa partly offset due to geostrophic balance at Zgs.
The sum of these contributions to SC was found to be much
smaller than the contribution from horizontal gradients in
the pressure difference across the boundary layer. Therefore,
we seek an approximation that neglects horizontal variations
in p; and terms involving the winds at 850 hPa. Taking the
horizontal gradient of Eq. (9), neglecting horizontal varia-
tions of p;, and again making use of Eq. (9) gives that
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ap, . Pg aT dz
x R, JBLWTE’
(10)
p,  pg( 97T,dz
ay R_JBLWTE'

Substituting Eq. (10) in Eq. (8) and neglecting terms
involving Ugsy and Vgso gives an expression for SC in
terms of horizontal gradients of boundary layer virtual
temperature:

SC(T,))=-V-V(T,), where

P8 T dz T dz
UT)~—S——— R e I T
) deo(slz +/?) (fJBL ay T2 S'JBL ax T?

p.g T dz T dz
V(IT)  ———% T o] e )
( U) de0(81'2+f2) (fJBL dx T3 SZJBL ay TU2>
(11)

Explicit evaluation of the convergence of the winds in
Eq. (11) shows that SC(T,,) includes a term involving the
Laplacian of T, and that some of the other terms cancel
each other. The Laplacian term is dominant, and the first
approximation is simply that term, given by

P8,
R py(e7 +12)

viT
vdz, 12
o7 (12)

v

SC(V’T)) ~ —

where V2T, is the Laplacian of virtual temperature.
Lindzen and Nigam (1987) also found that the Laplacian
term was important for SC, but they found that a beta
convergence term related to variations in f with latitude
was of similar importance. The beta convergence term
makes a much smaller contribution in our MLM for-
mulation because we use a stronger frictional coefficient
that is more similar to the ones used by Stevens et al.
(2002) and Back and Bretherton (2009a).

In practice, we evaluate IBL in pressure coordinates
by using the hydrostatic relation and approximating the
upper limit as 850 hPa rather than p;. It is found that
SC(V°T,) accurately reproduces SC(MLM) in pattern
and magnitude in the historical climate (not shown) and
in the response to climate change (Figs. 5b,c).

b. Approximation 2: SC(V*SST)

We further approximate SC(V>T,) [Eq. (12)] to get
an expression for SC proportional to V>SST. As noted
by Lindzen and Nigam (1987), the horizontal pattern of
temperature imprinted by the SST decays with height
throughout the boundary layer. For simplicity, we
assume that the temperature pattern decays linearly
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with height through the boundary layer as V7, ~
V2SST{1 — [z/(2Zss50)]}. We approximate T2 ~ SST? in
the denominator of Eq. (12), which is accurate to the
extent that the temperature difference across the bound-
ary layer is much smaller than the SST. Plugging these
approximations into Eq. (12) gives

3Zgs0P, 8
4R p,(e? + f2)SST?

SC(V*SST) ~ — V?SST.  (13)

As compared to SC(V>T,)), SC(V>SST) reproduces much
of the spatial pattern but is too strong in magnitude for
both the historical climate (not shown) and the response
to climate change (Figs. 5¢,d). As compared to SC(GCM),
SC(V?SST) captures several of the main features of the
response to climate change but also has substantial errors
(Figs. 5a,d).

Opverall, the results in this section show that the pro-
jected effect of climate change on SC over tropical
oceans is largely driven by changes in the Laplacian of
boundary layer temperatures, and the main features of
the SC response are related to changes in the V>SST.
Given the widespread importance of the change in SC
for the precipitation response, this suggests an important
“Laplacian-of-warming” mechanism that acts alongside
wet get wetter and warmer get wetter for the precipi-
tation response over tropical oceans.

5. Estimating precipitation response using
approximations for SC

We next examine the extent to which the two-mode
model captures changes in precipitation when SC is
approximated rather than taken from the GCMs. In
particular, replacing SC(GCM) in the two-mode model
with SC(VT,) or SC(V?SST) gives a model for precip-
itation whose only spatially varying inputs are SST and
boundary layer virtual temperatures [when SC(V>T,) is
used] or just SST [when SC(V?SST] is used). Only the
GCMs for which the MLM can be calculated are in-
cluded in the analysis (Table S1), but this subset of
GCMs gives similar results for the simulated AP and the
two-mode model prediction for AP with SC(GCM)
(Figs. 6a,b) as compared to the full set of GCMs
(Figs. 2a,b). The regression coefficients in the multiple
regression for the deep-mode amplitude (bg, bssT, and bsc)
are recalculated for each of the approximations of SC.

When ASC(MLM) is used instead of ASC(GCM) to
estimate AP, the positive anomaly in the east Pacific
weakens, which contributes to an increase in RMSE of
0.29mm day ! (Figs. 6b,c). The approximations made to
SC(MLM) to give SC(V>T,) increase the RMSE of AP
by only 0.05mmday ! and the further approximations
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made to SC(V?T,) to give SC(VSST) increase the
RMSE of AP by 0.06mmday ' (Figs. 6d.e). The main
features of the ensemble-mean AP are qualitatively
captured by all of the SC approximations: a positive
anomaly in the northern part of the Indian Ocean; an
elongated-C-shaped, positive anomaly in the Pacific
Ocean; a negative anomaly in the South Pacific; and a
small, positive anomaly in the Atlantic Ocean (Fig. 6).
This is particularly notable for AP using the SC(V>SST)
approximation (Fig. 6¢) since SST is the only spatially
varying input.

However, errors in AP[SC(V?SST)] at each grid point
are substantial enough that a more statistical model
would not necessarily find that SC(V>SST) strongly af-
fects AP. To illustrate this, consider the shallow mode,
whose amplitude depends only on SC (or one of its ap-
proximations) through the coefficient a, in the two-
mode model [Eq. (5)]. We generally calculate a; from
mass continuity, so it does not change as SC is approx-
imated. However, in the version of the two-mode model
with SC(V?SST), if a, is calculated from a linear re-
gression so that a; can change as SC is approximated,
then the role of SC becomes muted and the precipitation
response, including a faint elongated-C shape, is largely
dominated by the wet-get-wetter and warmer-get-wetter
mechanisms (cf. Figs. 6e,f).” The fact that SC becomes
muted when SC is approximated as SC(V?SST) and a
is chosen by regression emphasizes that errors in
SC(V?SST) are important when using it to calculate the
response of precipitation to climate change. The im-
portance of errors in SC(V?SST) can also be inferred
from the decrease in the deep mode regression coeffi-
cient bgc as SC is approximated. For example, in his-
torical CMIP5 simulations, using SC(V?T,) instead of
SC decreases bgc by nearly a factor of 2, and using
SC(V?SST) instead of SC(V*T,) reduces bsc by a factor
of 7 (Table S2).

6. AMIP analysis

The analyses in the previous sections suggest that
changes in SCrelated to changes in the Laplacian of low-
level warming are important for the response of pre-
cipitation to climate change. However, the simulations
used involve changes in radiative absorbers and a sizable
increase in mean temperature, which can also affect the

SWhen SC(V2SST) is used, the structure of the wet-get-wetter
mechanism differs from that shown in Fig. 2d because the shallow-
and deep-mode amplitudes are further approximated, and also
because the subset of models used here gives a slightly different
warmer-get-wetter pattern than that shown in Fig. 2e.
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FIG. 6. Ensemble-mean response of precipitation to climate change from (a) GCMs, (b) the two-mode model,
(c) the two-mode model with SC(MLM) as given by Eq. (8), (d) the two-mode model with SC(V>T,) as given by
Eq. (12), (e) the two-mode model with SC(V?SST) as given by Eq. (13), and (f) the two-mode model with
SC(V?SST) and with the shallow-mode coefficient from a regression. The subset of models used for this figure is
given in the middle column of Table S1. Contour interval: 0.5 mm day '. Zero contour denoted by thick black

contour.

circulation and precipitation. Here, we further test our
interpretation by using AMIP simulations to isolate the
effects due to changes in the pattern of surface warming
with climate change.

The AMIP simulations include a control simulation
(AMIP_control), a simulation with a spatially uniform
SST increase of 4 K (AMIP_4K), and a simulation with a
spatially patterned SST increase (AMIP_future), of the
years 1979 through 2008. The response to a “‘pattern-
only” change in SST (i.e., with no mean increase in SST)
will be referred to as AMIP_pattern and is calculated as
the normalized AMIP_future response minus the nor-
malized AMIP_4K response. The response in each
simulation is normalized by the change in tropical-mean
SST, which differs slightly between simulations. This
approach effectively assumes that the AGCM’s re-
sponses are linear with surface warming. Seven AGCMs
for which the necessary simulations and variables were
available were used for the analysis (Table S1).

The two-mode model approximately reproduces AP
for AMIP_pattern in the ensemble mean (Figs. 7a,b).
Wet get wetter is negligible (Fig. 7d) because there is no
mean warming and thus there is little change in the gross
effective dry stratifications M.s and Mg.q whose changes
we use to represent the wet-get-wetter mechanism.
Absent wet get wetter, AP is dominated by the contri-
butions from warmer get wetter (Fig. 7e) and ASC
(Fig. 7f), and the overall structure of AP is similar to that
of the ASC contribution. Further, we evaluate the

contribution to the precipitation response from ASC
when it is replaced with each of the SC approximations:
ASC(V?T,) and ASC(VSST). As was done previously
for Fig. 6, the regression coefficients in the multiple re-
gression for the deep-mode amplitude (b, bsst, and bsc)
are recalculated for each of the approximations of SC.
The contribution to AP from ASC(V>T,) has a weaker
magnitude than the contribution from ASC(GCM), but
the pattern is similar (Fig. 7g). The contribution to AP
from ASC(V?SST) has a similar pattern in the Pacific al-
though there are differences over the Indian and Atlantic
Oceans (Fig. 7h).

The two-mode model also approximately captures the
precipitation response for both AMIP_4K and AMIP_
future (Figs. S1 and S2). The AMIP_4K response
(Fig. S1) has a substantial wet-get-wetter contribution
with no warmer-get-wetter contribution (because
ASST, is zero) and relatively weak changes in SC
(consistent with zero imposed changes in the VSST).
Differences between AMIP_4K AP and the wet-get-
wetter contribution do not resemble a weakening of the
climatological precipitation pattern, and thus a weak-
ening of the tropical divergent circulation due to spatial
mean warming does not seem to be important for pre-
cipitation changes in our framework (see supplemental
text for further discussion). The decomposition of the
AMIP_future precipitation response (Fig. S2) is similar
to what was discussed for the coupled models un-
der RCP8.5.
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FIG. 7. Ensemble-mean response of precipitation to a pattern-only change in SST (AMIP_pattern): (a) AGCMs,
(b) two-mode model, (c) sum of warmer-get-wetter, wet-get-wetter, and SC(GCM) contributions, (d) wet-
get-wetter contribution, (e) warmer-get-wetter contribution, (f) SC contribution based on SC(GCM), (g) SC
contribution based on SC(V>T,), and (h) SC contribution based on SC(V>SST). The subset of models used is given
in the right column of Table S1. The response is normalized by the change in tropical-mean SST. Contour interval:
0.125 mm day ' K1, Zero contour denoted by thick black contour.

Overall, the AMIP simulations support our interpre-
tation of the contributions to changes in precipitation
over tropical oceans: mean warming affects the precip-
itation response primarily via wet get wetter, while the
pattern of changes in SST acts via warmer get wetter
and a new “‘Laplacian-of-warming” mechanism.

7. Conclusions

We have analyzed precipitation projections from CMIP5
over the tropical oceans using a simple model for precip-
itation based on two modes of vertical motion. The
need for two modes to describe vertical motion in the
tropical atmosphere is well known based on analyses
of the current climate, and here two modes are also
used to analyze climate change. The two-mode model
leads to a physical decomposition of the response of
precipitation to climate change in which wet get wet-
ter, warmer get wetter, and changes in SC are all
needed to give the change in precipitation. Changes in
SC and wet get wetter are of widespread importance,
whereas warmer get wetter is primarily limited to the
southern tropical Pacific. We went on to show using
momentum balance in the boundary layer that the
changes in SC can be approximated as proportional to
changes in V2T, and, to a lesser extent, V2SST. AMIP

simulations were used to isolate the effect of the pat-
tern of SST change versus the effect of the mean
warming. The AMIP simulations were found to sup-
port our interpretation of an important role for changes
in SC driven by changes in the Laplacian of low-level
temperature.

Our results reveal that a “Laplacian-of-warming”
mechanism is of widespread importance in precipitation
projections in addition to the warmer-get-wetter and
wet-get-wetter mechanisms. The Laplacian-of-warming
mechanism may not have been distinguished from
warmer get wetter previously because SST,.; and V2SST
necessarily have some similarities in terms of spatial
pattern and both can help to place precipitation maxima
on SST maxima (cf. Sobel 2007). For example, Xie et al.
(2010) found that the pattern of SST change was im-
portant for the response of precipitation, consistent with
our results, but they attributed this to the dominant ef-
fect of changes in SST,,; on changes in gross moist sta-
bility. Our results show that changes in SST,. and
changes in V?SST nonetheless have quite different
structure, particularly in terms of differences between
the Northern and Southern Hemispheres (Figs. 4b,c),
and we find correspondingly distinct contributions
from warmer get wetter and Laplacian of warming.
Ultimately, the fundamental difference between warmer
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get wetter and Laplacian of warming is between in-
fluences on precipitation that depend on SST changes
relative to the tropical-average warming (through SST,.))
and relative to the average warming in the immediate
vicinity (through V°SST).

One limitation of our results is that the errors in es-
timating changes in SC from V?SST are substantial.
Indeed, the role of SC(V?SST) becomes muted if the
constraint of mass continuity is neglected and all coef-
ficients are chosen by regression (see Fig. 6f). In general,
the accuracy is higher if boundary layer V7T, is used
instead of V°SST.

In addition to the climate model projections studied
here, it would be interesting to apply the two-mode
model to historical trends in precipitation and SSTs in
climate model simulations and observations. We have
not focused in particular on the ITCZ, but recent work
suggests that V>SST may be important in setting the
width of the ITCZ consistent with our results (Byrne and
Thomas 2019). Atmospheric energy balance, dictated in
part by the ocean circulation and remote forcing, is
thought to be important to ITCZ position (Kang et al.
2008; Schneider et al. 2014; Green and Marshall 2017),
and using the two-mode model to address this would
require coupling it to, for example, a mixed layer ocean
rather than taking SST as given. Finally, we have fo-
cused exclusively on ocean regions, but a model of
comparable simplicity to the two-mode model would
also be useful for analysis of precipitation changes over
tropical land.
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APPENDIX

Further Details of the Two-Mode Model

Here we give additional details about the two-mode
model and how it differs from the version of the model
derived in BB0O9b.

Unlike BB09b, we use monthly climatological data
throughout the paper, including for calculating the ver-
tical motion profiles and as inputs to the two-mode
model. Using monthly data rather than monthly clima-
tological data would increase the RMSE values but
would not affect our conclusions.

BB09b apply EOF analysis to convergence and inte-
grate vertically to give modes in w whereas we apply
EOF analysis directly to w for simplicity. The w values
are linearly interpolated to an evenly spaced pressure
coordinate before the EOF analysis is applied, which
eliminates the need for weighting by vertical grid spac-
ing. The shallow and deep modes are linear combina-
tions of these EOFs, chosen so that the shallow mode
has zero near-surface convergence and the deep mode is
orthogonal to the shallow mode. The shallow-mode
structure is given by )y = —(; + r(), and the deep-
mode structure is given by Q, = rQ}; + Q,, where (), is
the first EOF and (), is the second EOF. The ratio r is
given by

~Q,(1000 hPa) — 0,(950 hPa)
Q,(1000 hPa) — (950 hPa)’

(A1)

where 1000 and 950hPa are the two lowest pressure
levels. The mode structures are then normalized to have
unit length.

The structures of the original EOFs and of the shallow
and deep modes from ERA-Interim are shown in Fig. Ala.
In ERA-Interim, the first and second EOFs explain 89%
and 8% of vertical velocity variance, respectively, while
the shallow-mode and deep-mode structures explain
70% and 27 % of vertical velocity variance, respectively,
with a total of 97% explained by the combination of the
two modes. The ensemble-mean of the structures of the
shallow and deep modes from the CMIP5 models are
shown in Fig. Alb. The mode amplitudes, o, and oy,
determine the overall magnitude of the vertical velocity,
and are positive in regions of high SST,.; and SC.

We also use a different approximation for the deep-
mode amplitude o, as compared to BB09b. BB09b argue
that the deep-mode amplitude is related to SST using
column stability arguments and the weak temperature
gradient approximation aloft, and they approximated
the deep-mode amplitude as o, =~ aSST + b, where a and
b are regression coefficients. However, deep convection
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FIG. Al. Vertical velocity profiles for the shallow (solid) and deep (dashed) modes from (a) ERA-Interim and
(b) the ensemble-mean historical climate (blue) and the ensemble-mean future climate under RCP8.5 (red). Thin
black lines in (a) represent the unrotated modes from ERA-Interim. The amplitude is arbitrary.

is best supported when there is boundary layer conver-
gence and lower-tropospheric moistening so that en-
trainment of dry air does not prevent deep convection.
BB09b account for this by including a Heaviside func-
tion of SC in their precipitation model, effectively
arguing that positive SC is a prerequisite for precipita-
tion. The absence of precipitation for negative SC then
implies a prediction for o, in order to close the DSE
budget with no latent heating. The approximation used
by BB09b for o, is calculated using SST from NOAA OI
SST (Fig. A2c) and is compared to the deep-mode am-
plitude as calculated using ERA-Interim reanalysis

04 from reanalysis

%y approximation used here

(Fig. A2a). Regions where a Heaviside function is in-
voked such that precipitation is zero are not contoured
in Figs. A2b,c. The amplitudes are binned by SC and
SST,.;. More attention should be given to the region
inside the white contour in which bins have 100 or more
data points. The approximation used by BB09b does not
capture the negatively sloped contours of constant o,,.
Here we instead approximate o, as a linear regression
with SST,.; and SC as predictors [Eq. (6)]. The use of
SST,.; in lieu of SST makes the model more consistent
with the warmer-get-wetter mechanism, and thus more
appropriate for application to climate change. The

BB09 o A approximation

4
(2) (b) \ ()
2 2 ( 2 03
%x 0.2

2 0 o 0 2 0
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g 2 g 0
5 -4 = -4 5 -4 £
= = = 0.1
S g . 5 .

=6 . ) 0.2

-8 -8 8 03

-10 -10 -10 0.4

-5 -1 05 0 05 1 15 2 -15 -1 05 0 05 1 15 2 -5 -1 05 0 05 1 15 2

-1 -5 11075 S
Surface convergence, s~ x 10 Surface convergence, s~ x10 Surface convergence, s x 10

FIG. A2. Deep-mode amplitude o, calculated from climatological-mean monthly data over August 1999 through July 2009 and binned
by observed climatological-mean monthly SST,; from NOAA OI SST and SC from QuikSCAT. Deep-mode amplitude is calculated from
(a) ERA-Interim, (b) approximation used here [Eq. (6)] with SST,.; and SC as inputs, and (c) approximation used in BB09b (see
appendix) with SST,; as input. Contour interval: 0.05 Pas™ . White contour bounds bins with more than 100 data points per bin. Heavy
black contour corresponds to deep-mode amplitude of zero. In (b) and (c), values of o, where a Heaviside function is invoked, resulting in
zero precipitation, are not shown.
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inclusion of SC in the deep-mode regression means that
the deep-mode amplitude increases with shallow-mode
amplitude consistent with the role of shallow moistening
in favoring deep ascent. This new approximation does
not require the Heaviside of SC to be included in the
precipitation expression, but there is still a Heaviside
function to prevent negative precipitation. The deep-
mode amplitude approximated in this way agrees better
with the deep-mode amplitude as calculated from re-
analysis (Fig. A2). The setting of precipitation to exactly
zero by a Heaviside function for certain SC and SST,
values is a shortcoming of the o, approximations, but
observed precipitation is light at those values (not shown).

Last, BB09b calculated their shallow-mode coeffi-
cient, ay, using a linear regression whereas we calculate it
using mass continuity, but similar values for a; emerge
from both approaches.

Values for constants that appear in the two-mode
model are given in Table S2.
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