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Opposite tropical circulation trends in climate
models and in reanalyses

Rei Chemke®™ and Lorenzo M. Polvani®'?

The Hadley circulation has large climate impacts at low latitudes by transferring heat and moisture between the tropics and
subtropics. Climate projections show a robust weakening of the Northern Hemisphere Hadley circulation by the end of the
twenty-first century. Over the past several decades, however, atmospheric reanalyses indicate a strengthening of the Hadley
circulation. Here we show that the strengthening of the circulation in the Northern Hemisphere is not seen in climate models;
instead, these models simulate a weakening of the circulation in the past 40 years. Using observations and a large ensemble of
model simulations we elucidate this discrepancy between climate models and reanalyses, and show that it does not stem from
internal climate variability or biases in climate models, but appears related to artefacts in the representation of latent heating
in the reanalyses. Our results highlight the role of anthropogenic emissions in the recent slowdown of the atmospheric circula-
tion, which is projected to continue in coming decades, and question the reliability of reanalyses for estimating trends in the

Hadley circulation.

of warm and moist air around the equator, which condenses

at the upper levels of the troposphere, flowing poleward at the
upper levels with a descending branch of dry air in the subtrop-
ics, which returns equatorward near the surface. The transport of
heat and moisture by this circulation plays an important role in
setting low-latitude precipitation and temperature patterns: it acts
to homogenize the temperature in the tropics and results in a high
precipitation around the equator and low precipitation in the sub-
tropics"?. Climate projections robustly show a weakening of the
Northern Hemisphere HC by the end of the twenty-first century,
with significant impacts on low-latitude climate’=. Different studies
argue for different drivers of the projected weakening of the circula-
tion: changes in the hydrological cycle*, upper troposphere con-
vective and radiative heating’~’, temperature gradients'*-"* and eddy
momentum fluxes'*".

_|_he Hadley circulation (HC) comprises an ascending branch

Recent trends in Hadley cell strength

Has such a weakening already emerged? To answer this question,
we start by examining the 39-year trends (1979-2017) of the annual
mean Northern Hemisphere HC strength (%, (equation (1)))
in 40 models of phase 5 of the Coupled Model Intercomparison
Project (CMIP5) multimodel ensemble'®. Each CMIP5 simula-
tion was forced following the historical (twentieth century) and
the Representative Concentration Pathway 8.5 (RCP8.5, twenty-
first century) specifications. The CMIP5 trends are compared
to the 39-year trends in five different reanalyses (ECMWEF Era-
Interim, NCEP/DOE Reanalysis II, JRA-55, MERRA-2 and CFSR
V2) (Methods). In 35 out of 40 models, ¥, decreased over the
past 39 years (blue bars in Fig. 1a). The multimodel mean (purple
bar) shows a weakening of —6.8 x 107kgs™"yr~'. In contrast, all five
reanalyses show an increase in ¥, ,, over the same period'’~** (green
bars in Fig. la). This inconsistency between the CMIP5 models
and the reanalyses (which occurs across the HC, and not only in its
maximum value (Supplementary Fig. 1)) is also clearly seen in the
time series of ¥, (Fig. 1c). Although the CMIP5 models show a

max

weakening of the circulation over the past few decades and
throughout the entire twenty-first century, all the reanalyses show
a strengthening in recent decades (these results are similar for the
winter season (Supplementary Fig. 2), but the annual mean allows
for better statistics). We focus here on the Northern Hemisphere
HC, as in the Southern Hemisphere there are no robust trends in cli-
mate models over the past four decades and throughout the twenty-
first century, and the trends in the reanalyses are consistent with
those in the climate models (Supplementary Fig. 3).

This discrepancy between climate models and two reanalyses
was documented over the past two decades of the twentieth century,
and was argued to stem from the opposite trends in static stability
in the middle-upper tropical troposphere (that is, warming in the
models versus cooling in the reanalyses)'””. Here we revisit this dis-
crepancy, corroborate its existence (as shown above) and explicitly
elucidate its origin by analysing a longer time record (39 years of
data), five different reanalyses, 40 CMIP5 models and one large
ensemble (LE) of model simulation, which allows disentangling the
system’s internal variability from its forced response to anthropo-
genic emissions, as discussed below. Although here we focus on the
discrepancy in ¥, trends, recent simulated trends in the HC width
do capture the trends from the reanalyses®.

The role of internal variability in the Hadley cell trends

A few models do show a minor increase in ¥,,,, which might sug-
gest that the discrepancy between the models and the reanalyses
stems from internal variability. Owing to the chaotic nature of the
climate system, the transient evolution of ¥, is sensitive to the
initial conditions of each model. Thus, different initial conditions
in the CMIP5 models might lead to both positive and negative
trends of ¥,,,,, which may then capture the positive trends in the
reanalyses. To evaluate the role of internal variability in the dis-
crepancy between the CMIP5 models and the reanalyses, we make
use of a LE of model simulations*. The LE was computed with the
Community Earth System Model (CESM1), and comprises 40 mem-
bers integrated from 1920 to 2100 under the historical and RCP8.5
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Fig. 1| The 39-year (1979-2017) trends (102kg s~'yr~") and time series (10"°kgs~") of ¥, ... a, Trends in CMIP5 models (blue bars) and their multimodel
mean (purple bar). b, Trends in LE members (red bars) and their mean (maroon bar). The leftmost bar shows the internal variability of 39-year trends
calculated from the preindustrial control CESM1 run. ¢, Time series of ¥,.,, in CMIP5 models (blue bars) and their multimodel mean (purple bar). d, Time

series of ¥,

ax IN LE models (red bars) and their mean (maroon bar). The time series are relative to the 1979-1989 period. In all the panels, green represents

reanalyses. The trends from MERRA-2 are available from 1980. The asterisks in a and b show that the trends are statistically significant (P values lower
than 0.1), and the error bars show the standard error of the linear regression coefficient.

scenarios, but with slightly different initial conditions (Methods).
As for most CMIP5 models, all the LE members show a decrease
in ¥,,,, in recent decades (red bars in Fig. 1b), with a mean value of
—7.9%10”kgs™'yr~! (maroon bar), attesting that internal variability
cannot explain the positive trends in the reanalyses. The inability
of internal variability to capture the increase in ¥, can be further
seen by comparing the time series of all the LE members, which
shows a decline through the twenty-first century, with the positive
trends in the reanalyses (Fig. 1d).

Studying the Hadley cell using the Kuo-Eliassen equation
We can think of two other possible explanations for the above dis-
crepancy. The first is that biases in the assimilation of observational
data in reanalyses (from satellites and radiosondes), or deficiencies
in the models used in the reanalyses®*, result in spurious positive
trends of ¥,,.,, and thus are inconsistent with the CMIP5 models.
The second is that deficiencies in the physical and numerical for-
mulations or in the external forcings used in climate models result
in unrealistic negative trends of ¥,,.. We explore these alternative
possibilities next by elucidating which physical processes control
the behaviour of ¥,,, in both reanalyses and models.

This is done by solving the Kuo-Eliassen (KE) equation
for the mean meridional streamfunction Y. The KE equation
is derived using quasi-geostrophic approximation and ther-
mal wind balance’””* (equation (2)), and takes the simple form,
L¥Y=D,+ Dy, + Dy + Dy, where L is a second-order linear
operator, which is a function of the Coriolis parameter and static
stability. From the KE equation, one can see that the circulation,
¥, is controlled by four physical processes: diabatic heating (D),
meridional eddy heat fluxes (Dy;7;), the meridional eddy momen-
tum fluxes (D,.) and the zonal friction (Dy) (Methods). We solved
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the KE equation for ¥ for each year using a successive over-relax-
ation method, with the terms on the right-hand side (RHS) speci-
fied from all the reanalyses with the available diabatic heating and
eddy fluxes, and from all LE members. The LE is used because, first,
it shows a weakening of ¥, (and is thus representative of most
CMIP5 models), second, it allows us to examine further the role
of internal variability and, third, all the model output needed to
solve the KE equation is available. Although an analysis based on
one model might be biased towards the model’s formulations, most
of the ¥,,, weakening trend variability across the CMIP5 models
stems from internal variability and not from the different model
formulations (73% of the variability is captured by the LE). The HC
obtained by solving the KE equation (denoted ¥*¥) is very close to
the actual streamfunction (¥ (Supplementary Fig. 4)). Moreover,
the interannual variability (Supplementary Fi]g. 5) and the trends
obtained from solving the KE equation (¥ ) over the past 39
years are highly correlated with the actual ¥, interannual variabil-
ity and trends (trend correlation of 0.98 for LE plus reanalyses and
of 0.91 for LE alone (Fig. 2a)). This excellent agreement gives us
confidence that the KE equation is a good tool to understand the
origin of the discrepancy between models and reanalyses.

As the KE equation is linear, we next examine the separate contri-
butions of changes in each of the RHS terms, plus changes in static
stability §* (which appears in L) to changes in 'Pﬁfx (equation (4)); the
total trends, and the individual contributions, are shown in Fig. 2b.
The term that mostly contributes to the discrepancy between the
LE and the reanalyses is diabatic heating (D,), which is responsible
for the strengthening of the HC in all the reanalyses. This result is
not sensitive to the method used to estimate diabatic heating (the
thermodynamic equation residual versus the model produced
(Supplementary Fig. 6)). The other terms either do not contribute to
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Fig. 2 | The 39-year (1979-2017) trends (108kg s~ yr-") of the Northern Hemisphere HC strength calculated from the KE equation PXE . a, Trends based

on the solution of the KE equation (avrﬁix

max*

(equation (2))) as a function of the streamfunction trends (¥,.., (computed from equation (1))). The correlation
between the trends is r=0.98. b, The relative contributions to the trends of the solution of the KE equation (Y’n':E

(equation (4))) from diabatic heating

ax

(Q), eddy heat fluxes (v'T"), eddy momentum fluxes (u’v"), zonal friction (X), static stability (5?) and the residual. €, The decomposition of Q to Q.. and
Q,.q heating. The trends in ¢ are based on 32 (1979-2010) years. Error bars show the standard error of the linear regression coefficient. In all panels, orange

represents the LE (mean LE in maroon) and green represents the reanalyses.

the discrepancy between the LE and reanalyses (for example, eddy
heat and momentum fluxes), or show inconsistent trends across
the reanalyses (for example, zonal friction). Note that although dia-
batic heating is the largest contributor to the strengthening in the
reanalyses, its effect can be partly masked by other terms (which, for
example, results in a minor strengthening of ¥, ., in ERA-I (Fig. 1a)).
Unlike previous studies that, after examining the vertical structure of
temperature changes, suggested static stability is important to explain
the discrepancy between climate models and reanalyses'>”’, we here
show, by quantifying the static stability contribution to ¥,,,, using the
KE equation, that it seems to play only a secondary role. Our dif-
ferent results might stem from the different time periods used for
the analyses, and from the fact that previous studies did not actually
quantify the effect of static stability and compared it to the effects of
other processes (for example, diabatic heating and eddy fluxes). In
fact, tropical mid-troposphere trends of static stability, which were
suggested to explain the discrepancy between climate models and
reanalyses, have the same sign across the CMIP5 models and three
different reanalyses (Supplementary Fig. 7), and thus cannot explain
the discrepancy. Although we cannot fully elucidate the mechanism
behind the simulated weakening of ¥, ., we do find that static stabil-
ity plays an important role in the weakening of ¥, over the past
few decades (Fig. 2b), as also suggested in previous studies for the
projected weakening and widening of the tropical circulations™ %",

The contribution of diabatic heating can be further separated into
contributions from latent heat release (Q,,.,) and radiative (Q,,)
heating. The full latitude-height structure of these variables is avail-
able for the LE and in two reanalyses (CFSR and JRA55), but not for
all 39 years (Methods). Thus, for a proper comparison, only the 32
overlapping years (1979-2010) between the LE and reanalyses are
analysed. This analysis further shows that most of the discrepancy
in diabatic heating stems from Q,,, (Fig. 2¢) (using the whole 35
years in JRA55 shows the same results). Although the Q. term is
only available in two reanalyses, these reanalyses include the largest
trends of ¥, which allows for an easier identification of the origin
of the discrepancy between climate models and reanalyses.

Validating Q,,..: trends with observations
We explore the source of the discrepancy by examining the latitu-

dinal structure of Q. in the reanalyses and LE. As seen in Fig. 3a,
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the vertically integrated Q.. trends show that the largest discrep-
ancy is around the equator, where the reanalyses show larger positive
trends in Q. To assess which data, the reanalyses or the models,
might have an erroneous representation of Q. (which eventually
results in the opposite trends of ¥,,,), we compare the precipita-
tion trends in the models and the reanalyses with precipitation
trends from the Global Precipitation Climatology Project (GPCP)
(Methods). Surface precipitation can be used as a proxy for the net
Quent in an atmospheric column. The GPCP data are constructed
from satellite and gauge observation, and are uncontaminated from
potential model or assimilation errors—this allows us to ascertain
how realistic the Q,,, trends in models and reanalyses are. As seen
in Fig. 3b, similar to the Q. trends, the precipitation trends in the
reanalyses show larger values around the equator than for the LE
(Fig. 3b). Although here we study the two reanalyses for which Q,,,,
is available, similar strong precipitation trends at low latitudes are
found in all the reanalyses except ERA-I, which is consistent with its
smaller trends of ¥,,,, (Supplementary Fig. 8). The observed GPCP
trends at low latitudes agree with the LE trends but not with the
reanalyses trends, which implies a deficiency in Q,, trends in the
reanalyses. Similarly, precipitation in CMIP5 models agrees with
that in GPCP (Fig. 3¢), which further highlights that climate models
do capture the observed precipitation.

We thus conclude that the positive trends in ¥, in the reanaly-
ses are likely to be an artefact. Although this artefact is present in
all the reanalyses, its magnitude varies across the different prod-
ucts mostly due to internal variability: the variability across the
reanalyses (6=2.1x10%kgs™'yr™) is within the range of internal
variability (3.4x10%kgs™'yr™, estimated from the CESM1 prein-
dustrial control run (Fig. 1b)). The origin of this artefact is unclear
at present. Recently, the lack of mass conservation in the early gen-
eration of the reanalyses was invoked to explain the weaker trend
in HC expansion in the models versus the reanalyses®. Although
the lack of mass conservation may also bias the ¥, trends in the
reanalyses reported above, here we analysed the new generation of
reanalyses, which have improved their mass conservation, so mass
conservation is unlikely be the primary reason for the discrepancy
between models and reanalyses. The inclusion of new satellite data
around the year 2000 might also affect the bias in the reanalyses, but
is not necessarily the main reason; although two reanalyses (CFSR
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Fig. 3 | The 32-year (1979-2010) Q... (W m~2yr~") and precipitation
(102mmd-"yr™") trends. a, Vertically integrated Q. trends.

b,c, Precipitation trends. Green lines, reanalyses; red lines, LE; blue lines,
CMIP5. In b and ¢ the black line represents the GPCP trends. The shading
shows the standard error of the linear regression coefficient.

and JRA55) show strong trends mostly prior to year 2000, the other
three reanalyses (ERA-I, NCEP and MERRA-2) show strong trends
mostly after year 2000 (Fig. 1c).

AS Qpen 18 strongly coupled to surface temperature, one might
be tempted to relate the discrepancy in ¥, trends between mod-
els and reanalyses to the recent ‘slowdown’ in surface and tropo-
spheric warming”. However, analysing the CESM1 LE ‘Pacemaker’
runs™ (Methods), which by nudging eastern tropical Pacific sea
surface temperature anomalies to the observations captures the
recent warming hiatus®, shows that the discrepancy between mod-
els and reanalyses remains: between 1979 and 2013, ¥7,,,, weakens
in most pacemaker runs (especially in those runs that best capture
the observed pattern of surface air temperature trends), with a
mean value of —3.6 X 107kgs™'yr~!, whereas most reanalyses show
a strengthening (Supplementary Fig. 9).

Our results not only explain the discrepancy in the HC strength
trends between climate models and reanalyses, but also show that
the weakening of the HC over the past ~40 years, simulated by mod-
els, is part of the forced response to anthropogenic emissions, and
not a manifestation of internal variability: all the LE members show
adecline in ¥, in recent years, and the decline is projected to con-
tinue in the coming decades (Fig. 1b). The inability of the reanalyses
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to capture the weakening of the HC over the past ~40 years raises
issues as to their use as an observational estimate for HC strength
trends. However, it is important to keep in mind that for many other
multidecadal atmospheric trends the reanalyses agree well with cli-
mate models (for example, the widening of the HC*, weakening of
boreal summer monsoon overturning circulation’* and so on).

Online content

Any methods, additional references, Nature Research reporting
summaries, source data, statements of code and data availability and
associated accession codes are available at https://doi.org/10.1038/
s41561-019-0383-x.
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Methods
The Hadley cell strength. The strength of the Northern Hemisphere HC (¥,,,) is
defined as the maximum value of the streamfunction (¥):

¥pp) =1L [T )
g 0

at 500 mbar, where ¢ is the latitude, p the pressure, a the Earth’s radius, g is the
gravitational acceleration, v the meridional wind, the overbar represents the zonal
and annual mean and p’ is a dummy pressure variable of integration.

CMIP5. Monthly mean data from 40 models from CMIP5'° were used in this
study, and are listed in Supplementary Table 1 (https://cmip.lInl.gov/cmip5/
availability.html). All the models are under the rlilp1’ ensemble and forced with
the historical forcing through 2005 and the RCP8.5 forcing through 2100.

Reanalyses. 1979-2017 monthly mean data from five different reanalyses, which
constrain general circulation models (GCMs) to both satellite data and in-situ
measurements, are used in this study:

1.  The ECMWF Era-Interim (ERA-I)”” with a 0.75° grid resolution (https://
www.ecmwf.int).

2. NCEP/DOE Reanalysis II (ref. **) with a 2.5° grid resolution (https://www.
esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis2.html).

3. JRA-55 (ref. **) with a 1.25° grid resolution (https://rda.ucar.edu/ and https://
esgf.nccs.nasa.gov/projects/create-ip/).

4. MERRA-2 (ref. ) with a 0.5° grid resolution (https://rda.ucar.edu/ and
https://esgf.nccs.nasa.gov/projects/create-ip/).

5. CFSR V2 (ref. *') with a 0.5° grid resolution (https://rda.ucar.edu/ and https://
esgf.nccs.nasa.gov/projects/create-ip/).

LE simulations. To estimate the role of internal variability in the discrepancy
between the Hadley cell strength trends in CMIP5 models and in reanalyses we make
use of the CESM1 LE”. The LE data are available at http://www.cesm.ucar.edu/. The
LE comprises a set of 40 members integrated from 1920 to 2100 under the historical
scenario through 2005 and RCP8.5 scenario thereafter. Although all the members
are subjected to the same forcing and are run with the same model, they differ in
their initial conditions: the initialized air temperature randomly varies across the
members by an order of 10~ K. Owing to the chaotic nature of the climate system,

a small change in the initial conditions leads to a distinct transient evolution of each
member, and thus allows one to explore the range of internal variability. Taking the
mean of all the members averages out the internal variability and yields the system’s
forced response. We also make use of the 1800-year long CESM1 preindustrial
control run, in which the forcing is held fixed at year 1850. The constant forcing in
that simulation allows one to quantify the internal variability in the unforced system.

Streamfunction equation. We solve the KE equation for the mean meridional
streamfunction”, ¥, to elucidate the physical processes that contribute to the
discrepancy in the Hadley cell strength trends between the CMIP5 models and
the reanalyses. The KE equation is derived by combining the thermodynamic and
momentum quasi-geostrophic equations using thermal wind balance (section
14.5.5 in Peixoto and Oort*), which yields, in spherical coordinates:

, g oW 28 0 1 o¥

27a cos ¢ ap2 27a adg a cos ¢ dp
_R l@ 0 1 ov'T'cos¢p 1 02Wcosz(ﬁ_£
plaodp aodpacosg ap dopogp op

where fis the Coriolis parameter, §*= —%% the static stability, p the density,
P

@

acos” ¢

0 the potential temperature, R=287Jkg~' K™ (the gas constant of dry air), Q the
diabatic heating, T the temperature, u the zonal wind, v'T" and u’v’ the eddy heat
and momentum fluxes, respectively, a prime represents deviation from zonal and
monthly mean and X is the zonal friction. We numerically solved this equation
with the RHS terms calculated from the LE and NCEP, ERA-I, JRA55 and CFSR
reanalyses, using a successive over-relaxation method. The eddy fluxes and diabatic
heating from the reanalyses were calculated using daily data. The diabatic heating
was calculated using the thermodynamic equation, Q = br_oIR 0

D
, where = =2
Dt pc, Dt~ ot

+ V.V, V=(u,v,w),wis the vertical velocity, and ¢, = 1,004J kg ' K" is the
specific heat capacity. The zonal friction was estimated usirzlg the %nnual mean
jW—ﬁ. Latent and
radiative heating from JRA55 and CFSR are available from 1979 to 2013 and to
2010, respectively.

The solution for equation (2), denoted P*%, is similar to the streamfunction
calculated from equation (1), as shown in Supplementary Fig. 4, which compares

¥ and ¥*F in both the LE (member 10) and NCEP reanalysis at year 1979. Different
years and different members of the LE also show a good agreement between ¥ and
PXE The 39-year interannual variability and trends of the Hadley cell

strength from ¥<& (X ) show good agreement with the interannual variability

max-

zonal momentum quasi-geostrophic equation, X =
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and trends of ¥,,,, with a very high correlation (trend correlation of r=0.98)
(Fig. 2a and Supplementary Fig. 5). This give us confidence in using equation (2)
to elucidate the processes that result in the discrepancy in the Hadley cell strength
trends between the CMIP5 models and the reanalyses. Similar to Kim and Lee®,
elucidating this discrepancy is done by calculating the relative contribution to the
trends in ¥XF from each of the terms in equation (2), which can then be rewritten:

L¥Y=D (3)

where L is the linear operator on the left-hand side in equation (2), and D is the
sum of the terms on the RHS of equation (2). One can decompose L, ¥ and D to
their values at 1979 and a deviation from that year, L=L,q;,+ 0L, ¥'=¥,,,,+8¥ and
D=D,y,,+3D. Substituting these into equation (3) provides an equation for 8¥:

L19740% = 8D—8L¥, 5o~ SLEY )

where the first term on the RHS represents changes in diabatic heating, eddy
meridional heat and momentum fluxes, and zonal friction, the second term
represents changes in static stability (the operator) and the third term is the
multiplication between static stability and streamfunction changes (calculated as a
residual). As the annual mean streamfunction is analysed, the system is closed to its
steady-state solution and the different terms in the streamfunction equation are not
independent. Thus, the contribution of each term does not necessarily stem from a
direct response to the forcing, but may stem from changes in the other terms*. The
changes are defined relative to 1979 because this is the first year available from the
reanalyses. Note, however, that as we are studying the trends in % the choice of
this year does not affect the results.

Precipitation (GPCP). The observed precipitation between 1979 and 2017 is
taken from the GPCP*, available at https://www.esrl.noaa.gov/psd/data/gridded/
data.gpcp.html. The GPCP provides monthly mean precipitation, with a 2.5° grid
resolution, by integrating satellite, gauge and sounding data.

Pacemaker runs. As shown in previous studies’*, by nudging sea surface
temperature anomalies to observations, the Pacemaker runs are able to capture the
recent slowdown in surface warming. These runs are conducted using the CESM1**
under the historical scenario through 2005 and the RCP8.5 scenario through 2013.
In the tropical east Pacific (15°S to 15°N), the sea surface temperature anomalies
are nudged to observations based on the NOAA Extended Reconstruction Sea
Surface Temperature version 3 (details in Deser et al.”*). Here we analysed a ten-
member LE of the CESM1 Pacemaker simulations through 1979-2013 to account
for the role of internal variability, which was found to be significant in capturing
the observed pattern of temperature trends. Similar to Fig. 1, most members

still show a small weakening of the Hadley cell strength, even by nudging the
eastern tropical Pacific temperature to observations, whereas reanalyses show a
strengthening over the same period (Supplementary Fig. 9). There is a low and
negative correlation of r=—0.39 between the Hadley cell strength trends in the
Pacemaker runs and the pattern correlation of the surface air temperature in the
Pacemaker runs and the observed surface air temperature (Deser et al.**). Thus,
members that show the highest pattern correlation with the observed surface
temperature show the largest weakening of the circulation.

Data availability

The data used in the manuscript are publicly available for CMIP5 data (https://esgf-
node.llnl.gov/projects/cmip5/), LE (http://www.cesm.ucar.edu/), ERA-I (https://
www.ecmwf.int), NCEP2 (https://www.esrl.noaa.gov/psd/data/gridded/data.ncep.
reanalysis2.html), JRA55, MERRA-2 and CFSR2 (https://rda.ucar.edu/ and https://
esgf.nccs.nasa.gov/projects/create-ip/) and GPCP (https://www.esrl.noaa.gov/psd/
data/gridded/data.gpcp.html).

Code availability
The code for calculating the KE equation is available upon request from
rc3101@columbia.edu.
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