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ABSTRACT

Previous studies have shown that the number, intensity, and structure of simulated tropical cyclones (TCs)

in climate models get closer to the observations as the horizontal resolution is increased. However, the

sensitivity of tropical cyclone precipitation and moisture budget to changes in resolution has received less

attention. In this study, we use the five-model ensemble from project PRIMAVERA/HighResMIP to in-

vestigate the systematic changes of the water budget of tropical cyclones in a range of horizontal resolutions

from 18 to 0.258. Our results show that, despite a large change in the distribution of TC intensity with reso-

lution, the distribution of precipitation per TC (i.e., averaged in a 58 radial cap) does not change significantly.
This result is explained by the fact that low- and high-resolution models represent equally well the large-scale

balance that characterizes the moisture budget of TCs, with the radius of the moisture source extending to

;158 from the center of the TC (i.e. well beyond the TC edge). Thewind profile is found to converge in the low

and high resolutions for radii. 58, resulting in a moisture flux convergence into the TC of similar magnitude

at low and high resolutions. In contrast to precipitation per TC, TC intensity does increase at higher resolution

and this is explained by the larger surface latent heat flux near the center of the storm, which leads to an

increase in equivalent potential temperature and warmer core anomalies, although this extra latent heat

represents a negligible contribution to the overall moisture budget. We discuss the complication arising from

the choice of the tracking algorithm when assessing the impact of model resolution.

1. Introduction

Tropical cyclone precipitation (TCP) has received

increasing attention over the past decade, as observa-

tional datasets of precipitation became more reliable

and tropical cyclone track records more comprehensive.

Collectively, tropical cyclones have a profound effect on

the mean hydrological cycle: they contribute to a sub-

stantial fraction of total precipitation in the tropics,

between 6% and 9% (Jiang and Zipser 2010), and up to

40% in the west Pacific (Jiang and Zipser 2010; Skok

et al. 2013; Guo et al. 2017). Their influence on the

global atmospheric circulation was also shown to have a

drying effect in the region of the Maritime Continent

(Scoccimarro et al. 2020). Individually, tropical cyclones

can cause intense rainfall, which, after they make land-

fall, and together with storm surge, can cause coastal

flooding with large societal impacts. Previous studies

have estimated TCP from general circulation models

(GCMs) using objective tracking algorithms to identify

tropical cyclone tracks. Future climate projections
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derived from GCMs indicate that TCP will increase at

a rate predicted by the Clausius–Clapeyron relation of

;7% K21 or greater (Knutson et al. 2010; Villarini and

Vecchi 2012; Scoccimarro et al. 2014; Bacmeister et al. 2016).

The impact of the horizontal resolution on TC char-

acteristics is now well documented (Caron et al. 2011;

Manganello et al. 2012; Strachan et al. 2013; Roberts

et al. 2015; Shaevitz et al. 2014; Bacmeister et al. 2014;

Roberts et al. 2020): when compared to observations

from the global references for tropical cyclones tracks

IBTrACS (International Best Track Archive for Climate

Stewardship; https://www.ncdc.noaa.gov/ibtracs/), in-

creasing horizontal resolution leads to an annual count

of TCs closer to the observations, both globally and per

ocean basin, a more realistic spatial distribution of TCs,

and a larger number of TCs of strong intensity. In ad-

dition, GCMs, which tend to underestimate maximum

10-m wind for a given minimum sea level pressure,

simulate a relationship between those two quantities

that converges toward IBTrACS when resolution in-

creases. All these improvements come from an increase

of TC seeds at higher resolution, a better representation

of pressure gradients in the core region, a finer repre-

sentation of processes leading to TC intensification, in

particular moist processes, or, in some cases, an im-

provement of the large-scale environmental conditions.

However, while some models simulate a number of

tropical cyclones per year in close agreement with the

observations when their grid spacing comes close to

0.258, their intensity still remains underestimated at

these resolutions. It is less clear however, how resolution

affects the moisture budget of tropical cyclones and

thereby their contribution to the global hydrological

cycle. In this study, we will assess the reliability of the

moisture budget of TCs in GCMs and the potential for

improvement when horizontal resolution is increased in

the range of 18–0.258.
We have several reasons to believe that increasing the

resolution of atmospheric GCMs (AGCMs) will change

the moisture budget of tropical cyclones. The complex

nature of scale interactions, in particular the role of

convective processes in the mesoscale range, has long

been recognized to play a crucial role for tropical cy-

clone intensification (Ooyama 1982; Simpson et al.

1997). When resolution is increased, some mesoscale

features start to become better represented, such as

rainbands wrapping around the core of tropical cyclones

(Manganello et al. 2012). For instance,Manganello et al.

(2012) showed in a 10-km resolution model that the

contraction and broadening of rainbands is associated

with fluctuations of the intensity of TCs. Note that we

expect further improvements for resolutions beyond the

range investigated in this study. It has been shown for

instance that when resolution is increased across con-

vective scales (in the range from 8 to 1 km), usually in

limited-area models, a broader range of downdrafts and

updrafts is simulated with an impact on precipitation

(Gentry and Lackmann 2010). Moreover, hot towers,

which play an important role in precipitation efficiency

(Montgomery et al. 2006), have a scale of;5km, which

is finer than the highest resolution of the High Resolution

Model Intercomparison Project (HighResMIP) ensemble.

On the other hand, the impact of resolution on the

moisture budget of tropical cyclones might be limited if

it is controlled by large-scale environmental parameters

that low-resolution models can capture. In the tropics

and in the outer region of tropical cyclones, the Rossby

radius of deformation (Ro) has typical values of 1000km

and the domain over which tropical cyclones exert their

influence extends farther than the core region, in cy-

clostrophic balance. Around 80% of the precipitation

occurring within 400 km from the center of the storm is

balanced by the convergence of moisture fluxes at

400 km (Braun 2006; Trenberth et al. 2007). Trenberth

et al. (2007) empirically estimated the moisture source

of tropical cyclones and found that this can be as far as

1600km from the center of the storm.

As the gray zone is entered, in which convective

processes start to be resolved by climate models, some

uncertainty might arise from the dependency of physical

parameterizations on model resolution, in particular for

parameterizations directly involved in the development

of tropical cyclones (i.e., convection, surface drag, and

boundary layer physics) (Smith 2000; Reed and

Jablonowski 2011; Zhao et al. 2012). When comparing

three configurations of two GCMs at a resolution of

50 km, Kim et al. (2018) showed that the model simu-

lating the most intense storms had, respectively, the

largest precipitation rates near the core (resulting in

more concentrated diabatic heating), the greatest con-

trast in relative humidity and surface latent heat flux

between the inner and outer regions of TCs, and the

greatest moisture sensitivity to convection. These results

show the importance of feedbacks between surface

evaporation and convection for TC intensification, and

the authors attributed different feedback values to dif-

ferences in convection schemes. Knutson and Tuleya

(2004) found that the fractional change of precipitation

averaged over a 18 cap in response to global warming

was more sensitive to the choice of the parameterization

of convection than the fractional change of intensity. In

contrast, Patricola and Wehner (2018) compared pro-

jections of TCP in an ensemble of simulations going

from a resolution of 27 km with parameterized convec-

tion to 3 km with explicit convection. They stated that

the convective parameterization introduced minimal
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uncertainty into the sign of projected changes in tropical

cyclone intensity and rainfall, which allowed them to

have ‘‘confidence in projections from global models with

parameterized convection and resolutions fine enough

to include tropical cyclones’’ (p. 339).

A couple of recent studies have shown the value of a

process-oriented evaluation of GCMs in a multimodel

framework to address the role of dynamical cores and

parameterizations in the representation of TCs (Kim

et al. 2018; Moon et al. 2020; Wing et al. 2019). However,

those studies are based on an ensemble of opportunity,

formedof simulations that do not follow a single protocol,

making the model comparison sometimes difficult. In

addition, this ensemble is mostly made of simulations

with horizontal resolution higher than 50km and the

sensitivity to resolution could not be fully addressed.

To understand the biases of tropical cyclone precipi-

tation in GCMs, evaluate the frequency of extreme

precipitation, and estimate the confidence in projected

changes of TCP in a warmer climate, a better understand-

ing of the physical mechanisms controlling the moisture

budget of TCs in GCMs and in present climate is required.

This study will investigate whether the moisture budget of

tropical cyclones in models is sensitive to their horizontal

resolution or whether it is constrained by the large-scale

environment. To do so, we will use a five-model ensemble

from the EU-Horizon2020 project PRIMAVERA cov-

ering a wide range of resolutions from 18 to 0.258.
In section 2, we derive the water budget of tropical

cyclones and describe the models of the PRIMAVERA

ensemble. The results are presented in section 3 and

discussed in section 4. We conclude and offer some

perspectives in section 5.

2. Data and methods

a. Computation of the water budget of tropical
cyclones

The conservation of moisture in the Eulerian frame of

reference can be written in the pressure coordinate

system as

›rq

›t
1= � (urq)5 e2 c , (1)

where u5 (ux, uy, v) is the 3D velocity, where the scalar

fields are a function of (x, y, p), e is the local evaporation,

c is the local condensation, r is the density, and q is the

specific humidity. By integrating Eq. (1) vertically, we

obtain

ðps
0

›q

›t

dp

g
1

ðps
0

=
h
� (u

h
q)

dp

g
5E2P , (2)

where ps is the surface pressure, E is the surface evap-

oration, andP is the precipitation rate at the surface.We

can decompose the horizontal velocity into

u
h
(x, y)5U1 u0(x, y), (3)

with U being the mean motion of the storm and u0 the
storm relative wind. AsU is not a function of x and y, it

follows that =h � U 5 0. The total humidity of the air

column is given by

Q5

ðps
0

q
dp

g
. (4)

The horizontal moisture flux convergence can be

decomposed into a contribution due to the advection by

the mean motion of the storm and a contribution due

to the convergence by the anomalous circulation, as

follows:

ðps
0

=
h
� (u

h
rq)

dp

g
5U � =

h
Q1

ðps
0

=
h
� (u0rq)

dp

g
. (5)

By making use of Eqs. (2), (4), and (5) this gives

›Q

›t
1U � =

h
Q1

ðps
0

=
h
� (u0rq)

dp

g
5E2P . (6)

We can write the derivative following the motion of the

storm: d/dt5 (›/›t)1U �=h, which should not be confused

with the Lagrangian derivative, d/dt5 (›/›t)1 uh �=h. In

addition, we write F5
Ð ps
0
u0rq(dp/g), where F is the

moisture flux in the frame of reference of the storm.

The tendency of moisture at a given time t is evaluated

as the rate of change of the vertically integrated specific

humidity between the observation immediately before

and immediately after the time t. We project F onto the

unit vectors of the cylindrical coordinates system in the

frame of reference of the storm F 5 (Fr, Fu). All quan-

tities are regridded in the cylindrical coordinates system

and averaged azimuthally so thatQ, Fr,E, andP are now

only a function of r. We finally obtain

2pr3
dQ(r)

dt
5 2pr3

�ðps
0

1

r

›rF
r
(r)

›r

dp

g
2E(r)1P(r)

�
.

(7)

Note that, by construction of the budget, all terms tend

to 0 at the center of the storm (as the surface of a ring is

infinitely small), and this should not be confused with

dry conditions prevailing in the eye of the tropical cy-

clone. Getting a closed budget is particularly difficult

when it is calculated from both instantaneous (wind,

specific humidity) and accumulated (precipitation)

values and when derivatives are estimated by finite
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differences. In addition, errors in the evaluation of the

term dQ/dt might arise if the distance traveled by the

storm is larger than the grid cell size (i.e., ifU3 dt. dx).

b. Tropical cyclone precipitation

Tropical cyclone precipitation is averaged in a radial

cap of radius X measured along a great circle following

the method used in Scoccimarro et al. (2014) and de-

noted TCPX.

c. Objective tracking algorithm

Tropical cyclones have been tracked using the objec-

tive tracking algorithm TRACK (Hodges et al. 2017).

The algorithm uses 6-hourly relative vorticity averaged

over three levels (850, 700, and 600hPa). Relative vor-

ticity is filtered using a spectral truncation of T63. The

algorithm locates centers of high relative vorticity (.53
1026 s21), which we call tropical vortices. Only storms

with a lifetime longer than two days are retained. The

vertical structure of storms is scanned to select only

those with a warm core structure. The same criteria were

used in all basins. Final tracks are available four times a

day, at 0000, 0600, 1200 and 1800 UTC. The same ver-

sion of the TRACK algorithm was used in Roberts et al.

(2020). In addition to all the criteria mentioned above,

we select only cyclones in the band 408N/S to discard

cyclones that would retain a warm core while already

exhibiting some baroclinic features. Typically, when

TRACK is applied to a reanalysis, it identifies ;30 000

tropical vortices per year globally, ;8000 of which

have a duration longer than two days, and;120 of which

have a warm core structure.

d. The PRIMAVERA model ensemble

TheTC analysis is based on an ensemble of fiveGCMs

that took part in the EU-Horizon2020 project

PRIMAVERA (i.e., Process-based climate simulation:

Advances in high-resolution modelling and European

climate risk assessments; https://www.climateurope.eu/

primavera/): CMCC-CM2 (Cherchi et al. 2019), CNRM-

CM6-1 (Voldoire et al. 2019), EC-Earth3P (Haarsma

et al. 2020), ECMWF-IFS (C. D. Roberts et al. 2018),

and HadGEM3-GC3.1 (M. J. Roberts et al. 2018).

Simulations follow the AMIP protocol and have been

forced by HadISST2 daily sea surface temperature

(SST) at a resolution of 0.258 reinterpolated to the

model grid. We briefly summarize the characteristics

relevant to each model in Table 1. Hereafter, the lower

resolution of each GCM is abbreviated LR, and the

higher resolution is abbreviated HR. Tropical cyclones

in each simulation have been tracked using TRACK and

the results of the tracking are discussed in Roberts et al.

(2020). In the various models, precipitation is accumu-

lated over 3 or 6 h, with different time windows for

precipitation accumulation, and is not necessarily cen-

tered on the time at which the tracking is performed: for

instance precipitation associated with the tracking time

0600 UTC is accumulated over the time range 0300–

0600 UTC in HadGEM3-GC3.1 and CNRM-CM6-1,

0430–0730 UTC in EC-Earth3P, 0000–0600 UTC in

ECMWF-IFS, and 0003–0900 UTC in CMCC-CM2. The

moisture budgets analyzed in section 3c, which are near

closure, suggest that the time period over which precipi-

tation is accumulated does not introduce large errors in

the budget term.

e. Observational products

For verification we use four reanalysis products: JRA-

55 (Kobayashi et al. 2015) covering the time period

1958–2017, MERRA-2 (Gelaro et al. 2017) covering

1980–2018, ERA-Interim (Dee et al. 2011) covering

1980–2016, and ERA5 (Copernicus Climate Change

Service 2017) covering 1950–2018. Precipitation in

ERA-Interim and ERA5 is estimated from forecasts

initialized from the analysis. In ERA-Interim precipi-

tation is accumulated over 3h after a 12-h lead time,

whereas in ERA5 precipitation is accumulated over 1h

after a 6- or 12-h lead time depending on the time of the

day (this is because ERA5 has only two forecast initial

dates per day and ERA-Interim has four). Each re-

analysis has been tracked independently with the

TRACK algorithm.

For reference, TCP has also been computed in satellite

products, TRMM3B42 (Huffman et al. 2007) covering

1998–2017 and CMORPH (Joyce et al. 2004) covering

2003–18 associated with TC tracks from IBTrACS

TABLE 1. Description of the PRIMAVERA model ensemble.

Model CMCC-CM2 CNRM-CM6-1 EC-Earth3P ECMWF-IFS HadGEM3-GC3.1

LR grid (resolution

at equator)

18 3 18 (100 km) Tl127 (156 km) Tl255 (78 km) Tco199 (50 km) N96 (208 km)

HR grid (resolution

at equator)

0.258 3 0.258 (28 km) Tl359 (55 km) Tl511 (39 km) Tco399 (25 km) N512 (39 km)

Dynamical core Finite volume Spectral Spectral Spectral Finite difference

Convective

parameterization

Neale et al. (2010) Bougeault (1985) Bechtold et al. (2001) Bechtold et al. (2001) Gregory and

Rowntree (1990)
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(Knapp et al. 2010). Precipitation has been averaged

over three hours.

QScat-R is a dataset of tropical cyclone radial struc-

ture based on the near-surface ocean wind vectors from

the QSCAT satellite (Chavas and Vigh 2014).

3. Results

a. Climatology of tropical cyclone precipitation

Figure 1 shows the composited precipitation for the

200 strongest tropical cyclones in each model over the

period 1998–2014.We choose this time period because it

is common to all models and most observational prod-

ucts. Precipitation has been averaged over the full

lifetime of all the storms. This mean view is not repre-

sentative of a single tropical cyclone,which is characterized

by mesoscale structures, such as spiraling rainbands;

rather, it reflects the likelihood of precipitation occur-

ring at a given distance from the center of the storm.

Three models show an increase of precipitation in the

core region (HadGEM3-GC3.1, CNRM-CM6-1, and

CMCC-CM2) and a decrease in the outer region (i.e.,

from a radial distance of 28 to 58), which is consistent

with TCs having a more compact structure at HR. In

those threemodels, the extent of precipitation in theHR

composite is in better agreement with TRMM3B42.

ECMWF-IFS and EC-Earth3P, which share the same

atmospheric component (IFS), show only an intensifi-

cation of precipitation near the core. Note that the

structure of TCs is more elongated in the LR of CMCC-

CM2 and HadGEM3-GC3.1; this is possibly due to the

coarser resolution in the zonal direction than in the

meridional direction at low latitudes.

From Fig. 1, it appears that most precipitation asso-

ciated with tropical cyclones occurs within 58 from the

center of the storm for all models and resolutions con-

sidered. This motivates the use of a 58 radial cap to

capture the total precipitation associated with tropical

cyclones similar to that chosen by Trenberth et al. (2007)

and Bacmeister et al. (2016), which we call TCP58.

In Fig. 2, the distribution of TCP58 is shown for ob-

servations (TRMM3B42 and CMORPH precipitation

FIG. 1. Composite of precipitation (mmday21) for the 200 strongest TCs in the North Hemisphere over the period 1998–2014. The

composites are centered onMSLP. (first row)Observations and reanalyses, (second row) LR, (third row)HR, and (fourth row) difference

between HR and LR.
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associated with IBTrACS tracks) and reanalyses. There

is a remarkable agreement of the distribution between

JRA-55, MERRA-2, and ERA5, but ERA-Interim tends

to underestimate the frequency for all bins (Fig. 2a). In

CMORPH and TRMM3B42 associated with IBTrACS,

the frequency of large TCP58 is higher than in reanalyses.

On average TCP58 can reach 100mmday21 once a year

in TRMM3B42 but it does not exceed 80mmday21 in

reanalyses and CMORPH. The distribution of TCP58 in

the models (Fig. 2b) overall covers the same range as

in the observations and reanalyses. We find a larger im-

pact of resolution for low-intensity TCP58 than for high-

intensity TCP58 and we will explain why this is the case in

the following paragraphs.

We hypothesize that the reduction of frequency of

low-intensity TCP58 in LR (Fig. 2b) is explained by a

lesser number of weak tropical storms reaching the

threshold for warm core identification. This is confirmed

by recomputing the distribution of precipitation for all

tropical vortices (i.e., vortices identified before the

warm core identification and the 2-day duration crite-

rion). Note that tropical vortices capture between 45%

and 60% of all tropical precipitation in the various

models of PRIMAVERA (not shown). The distribution

of precipitation averaged in a 58 cap shows much re-

duced differences of frequency between LR and HR at

lower precipitation rates when tropical vortices are

considered instead of TCs (Fig. 3). This result indicates

that other convective systems, not identified as warm

core TCs, do compensate for the lack of low intensity

TCP58 in LR models.

Interestingly, the high-intensity TCP58 has a larger

intermodel spread than a change with resolution for

each model taken individually (Fig. 2b). This is in con-

trast with the large impact of resolution on the fre-

quency of the minimum sea level pressure (MSLP) in

CMCC-CM2, CNRM-CM6-1, and HadGEM3-GC3.1

(Fig. 4b). The difference in sensitivity to resolution of

intense TCP58 and deepest MSLP is counterintuitive as

one would imagine that intense tropical cyclones gen-

erate larger precipitation rates. It will be an important

focus of this paper to reconcile the two seemingly con-

tradicting results.

Also investigated is whether the impact of resolution

on TCP varies from one ocean basin to another. Figure 5

shows maps of annual precipitation associated with

tropical cyclones in a 58 cap. An increase of TCP58 occurs

in all models and all basins when resolution increases

(Fig. 6, left column). This increase is larger in CMCC-

CM2 and HadGEM3-GC3.1 than in EC-Earth3P and

ECMWF-IFS and follows a more complex pattern in

CNRM-CM6-1, with a decrease in the tropical band and

an increase poleward.

To further understand the role of TCP and TC fre-

quency in setting the change of P with resolution, we

decompose

P(x, y)5TCP(x, y)3 f
TC
(x, y), (8)

where P represents the total precipitation associated

with tropical cyclones per year at longitude and latitude

(x, y), TCP the mean precipitation per tropical cyclone,

FIG. 2. Mean annual frequency of TCP58 in bins of 5mmday21 in (a) observations and (b) models. In (a) the

legend indicates the pair of products used for precipitation and tropical cyclones tracks. Each 6-hourly observation

counts for one occurrence. The entire time period available for each model and observation was used to compute

the annual mean distribution. Solid lines stand for LR and dashed lines stand for HR.
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and fTC the frequency of a grid point being overlapped

by a TC 58 cap. By differentiating Eq. (8), we obtain

DP5P3

�
DTCP

TCP
1
Df

TC

f
TC

�
, (9)

where D represents the difference between HR and LR.

The two terms on the right-hand side correspond re-

spectively to the contribution of the fractional change of

precipitation per tropical cyclone and the fractional

change of TC frequency to the change in total precipi-

tation associated with TCs. The result of this decom-

position is shown in Fig. 6 (middle and right columns).

We find that DP is mostly explained by the change in

frequency of tropical cyclones when resolution is in-

creased. In HadGEM3-GC3.1, CNRM-CM6-1, and

CMCC-CM2, it is slightly offset by a decrease in the

amount of precipitation per TC. This is easily under-

stood by the reduction of frequency of low-intensity

TCP58 in LR, discussed previously, which leads to higher

TCP58 when averaged over all bins.

b. Tropical cyclone core precipitation

In Fig. 7, we analyze the distribution of precipitation

occurring at the core of tropical cyclones by averaging

precipitation in a 18 cap (TCP18) in reanalyses and

models. TCP18 with a frequency of one observation a

year has an intensity ranging from 300 to 400mmday21

in the various observational products. However the

same quantity has a much larger spread in models,

ranging from 130 to 500mmday21. Thus, contrary to

TCP58, TCP18 is strongly affected by resolution. This is

even more true in models that are able to reach very

large intensities such as CMCC-CM2, CNRM-CM6-1,

and HadGEM3-GC3.1 (Fig. 2), suggesting a possible

link between the ability of models to develop large rain

rates in the core region and to simulate deep MSLP.

We now tentatively make a parallel between the

ability of models to reach intense TCP18 and gridpoint

extreme precipitation. Because core precipitation oc-

curs over a small area, it relates more directly to extreme

precipitation metrics defined at the gridpoint scale than

precipitation averaged in the whole tropical cyclone

does. Interestingly, Bador et al. (2020) found that

HadGEM3-GC3.1 and CMCC-CM2 produce the largest

change with resolution of the following extreme precipi-

tation metrics: maximum 1-day precipitation (rx1day),

maximum 5-day precipitation (rx5day), and total pre-

cipitation from extremely wet days (r99p), over both

land and ocean, suggesting that tropical cyclone core

precipitation in these models share essential physics

with processes that contribute to set the extreme pre-

cipitation captured by those three metrics.

c. Moisture budget of tropical cyclones

Focusing on the most intense tropical cyclones rather

than cyclones of a given intensity to evaluate the role of

resolution on the moisture budget of TCs appears to be

the best approach, since we showed in section 3a that

there was no obvious relationship between TCP58 and

the MSLP. The water budget of tropical cyclones has

been computed [following Eq. (7)] for the same selec-

tion of 200 strongest cyclones used for Fig. 1 but at the

time of minimum MSLP only. The contribution of each

term of the budget between two radii can be interpreted

as the area below the curve and between those two radii

(Fig. 8). For all models and all resolutions and at radial

distances less than 58, the main balance is between

moisture convergence and precipitation. Surface evap-

oration within 500km contributes only 10%–15% of

the moisture ultimately condensed in TCs. Following

Trenberth et al. (2007), we estimate the radius of the

moisture source for each composite, defined as the dis-

tance at which evaporation needs to be integrated from

FIG. 3. (a) As in Fig. 2b, but for precipitation associated with all

tropical vortices within a radius of 58 from MSLP and (b) the ratio

of the distribution between HR and LR.
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the center of the storm to find the same amount of water

as TCP58. The estimated radii in the PRIMAVERA

ensemble are in the range 1297–1528km (see Fig. S1 in

the online supplemental material). The radii of the

moisture source are smaller in ECMWF-IFS and EC-

Earth3P than in the other three models. The estimated

radii are also slightly smaller than the 1600km found by

Trenberth et al. (2007) in the case study of Ivan and

FIG. 5. Precipitation associated with tropical cyclones (mmday21; occurring in a 58 cap) in (left) TRMM3B42/IBTrACS, CMORPH/

IBTrACS, ERA-Interim, ERA5, and JRA-55, (center) LR models, and (right) HR models.

FIG. 4. As in Fig. 2, but for themean annual frequency ofMSLP in bins of 10 hPa in (a) observations and (b)models.
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Katrina with WRF at a resolution of 4 km. The excep-

tional intensity of those two TCs compared to the 200

selected in the model composites could explain this

difference.

When resolution increases, there is a clear redistri-

bution of moisture flux convergence toward the core of

the TC and as a result a redistribution of precipitation in

CMCC-CM2,CNRM-CM6-1, andHadGEM3-GC3; there

is however no marked change of the total precipitation

between 08 and 58 inHadGEM3-GC3 andCNRM-CM6-1.

In ECMWF-IFS and EC-Earth3P, there is little sensitivity

of precipitation and moisture flux convergence to resolu-

tion. Despite having the highest resolution of the ensem-

ble, ECMWF-IFS HR precipitation is closer to that of its

LR configuration. This cannot be solely explained by the

fact that IFS is a spectral model as CNRM-CM6-1 is also a

spectral model, based on a former version of the IFS dy-

namical core. The lack of resolution sensitivity is also

found in ERA-Interim and ERA5 (which have the same

resolution difference as between EC-Earth3P LR and

HR) despite more data being assimilated in ERA5.

We further decomposed the terms of the moisture

budget and found that the moisture flux due to the dis-

placement of the storm has a very small amplitude

compared with themoisture fluxes due to the anomalous

circulation (not shown). This is unlike the displacement

of moisture by extratropical cyclones, which becomes

important poleward of 408N/S with respect to the other

terms of the moisture budget (Dacre et al. 2015) and can

be explained by the large increase of cyclones transla-

tion speed at higher latitudes. In addition, we split the

divergence of the moisture flux due to the anomalous

circulation [i.e., the third term on the lhs of Eq. (6)] into

the advection of moisture by the anomalous circulation

and the product of humidity and mass divergence. We

find that the advection offsets slightly the term associ-

ated to mass divergence but we do not show this de-

composition as it does not bring additional insight.

FIG. 6. (left) Difference of precipitation associated with tropical cyclones (mmday21; occurring in a 58 cap) between HR and LR.

Precipitation associated with tropical cyclones (occurring in a 58 cap). The difference of precipitation between HR and LR has been

decomposed into two contributions resulting from (center) the change in the amount of precipitation per tropical cyclone and (right) the

change of the number of tropical cyclones.
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Next, the role that low-level wind might play in the

redistribution of moisture is explored. In Fig. 9, we have

decomposed the wind profile into its azimuthal and ra-

dial components. The composited wind profiles of

GCMs have been compared with a QScat-R composite

built in an analogous way. We identified the 200 stron-

gest events in the Northern Hemisphere in IBTrACS

over the period 1998–2014. We have selected the TCs in

FIG. 8. Composite of the 200 strongest TCs in the North Hemisphere over the period 1998–2014 and at time of

minimumMSLP. The components of tropical cyclones water budget are azimuthally and vertically averaged for a

small ring of width dr at distance r from the center of the storm. The components are of the budget (kgm21 day21)

are the storage (STOR), the moisture flux convergence (CONV), precipitation (PREC), evaporation (EVAP), and

the residual (RES). LR models are represented by solid curves and HR by dashed curves.

FIG. 7. As in Figs. 2a and 2b, but for TCP18.
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this composite that appear in QScat-R. AsQScat-R only

covers the period 2000–09, this results in less TC being

retained in the composite (107). The sensitivity of the

TCs low-level wind to resolution varies among models.

At the surface, there is a marked increase of the mean

azimuthal wind in CMCC-CM2, CNRM-CM6-1, and

HadGEM3-GC3.1, together with a displacement of the

strongest azimuthal wind toward the center of the storm.

Moreover, there is a relatively good agreement between

the wind profile at HR in CMCC-CM2, CNRM-CM6-1,

HadGEM3-GC3.1, and ERA5 with QScat-R. However,

in ECMWF-IFS and EC-Earth3P, there is only a mod-

erate change of the surface wind with resolution. We

also indicate in Fig. 9 the position and intensity of the

maximumwindbefore theazimuthal averaging (redmarkers).

In CMCC-CM2, CNRM-CM6-1, and HadGEM3-GC3.1,

there is a larger increase of the maximum wind speed and a

larger displacement of the position of this maximum toward

the center of the storm than in the twomodels using IFS. The

position is also better constrained with a reduction of the

variance of the composite.

The surface radial wind profiles converge in LR and

HR at around 58 in all models. At low levels, the radial

wind at 58 plays a key role together with specific hu-

midity in setting the moisture inflow into the tropical

cyclone. This is consistent with the fact that the mean

precipitation per TC differs little between LR and

HR. However, the change in the radial wind within the

cap means that moisture will be redistributed differ-

ently, with the stronger radial wind in HR leading to

more moisture being advected closer to the core.

To ascertain the control of the radial wind at the edge

of the cap on precipitation, we investigate the correla-

tion between the two quantities in the composite of TCs.

Not only do we find a strong correlation between the low

level radial wind at the edge of a 58 radial cap (i.e., wind

taken at 925 hPa and 58 from the center of the storm) and

TCP58 in each model and resolution (Fig. 10a), but all

FIG. 9. Composite of the 200 strongest TCs in the North Hemisphere over the period 1998–2014 and at time of

minimum MSLP. Mean (green) azimuthal and (blue) radial wind components at 10m for LR (solid) and HR

(dashed). Open (solid) red markers indicate the maximum 10-m wind in LR (HR) averaged in the composite and

the bars indicate the 25%and 75%percentiles of the distance from the center and intensity ofmaximumwind in the

composite.
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models and resolutions fall on a similar regression line.

Moreover, we find that the low-level radial wind at the

edge of the cap has a larger intermodel variability than

sensitivity to resolution (Fig. 10a). To contrast the role

of the large-scale moisture balance with the intensifica-

tion of the storm itself in setting TCP58, we also repre-

sent TCP58 against MSLP in Fig. 10b. As anticipated

from the previous sections, the relation between TCP58

and MSLP shows a larger change with resolution than

with model formulation. Note also that for a given TC

intensity, LR produces more precipitation than HR.

These results confirm the large-scale control of thewater

budget of tropical cyclones and shows it is only weakly

related to tropical cyclone intensity.

d. Moist processes and tropical cyclone energetics

Several studies have emphasized that, despite

representing a small contribution to the tropical cyclone

moisture budget, the latent heat flux nonetheless plays a

crucial role, as it modifies the specific humidity and

equivalent potential temperature and destabilizes the

atmospheric column (Malkus and Riehl 1960; Arakawa

2004). It is possible that, although it makes a negligible

change in the moisture budget, the increase of surface

latent heat flux in HR can strengthen cyclogenesis. In

Fig. 11, an attempt is made to give an overview of the

role of moist processes in setting the storm intensity.

Even LR models can capture the equivalent potential

temperature ue structure characterizing tropical cy-

clones: an inward increase of absolutemomentum at low

levels and an outward slope of moist adiabat above the

boundary layer (Emanuel 2018). In the core region, iso-

contours of absolute momentum are aligned with moist

adiabats, suggesting slantwise convective adjustment

has occurred, despite the parameterization of convec-

tion removing upright convective instability. The lines of

absolute momentum form a sharper gradient in the core

region in HR models as expected from more intense

TCs. The difference of ue between LR and HR shows a

column of anomalously warm air in the core region in all

models, whereas the sign of the anomaly away from the

core varies among models. Models with the warmest

core anomaly are those developing the deepest MSLP:

CNRM-CM6-1 and HadGEM-GC3.1.

The surface latent heat flux shows that the largest

differences occur between LR and HR in the core

region, a region which coincides with the largest wind

anomalies (cf. Fig. 9). At first, those results might seem

paradoxical with the moisture budget view presented in

Fig. 8, where it was concluded that there was little sensi-

tivity of surface latent heat flux with resolution. This is

because the region of large anomalous latent heat, close to

the center of the storm, makes a negligible contribution to

the moisture budget of the tropical cyclone. Finally, we

note that the IFS-based models (i.e., ECMWF-IFS, EC-

Earth3P, and the two reanalysesERA-InterimandERA5)

have less sensitivity of surface latent heat flux to resolution.

The diagnostics presented in this section provide a

good illustration of an enhanced intensification feedback

at higher resolution (or WISHE feedback; Emanuel

1986). Indeed, stronger winds extract more latent heat

from the ocean, and parcels taking upmoremoisture give

rise to a larger inward increase of ue in the boundary layer

and thus a warmer core, which ultimately maintains

stronger winds. In IFS models, the intensification feed-

back has a lesser sensitivity to resolution. It has been

suggested that the lateral diffusion of heat and

FIG. 10. Scatterplots of (a) radial wind at 925 hPa and 58 from the

center of the storm and (b) MSLP vs precipitation averaged in a 58
radial cap for the composite of the 200 strongest TCs in the North

Hemisphere over theperiod 1998–2014 andat timeofminimumMSLP.

Solid and dashed lines represent the fitted linear regression curves of

LR and HR, respectively. The mean and the range of two standard

deviations for the radial wind in (a) and MSLP in (b) are indicated on

the right-hand side of each subplot for each model and each resolution

(using the same line style coding as for the regression curves).
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momentum by parameterized three-dimensional tur-

bulence and numerical truncation errors could alter ue
gradients in the core region (Emanuel 2018). However,

we note that IFS is a spectral model and has the ability

to compute gradients with high accuracy. Moreover,

Klaver et al. (2020) found that, at midlatitudes, IFS was

the model of the PRIMAVERA ensemble with the

highest effective resolution.

As emphasized by Emanuel (2018), in a similar way as

for midlatitude frontogenesis, it is the secondary circu-

lation of tropical cyclones that enhances the core tem-

perature gradients. To evaluate if, for a given intensity

of tropical cyclones, the secondary circulation has the

right intensity, we calculated the cross-flow angle de-

fined as tan21ur/uu, with ur and uu, the radial and azi-

muthal components of wind, respectively. The results

are shown in Table 2.We find that the cross-flow angle in

the outer region of the storm has little dependence on

the resolution of climate models, which suggests it is

intrinsically related to model formulation. For radii less

than 28, the dependence on resolution is larger, which is

consistent with the core region with relatively weak

wind occupying a larger area in LR models. The cross-

flow angle is systematically lower in IFS-based models,

both in the inner and the outer regions, suggesting that

some essential model physics pertaining to TC intensi-

fication is misrepresented. The too weak secondary cir-

culation in the IFS models will have consequences for

both the intensification of TCs and their water budget.

First, a too weak secondary circulation close to the core

will not allow moist air to reach the innermost region of

the TC, therefore hampering the intensification feed-

back described in the previous paragraph. Second, a too

weak secondary circulation in the outer region will re-

duce the inward component of moisture fluxes at the

edge of TCs, potentially explaining the smaller rain rate

in the models using the IFS dynamical core (Fig. 2).

4. Discussion

We have analyzed the moisture budget of tropical

cyclones in the multimodel PRIMAVERA ensemble.

FIG. 11. Equivalent potential temperature ue (K; color) and iso-contours of absolutemomentumM (black lines) for (first row) LR, (second

row) HR, (third row) the difference between HR and LR, and (fourth row) surface latent heat flux (Wm22).
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One puzzling result is that, while the intensity of tropical

cyclones is strongly affected by a change in model res-

olution, by contrast there is very little impact of reso-

lution on precipitation per TC. By contrasting a moist

energetic view and a moisture budget view, our analysis

provides explanations as to why there is little interde-

pendence between the two.

Tropical cyclone intensity is better understood by an-

alyzing the specific humidity as an intensive parameter,

while themoisture budget does not givemuch insight for

the storm energetics. The WISHE feedback loop is

curbed in LRmodels, as they underestimate the chain of

processes linking high-intensity wind with the extraction

of large amounts of latent heat from the ocean, leading

to the warming of the core. Either model resolution is

simply not fine enough to represent processes occurring

on the scale of a few tens of kilometers, or LR models

could overly diffuse temperature gradients. Those re-

sults are consistent with those presented in Wing et al.

(2019) showing that GCMs with a more intense surface

flux feedback develop more intense tropical cyclones

and that a large fraction of the intermodel spread in the

representation of TCs is due to the interaction between

spatially varying surface fluxes and developing TCs.

Tropical cyclone precipitation is well explained by the

moisture budget view. Large-scale moisture advection is

in balance with precipitation to first order, with local

evaporation playing a secondary role. We found that

there is little impact of resolution on the far wind field,

which controls the amount of moisture converging into

the cap. It is surprising that, contrary to what was surmised

in the introduction, their supposedly better resolved me-

soscale features do not modify the efficiency of convection

within tropical cyclone systems. However, from the point

of view of radiative convective equilibrium, the warming

due to convective ascent, which balances radiative cooling,

might be only weakly sensitive to resolution if wemake the

hypothesis of weak temperature gradients. Instead, our

results suggest that the amount of precipitation occurring

in tropical cyclones is the result of a large-scale

balance, in good agreement with previous results

(Trenberth et al. 2007).

We believe that two aspects of the methodology we

used allowed us to reach the conclusion that TCP has

little sensitivity to resolution: the compositing technique

and the choice of the tracking algorithm.

First, we preferred to composite the 200 strongest TCs

over a 17-yr period, rather than to stratify TCs by in-

tensity as frequently done (Kim et al. 2018; Moon et al.

2020; Wing et al. 2019). Stratifying by intensity could

have led us to a seemingly contradicting conclusion, as

we showed in Fig. 10b that, for a given intensity, LR

models produce more precipitation than HR. This is

explained by the lack of a unique relation between

MSLP and TCP, which all resolutions and models would

satisfy. We believe that our approach is complementary

to the aforementioned studies in assessing the impact of

resolution on TCP.

Second, we believe the results could have been af-

fected by the choice of a different tracking algorithm.

Indeed, we found that the weakest TCP rates are less

frequent in LR models than in HR. When all tropical

vortices are considered, rather than only those identified

as TCs with a warm core, such a difference disappears.

This implies that tropical vortices, which are not iden-

tified as TCs, do compensate for the lack of rain due to

missing TCs. In the light of this result, choosing TRACK

seems particularly relevant, as it discards overly small

features. The count of tropical cyclones appears even

more sensitive to resolution when another tracking al-

gorithm, TempestExtreme, using pointwise detection,

was used for the tracking [see results by Roberts et al.

(2020) and the description of the algorithm therein]. To

illustrate this, the distribution of TCP58 was recomputed

with the TC tracks computed by TempestExtreme in

Fig. 12. The ratio of the distribution obtained with

TempestExtreme and TRACK shows that the two

tracking algorithms converge for the strongest TCP58,

but weaker TCP58 is strongly underestimated by

TempestExtreme. In addition, the TCP distribution

obtained with the two tracking algorithms tends to be in

better agreement at HR than at LR, which is consistent

with findings by Roberts et al. (2020) showing the con-

vergence at HR of the count of TCs identified by the two

trackers.

The role of coupling has not been investigated in this

study, yet it is known to exert a feedback on tropical

cyclone intensity (Vincent et al. 2012a,b), which is likely

TABLE 2. Cross-flow angle (8) of wind at 925 hPa averaged for radii between 08 and 28 and radii between 28 and 58 from the center of

the storm.

Radius Resolution CMCC-CM2 CNRM-CM6-1 EC-Earth3P ECMWF-IFS HadGEM3-GC3.1 ERA-Interim/ERA5

08 , r , 28 LR 8.658 10.978 2.838 4.278 12.568 5.188
HR 17.098 14.338 5.698 7.728 15.858 8.138

28 , r , 58 LR 15.878 16.658 8.408 11.458 15.408 11.488
HR 15.998 19.188 10.218 12.368 15.818 13.108
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to depend on horizontal resolution. One difficulty in-

herent to coupled experiments is to distinguish the role

of coupling itself from the role of SST biases in altering

the moisture budget and intensity of tropical cyclones.

Atmospheric models coupled to slab ocean models

might offer a solution to assess the role of the ocean re-

sponse without the uncertainty arising from SST biases.

We found that sensitivity of TCs to resolution is low in

IFS models, including in ECMWF-IFS and despite re-

cent developments of IFS (cycle 43r1) to make the

Charnock parameter used in the calculation of the ex-

change coefficient of momentum (Cd) dependent on the

sea state, and although this modification resulted in a

decrease of Cd at high 10-m wind speeds (Magnusson

et al. 2019). However, a recent retuning of the Charnock

parameter at high wind speeds, introduced in a later

cycle 47r1, and not yet operational at the time of writing

this paper, has shown the potential for further improve-

ments, leading in particular to an increase of maximum

surfacewind speed and tropical cyclone intensity, but also

to an increase in the amount of heat and moisture

extracted from the ocean (Janssen and Bidlot 2018).

This work leaves several open questions for future

research. First, several recent studies have discussed the

spatial scale at which the atmosphericmoisture budget is

closed (Dagan et al. 2019) and the radiative–convective

equilibrium (RCE) is reached (Jakob et al. 2019). Dagan

et al. (2019) define this spatial scale as the distance at

which the moisture flux divergence makes a negligible

contribution to the moisture budget with respect to

surface evaporation and precipitation. On annual time

scales, the two studies find a similar spatial scale of

4000km, which, we note, is roughly twice the radius at

which the water budget of tropical cyclones is closed

[Trenberth et al. (2007), and results presented in this

study]. It would be interesting to understand in more

detail if a climatology of tropical cyclones, as presented

in this study, form a subset of events that could satisfy a

similar spatial scale of closure to the atmospheric water

budget, as calculated in Dagan et al. (2019).

Another open question is what determines the wind

profile of tropical cyclones in GCMs. Indeed, one sur-

prising result of this study is that, despite larger maxi-

mumwind near the core, the wind profile converges with

resolution at large radii. The results presented in this

paper can help gain insight into relevant physical

mechanisms. One possible hypothesis to explain this

behavior is that convection entrains air parcels from the

large-scale environment with similar physical properties

at high and low resolutions. Sufficiently far away from

the center, the wind profile is set by the conservation of

angularmomentum of those parcels and is not altered by

model resolution. Closer to the core, however, the wind

profiles diverge in high and low resolution, either be-

cause the convective adjustment occurs before the par-

cels can reach the center at low resolution and/or

because the radial temperature gradient is too diffuse.

5. Conclusions and perspectives

The general findings of the study are as follows:

1) Per-TC precipitation simulated in GCMs, unlike TC

intensity, is relatively insensitive to the grid horizon-

tal resolution. TC precipitation has however some

dependence on model formulation.

2) Per-TC precipitation is in balance with the large-

scale environment: the intensity of low-level radial

wind at the edge of the tropical cyclone is well cor-

related with the amount of precipitation in tropical

cyclones. This large-scale balance appears to be in-

dependent from the inner core dynamics and low-

and high-resolution models capture it equally well.

FIG. 12. (a) As in Fig. 2b, but for TCs tracked by the tracking

algorithm TempestExtreme and (b) the ratio of the distribution of

TCP58 for TCs tracked with TempestExtreme (TE) and TRACK

(T63). Note that tropical cyclones in CMCC-CM2 have not been

tracked with TempestExtreme.
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3) Despite having a negligible contribution to the mois-

ture budget, the increase of surface latent heat flux

near the core of TCs is part of a chain of processes

leading to a larger TC intensification at high resolution.

4) The change in the radial wind profile with resolution

leads to a redistribution of precipitation within the

TC. This is true in particular in CNRM-CM6-1,

CMCC-CM2, and HadGEM3-GC3.1, which achieve

mean precipitation rates in the core of tropical cy-

clones as large as 500mmday21, whereas in IFS-based

models this is large, albeit to a lesser extent.

5) The impact of horizontal resolution on the contribu-

tion of TCs to global precipitation is largely due to a

change in the number of tropical cyclones. This num-

ber is rendered uncertain by the choice of the tracking

algorithm, the definition of TC identification criteria

and the sensitivity of the algorithm itself to resolution.

Our results question the relevance of studying the water

budget of tropical cyclones in small limited domains

because the forcing prescribed at the boundaries could

constrain this budget. Alternatively, the rotating radiative–

convective equilibrium framework (Zhou et al. 2014, 2017)

could be valuable to explore the impact of model reso-

lution on the water budget of tropical cyclones: coupling

the column physics of a GCM to a rotating hydrostatic

dynamical core in a doubly periodic domain at varying

resolutions would have the advantage of avoiding pre-

scribing lateral boundary conditions and would seem

relevant to understand the role of the large-scale envi-

ronment on the water budget.

Patricola and Wehner (2018) found that the response

of tropical cyclone precipitation to future warming does

not vary for a range of resolutions going from 25 to 2 km.

Their results, together with those presented in this study,

suggest that the large-scalemoisture balance of TC plays

an important role in setting TCP in convection permit-

ting models too. Recent experiments carried out in the

project DYAMOND (Dynamics of the Atmospheric

General CirculationModeled on Nonhydrostatic Domains;

Stevens et al. 2019)will be used in futurework to investigate

this question.

The large-scale balance of the moisture budget of

TCs, as revealed in this study, is particularly interesting

to understand the response of TCP to future forcing in

GCMs. If future changes of the large-scale environment,

and low-level tropospheric humidity in particular, are

not impacted by resolution, then we would expect low-

and high-resolution models to simulate similar precipi-

tation changes.
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