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ABSTRACT

An atmospheric-water-budget-related phase space is constructed with the tendency terms related to dy-

namical convergence (QCON[2Q= �V) and moisture advection (QADV[2V � =Q) in the water budget

equation. Over the tropical oceans, QCON accounts for large-scale dynamical conditions related to condi-

tional instability, and QADV accounts for conditions related to lower-tropospheric moisture gradient. Two

reanalysis products [MERRAandERA-Interim (ERAi)] are used to calculateQCONandQADV.Using the

phase space as a reference frame, the Moderate Resolution Imaging Spectroradiometer (MODIS) cloud-top

pressure (CTP) and cloud optical depth (COD) are used to evaluate simulated clouds in the GISS-E2 general

circulation model. In regimes of divergence over the tropical oceans, moist advection yields frequent high- to

midlevel medium-thickness to thick clouds associated with moderate stratiform precipitation, while dry ad-

vection yields low-level thin clouds associated with shallow convection with lowered cloud tops. In regimes

with convergence, moist and dry advection modulate the relative abundance of high-level thick clouds and

low-level thin to medium-thickness clouds. GISS-E2 qualitatively reproduces the cloud property dependence

on moisture budget tendencies in regimes of convergence but with larger COD compared to MODIS. Low-

level thick clouds in GISS-E2 are the most frequent in regimes of near-zero convergence and moist advection

instead of those of large-scale divergence. Compared to the Global Precipitation Climatology Project

product, MERRA, ERAi, and GISS-E2 have more rain in regimes with deep convection and less rain in

regimes with shallow convection.

1. Introduction

Cloud feedbacks involving changes in the large-scale

circulation have long been recognized as the main

source of uncertainties in climate model projections of

climate change caused by increases in greenhouse gases

(Bony et al. 2015; Colman 2003; Dessler 2010; Randall

et al. 2007; Ringer et al. 2006; Soden and Held 2006;

Webb et al. 2006; Zelinka et al. 2012). Bony et al. (2015)

state that understanding the interaction between

clouds and circulation is urgently needed to accelerate

progress in resolving discrepancies in climate sensitiv-

ity among models.

Previous process-oriented climate model evaluations

have attempted to link climate variables (e.g., cloud

amount) to large-scale dynamical conditions mainly

through dynamical convergence (e.g., Bony and

Dufresne 2005; Teixeira et al. 2011; Su et al. 2011, 2013)

by using variables such as vertical velocity at 500 hPa,
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lower-tropospheric stability, and sea surface tempera-

ture. Bony et al. (2013) apply the atmospheric water

budget equation to study climate change caused by CO2

increase, but the work is mainly focused on the con-

vergence (or vertical velocity) portion of the equation.

Effects of horizontal moisture advection, which is im-

portant in areas with strong trade winds or tropical

waves, are not explicitly investigated in these studies. In

fact, the atmospheric water budget equation includes

individual terms that are related to large-scale conver-

gence and moisture advection and can be used to

construct a thorough picture for water-budget-related

large-scale dynamical conditions.

In section 2, we first define a phase space connecting

large-scale dynamical conditions to metrics of the large-

scale atmospheric water budget. We further demon-

strate the application of this phase space as a reference

frame to represent large-scale dynamical conditions re-

lated to the varying combinations of effects of large-scale

convergence (QCON) and moist advection (QADV). In

section 3, we apply the water-budget-related phase space

for climate model evaluation by studying simulated re-

lationships among large-scale atmosphericwater budgets,

cloud properties, and precipitation in a free-running

AGCM, the Goddard Institute for Space Studies Model

E2 [GISS-E2; refer to Schmidt et al. (2014), with modi-

fications described byDelGenio et al. (2012)]. Stratifying

climate variables on the phase space provides a means to

analyze how key climate variables (e.g., cloud properties)

are related to large-scale dynamical conditions and the

atmospheric water budget (e.g., precipitation). We focus

on our study over the tropical oceans (308S–308N) to see

whether this framework produces new insights as well as

reproducing previous findings. Section 4 concludes our

main results.

2. The water-budget-related phase space

a. Water vapor tendencies related to QCON and
QADV

We define a phase space spanned by advection and

convergence terms in the atmospheric water vapor

budget equation (e.g., Peixoto andOort 1992; Trenberth

and Guillemot 1998; Wong et al. 2011; Bony et al. 2013):

P2E1
›Q

›t
52= � (QV)52Q= �V2V � =Q , (1)

where

Q(x, y, t)5

ðpsrf
ptop

q(x, y, p, t)
dp

g
(2)

and

V(x, y, t)5
1

Q

ðpsrf
ptop

q(x, y, p, t)v(x, y, p, t)
dp

g
. (3)

In Eq. (1), surface freshwater exchange [precipitation

minus surface evaporation (P2E)] plus the tendency in

the atmospheric-column-integrated specific humidity

(or total precipitable water) Q [Eq. (2)] is decomposed

into two terms: the tendency related to large-scale dy-

namical convergence (2Q= � V, hereafter referred to as

QCON) and the tendency caused by total moisture ad-

vection (2V � =Q, hereafter referred to as QADV). The

two-dimensional vector V is the column-integrated

horizontal winds v weighted by the vertical profile of

specific humidity [Eq. (3)]. The integrals in Eqs. (2) and

(3) are evaluated for pressure p from the top of the at-

mosphere (ptop) to the surface (psrf). For reanalysis

products, an analysis increment should be added to

Eq. (1).

A point in the ‘‘water-budget-related phase space’’ is

defined by the pairs of variables (QCON, QADV) at

each horizontal grid cell. Each point in the phase space is

tightly linked to the atmospheric water budget such that

the sum of its components is the surface water exchange

plus the net increase in precipitable water. Hereafter, we

refer to the space spanned by QCON and QADV as

simply the phase space.

To implement the phase space for model evaluation,

column-integrated variables (Q and V) are first calcu-

lated on sigma levels, and then QCON and QADV are

computed through finite differencing. Computing ver-

tical integrals of specific humidity on sigma levels pro-

vides more accurate total precipitable water than from

interpolated specific humidity at standard pressure

levels. In this study, QCON and QADV are calculated

from a 3-hourly humidity and horizontal wind velocities

from a GISS-E2 simulation at 28 latitude 3 2.58 longi-
tude resolution for 2007–09 with prescribed sea surface

temperatures.

The GISS model version used is identical to that de-

scribed in Schmidt et al. (2014) except for changes in the

cumulus parameterization that were implemented to

produce stronger intraseasonal variability (Del Genio

et al. 2012; Kim et al. 2012). Changes include increased

entrainment in the more weakly entraining of two

components of the mass flux, removal of a mass flux

limiter that produces zero entrainment rates at upper

levels in some vigorously convecting grid boxes, stron-

ger convective rain evaporation into the environment,

and replacement of temperature-based buoyancy in the

downdraft with a buoyancy calculation based on virtual

temperature, including condensate loading.
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We use the NASA Modern-Era Retrospective Anal-

ysis for Research and Applications (MERRA; version

5.0.2) as the reference for QCON andQADV.MERRA

uses the Goddard Earth Observing System Model ver-

sion 5 (GEOS-5) data assimilation system (Rienecker

et al. 2008; Rienecker et al. 2011) to assimilate obser-

vations for the analysis. The details of the MERRA

water cycle are described by Bosilovich et al. (2011).

Wong et al. (2011) demonstrate that MERRA provides

reasonable spatial and temporal variability in the at-

mospheric water vapor budgets over the tropical oceans.

Column-integrated variables (Q and V) are obtained

from the MERRA products of 1-hourly averages of

vertically integrated specific humidity and water vapor

fluxes at native spatial resolution (1/28 3 2/38). To facili-

tate comparison with GISS-E2, the 1-hourly MERRA

QCON and QADV are converted to 3-hourly data at

28 latitude 3 2.78 longitude resolution by averaging

groups of 4 3 4 native grid cells so that the horizontal

and temporal resolutions are comparable to that of the

GISS-E2 diagnostics (28 latitude 3 2.58 longitude 3
3 hourly).

The errors from finite differencing and conversion of

temporal and spatial resolutions can be estimated by the

departures of the residuals of Eq. (1) (i.e., P 2 E 1
›Q/›t2QCON2QADV) from the analysis increments.

Figure 1 shows that such errors are in general less than

1mmday21 for both the hourly dataset at native resolu-

tion (Fig. 1a) and the 3-hourly dataset at 28 3 2.78 reso-
lution (Fig. 1b).

We also calculate QCON and QADV using the

European Centre for Medium-Range Weather Fore-

casts interim reanalysis (ERA-Interim, hereinafter

ERAi; Dee et al. 2011) so that differences between

reanalysis datasets can be assessed and used as un-

certainty estimates of the references. ERAi 6-hourly

data are averaged onto 28 latitude 3 28 longitude grid

boxes for comparison with the MERRA and GISS-E2

results. The difference in temporal resolution of ERAi

from MERRA and GISS-E2 does not influence key

results of this study.

b. Large-scale dynamical conditions in the
water-budget-related phase space

Joint histograms of three years’ (2007–09) QCON and

QADVare plotted forMERRA,ERAi, andGISS-E2 in

Figs. 2a,c,e for the whole globe and in Figs. 2b,d,f for the

tropical oceans. All three models show the most fre-

quent events at the center (hereafter referred to as the

‘‘quiet zone,’’ where QCON ffi 0 and QADV ffi 0) and

along the pure convergence/divergence axis (QADV5 0)

or the puremoist/dry advection axis (QCON5 0). Events

of mixed combinations of large values of QCON and

QADV are relatively rare. For the distribution over

FIG. 1. MERRA atmospheric-water-budget-related variables (mm day21) averaged on the phase space for (a) native resolution

(2/38 3 1/28 3 1 hourly) and (b) resolution at 2.78 3 28 3 3 hourly (averaged 43 4 native grid cells). (left) The water budget residuals

(P 2 E 1 ›Q/›t 2 QCON 2 QADV); (center) the MERRA analysis increments for Q; and (right) error estimates for finite differencing

calculations [difference between (left) and (right)]. The phase space is spanned by QCON (abscissa) and QADV (ordinate).
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the tropical oceans, one sees higher skewness toward

positive QCON because of the intertropical conver-

gence zone (ITCZ), and toward negative QADV be-

cause of dry advection associated with the tropical

trade winds.

To demonstrate how tropical large-scale dynamical

conditions vary in regimes in the phase space, averages of

commonly used climate variables on the phase space are

shown forMERRA (Fig. 3a), ERAi (Fig. 3b), andGISS-

E2 (Fig. 3c) over the tropical oceans. These variables are

convective available potential energy [CAPE (Jkg21);

Fig. 3, left], convective inhibition [CIN (Jkg21); Fig. 3,

center left], vertical velocityv at 500hPa [v500 (hPah21);

Fig. 3, center right], and potential temperature advection

at 850hPa (2V � =u, where u is potential temperature;

Fig. 3, right). CAPE measures the maximum kinetic en-

ergy an air parcel can gain through lifting by buoyancy in

convection and, hence, how conditionally unstable the

atmospheric column is. CIN measures the energy an air

parcel needs to reach the free convection level in order to

FIG. 2. Joint histograms of QCON (mmday21) and QADV (mmday21) for (a),(b) MERRA, (c),(d) ERAi, and

(e),(f) GISS-E2 for 2007–09. Standard deviations of QCON and QADV are listed in the titles of each panel. The

color shading indicates the probability (%) for (left) over the whole globe and (right) over the tropical oceans.

Different dynamical regimes are defined by black boxes in (e) and labeled asA1C2, A1C0,A1C1, A0C2, A0C0

(the quiet zone), A0C1, A2C2, A2C0, and A2C1.
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trigger deep convection and, hence, how stable the

boundary layer is. The v at 500hPa is normally used to

indicate if a large-scale grid cell in the tropics is strongly

convective and is related to precipitation intensity and

cloud properties in previous studies (e.g., Bony et al. 2013;

Su et al. 2013). Low-level temperature advection can in-

fluence the development of convection in the tropics and

is mainly contributed from regions poleward of 158 lati-
tude in both hemispheres (because the temperature gra-

dient is relatively small in the deep tropics).

The three models have qualitatively similar distribu-

tions of these dynamical variables in the phase space.

Variables commonly used to represent conditional sta-

bility (Bony and Dufresne 2005; Teixeira et al. 2011; Su

et al. 2011, 2013), such as CAPE, CIN, and v at 500 hPa,

mainly vary in the direction of the QCON axis, with

slight modulation by QADV. In the tropics, the sign of

temperature advection is determined by the sign of

QCON, with the absolute value of QADV modulating

the magnitude. In the extratropics, regimes in the phase

space with large moisture advection can be used to in-

dicate baroclinic systems (see section 2c and Fig. 4).

There are detailed quantitative differences among the

three models for variables shown in Fig. 3. Differences

in CAPE and CIN imply that temperature and/or spe-

cific humidity profiles are different among the models.

Compared to the two reanalyses, GISS-E2 has stronger

rising motion in conditionally unstable regimes and

stronger sinking motion in regimes with boundary layers

with strong inversions, implying a strongerHadley (and/or

Walker) circulation.

c. Dynamical regimes

Climate variables over the tropical oceans stratified as

continuous functions of QCON and QADV can be di-

rectly associated with the large-scale dynamical condi-

tions shown in Fig. 3. Given the patterns shown in Fig. 3,

we examine in this study nine representative dynamical

regimes with their boundaries shown in Fig. 2e to isolate

various combinations of negative (2), near-zero (0), and

positive (1) values of QADV (A) and QCON (C). The

ranges of QCON and QADV for the nine regimes are

listed in Table 1. Two regimes (A0C1 andA0C2) along

the QCON axis have minimal effects from temperature

FIG. 3. Large-scale dynamical conditions over the tropical oceans averaged in the phase space for (a)MERRA, (b) ERAi, and (c) GISS-

E2. (left) CAPE (J kg21), (center left) CIN (J kg21), (center right) vertical velocity at 500 hPa (hPa h21), and (right) horizontal advection

of potential temperature at 850 hPa (K day21).
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and moisture advection but with strong conditional in-

stability (A0C1) and low-level inversion (A0C2) as-

sociated with strong ascending and descending motion,

respectively. Regimes A1C0 and A2C0 along the

QADV axis have minimal effects of stability or vertical

motion but with strong moist and dry advection, re-

spectively. The regimes at the four corners (A1C1,

A1C2, A2C2, and A2C1) have mixed effects of

maximal moisture and temperature advections as well as

dynamical convergence or divergence. The quiet zone

(A0C0) has minimal effects from stability and moisture

advection with near-zero vertical velocity at 500hPa.

Geographical maps of occurrence frequencies for the

nine dynamical regimes (Fig. 4) indicate that they are

associated with familiar systems on the globe. ERAi and

GISS-E2 have similar patterns in the geographical dis-

tributions, and we only show the MERRA distributions

for purposes of illustration. The quiet zone (A0C0;

Fig. 4e) has high occurrence frequencies in areas with

weak moisture sources and sinks (e.g., deserts over land,

FIG. 4. Geographical maps of occurrence frequencies (%) for the nine dynamical regimes defined in Fig. 2e using MERRA in 2007–09.

TABLE 1. Acronyms of nine water-budget-related dynamical regimes and examples of dynamical systems they contain.

Regimes Definitions (units in mmday21) Dynamical systems

A1C2 QADV . 6, QCON , 26 Mountainsides with uplifting motion.

A1C0 QADV . 6, 21 , QCON , 1 Extratropical eddies (poleward moist advection).

A1C1 QADV , 6, QCON , 6 Extratropical storm tracks and extreme precipitation.

A0C2 21 , QADV , 1, QCON , 26 Subtropical stable boundary layer.

A0C0 21 , QADV , 1, 21 , QCON , 1 Dry regions: deserts and polar air intrusion.

A0C1 21 , QADV , 1, QCON . 6 ITCZ and SPCZ.

A2C2 QADV , 26, QCON , 26 Shallow convection.

A2C0 QADV , 26, 21 , QCON , 1 Shallow convection and extratropical eddies (equatorward dry advection).

A2C1 QADV , 26, QCON . 6 Mountain lee sides and dry air intrusion in ITCZ or SPCZ.
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the eastern parts of subtropical ocean basins, and polar

regions). The regime A0C1 (strong convergence, weak

advection; Fig. 4f) clearly identifies the ITCZ, where

deep convective events frequently occur, while the re-

gimes A2C2 and A2C0 (strong dry advection with

either strong or weak divergence; Figs. 4g and 4h, re-

spectively) capture the subtropical subsidence regions

on either side of the ITCZ influenced by the trade wind–

induced dry air intrusion. Regimes A1C2 (Fig. 4a) and

A2C1 (Fig. 4i) are most common in coastal regions and

especially in locations of orographic lifting and descent;

the regime A1C2 occurs infrequently over the tropical

oceans, but the regime A2C1 is observed on occasion

in the ITCZ and South Pacific convergence zone

(SPCZ), perhaps in connection with subtropical dry air

intrusions into convective regions (Lintner and Neelin

2008; Niznik and Lintner 2013). Regimes A1C1 and

A1C0 (Figs. 4c,b) rarely occur in the tropics; in the

extratropics, these regimes are common in the storm

tracks associated with synoptic scale weather systems.

The regime A0C2 (strong divergence, weak advection;

Fig. 4d) indicates regions of boundary layers with strong

inversions in the eastern parts of subtropical oceans

where stratus and stratocumulus are common. Meteo-

rological or large-scale dynamical systems represented

by the nine dynamical regimes are summarized in

Table 1.

In the next section, we investigate how subgrid-scale

cloud properties are modified by large-scale moisture

tendencies by embedding these cloud properties in the

phase space.

3. Clouds linked to large-scale dynamical
conditions and atmospheric water budget

a. Representation of clouds

Following Rossow and Schiffer (1999), we represent

clouds using retrievals of cloud-top pressure (CTP) and

cloud optical depth (COD) from the Moderate Reso-

lution Imaging Spectroradiometer (MODIS) collection

5.1 cloud products onboard the Aqua platform

(MYD06 c5.1; King et al. 2013; King et al. 2003; Platnick

et al. 2003; Ackerman et al. 2008; Frey et al. 2008;

Menzel et al. 2008). MODIS has a much smaller occur-

rence of middle clouds on a CTP–COD histogram than

is seen by the ISCCP in cases when high-level clouds

overlap low-level clouds (e.g., Chen and Del Genio

2009; Bodas-Salcedo et al. 2011). We average MODIS

COD retrieved on 1-km pixels to 5-km resolution, on

which the CTP is reported. The averaging is done by

excluding pixels of zero COD, known as in-cloud

averaging. Tests show that in-cloud averaging of COD

preserves the patterns of CTP–COD histograms (Wong

et al. 2015).

We define cloud state at each 5-km pixel by a pair of

variables (CTP, COD). Each pair of MODIS CTP and

COD is associated with a large-scale dynamical state by

choosing the MERRA 28 3 2.78 grid cell that contains

theMODIS 5-km pixel at the time closest to theMODIS

overpass time. As a MERRA grid cell can include

multiple MODIS 5-km pixels, one point in the phase

space at aMERRA grid cell matched in time toMODIS

is mapped to a histogram of MODIS cloud state

distribution.

To represent cloud property statistics in GISS-E2

compatible to what the MODIS observes, the model

clouds are processed by the Cloud Feedback Model

Intercomparison Project (CFMIP) Observation Simu-

lator Package (COSP) MODIS simulator (Bodas-

Salcedo et al. 2011; Pincus et al. 2012). The simulator

mimics instrument measurements at pixel scales by

constructing subcolumns in each grid cell of the climate

model and then samples subgrid-scale cloud properties

from the subcolumns (Klein and Jakob 1999; Räisänen
et al. 2004). A cloud in each subcolumn at each model

level is treated as homogeneous, and the statistics of

cloud properties (e.g., cloud fraction and cloud liquid

and ice water contents) over all subcolumns at each

model level are consistent with those of the grid-scale

outputs. The cloud overlapping scheme used in the

model is used to distribute the model clouds among the

subcolumns.

COD in each subcolumn is the integrated liquid and

ice water extinction from the surface to the top of at-

mosphere, and CTP in each subcolumn is determined by

the mean extinction-weighted pressure of the first COD

[see Eq. (2) in Pincus et al. (2012)]. Joint histograms of

CTP andCODare aggregated for eachmodel grid cell at

each 3-hourly time step. For comparison with MODIS

daytime observations, we analyze both dynamical and

cloud-related data in each grid cell at the 3-hourly in-

terval closest to 1330 local time. We have tested that

daily averaged dynamical data yield results almost

identical to what we will report in this study; however,

we will present the results for the finer temporal reso-

lution for increased robustness.

Occurrence frequencies of cloud state are calculated

as fractions of each cloud state counts relative to the

total counts in a histogram. Counts of clear sky in the

MODIS observations are determined by the MODIS

cloud mask (Ackerman et al. 1998; Frey et al. 2008).

Counts of clear sky in one GISS-E2 model grid cell (at

28 3 2.58 resolution) are calculated as oneminus the grid

cloud fraction, and counts of a particular cloud state are

the values given by the joint histogram from theMODIS
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simulator. All statistics of occurrence frequencies of

cloud states are reported as joint histograms of CTP and

COD (in percent), with the occurrence frequencies of

clear sky specified.

b. Cloud responses to large-scale atmospheric water
tendencies

Clouds created by a particular process in a climate

model may have values of CTP and COD that are dif-

ferent from those in the real world. Thus, cloud type

classification schemes designed for observational mea-

surements (e.g., Rossow and Schiffer 1999) may not be

directly applicable to climate model output. For com-

parison between observations and model results we

avoid using fixed regions in the CTP–COD space to

define cloud types, and instead we investigate the whole

CTP–COD histograms and see how they change in dif-

ferent regimes of the phase space. The dynamical regimes

defined in section 2c (or Fig. 2e) have geographical dis-

tributions (Fig. 4) of occurrence resembling certain cloud

types. Therefore, as a first example, we investigate the

CTP–COD histograms in the nine dynamical regimes.

We quantify the changes of MODIS CTP–COD his-

tograms when the large-scale dynamical conditions shift

from the quiet zone (i.e., the center of the phase space).

For this purpose, anomalies in CTP–COD histograms

from those of the quiet zone are constructed for differ-

ent dynamical regimes. These cloud histogram anoma-

lies account for the formation or elimination of certain

cloud states associated with changes in large-scale dy-

namical conditions. The same analysis is then applied to

CTP–COD histograms from the COSP MODIS simu-

lator implemented in GISS-E2. The phase space con-

structed from MERRA data is used to define the

dynamical regimes for MODIS clouds, while GISS-E2

clouds are associated with its own model water budget

tendencies. The results reported in this section are not

sensitive to whether ERAi or MERRA water budget

tendencies are used for the MODIS clouds. Figure 5

shows plots for the MODIS CTP and COD data, and

Fig. 6 plots for data from the GISS-E2 COSP MODIS

simulator.

For thequiet zone (A0C0), theMODIScloudCTP–COD

histogram (Fig. 5e) shows a typical pattern with two

maxima: one located at CTP around 200–300 hPa with

COD around 2–10, the other located in the lower tro-

posphere (CTP . 700 hPa) with COD in about the

same range of the high-level maximum. The GISS-E2

simulated cloud occurrence frequencies for the quiet

zone (Fig. 6e) qualitatively capture the pattern of the

MODIS histogram, with the maxima located at thicker

COD range (;10–24) for both high- and low-cloud

regimes, and with fewer high clouds than MODIS.

GISS-E2 has an additional maximum for high thin

clouds (CTP in 200–400hPa andCOD# 1) not observed

by MODIS. While GISS-E2 contains thicker clouds, the

clear sky occurrence frequency in the quiet zone

(;58%) is more than twice the MODIS value (;23%).

Further investigation of the diagnostics of convective

(Fig. 7) versus stratiform (Fig. 8) cloud types in GISS-

E2 helps understand the difference between the out-

puts of the simulator and the MODIS histograms. The

low-level clouds in the GISS-E2 quiet zone are mainly

shallow convective clouds with cloud fractions less than

10% (Fig. 7e) and stratiform clouds with cloud frac-

tions occasionally reaching as high as 80% (Fig. 8e).

The high-level clouds in the model quiet zone are

mainly stratiform including cirrus. Because MODIS

retrievals for COD, 1.3 have large discrepancies from

those of ISCCP (Pincus et al. 2012) and MODIS COD

limitation for cloud masks is COD , 0.4 (Ackerman

et al. 2008), these thin clouds simulated in GISS-E2

may exist and are not detected by MODIS.

In the regimes of convergence (QCON . 0, regimes

A1C1, A0C1, and A2C1; Figs. 5c,f,i), more

high-level thick clouds (deep convective clouds) with

histogram distributions skewing toward high-level in-

termediate to thin COD (Figs. 5c,f,i and 6c,f,i) are ob-

served by MODIS. This reflects the fact that cirrus or

cirrostratus clouds are associated with deep convective

clouds by detrainment. GISS-E2 captures the feature of

increasing COD with QADV (Figs. 6c,f,i), with thin to

medium-thickness stratiform clouds (Figs. 8c,f,i) ac-

companying deep convective clouds (Figs. 7c,f,i). GISS-

E2 has thicker COD and longer tails toward the thin

ends of the high-cloud histograms when compared

to MODIS.

Moist advection does modulate cloud properties in

regimes of convergence (e.g., during intraseasonal os-

cillations) and divergence (transition from stratocumu-

lus to cumulus clouds). To demonstrate the effects of

moist and dry advection on cloud distributions, differ-

ences of cloud state histograms in Figs. 5 and 6 are cal-

culated between the regimes ofQADV. 0, QADV’ 0,

and QADV , 0 for both regimes of convergence

(QCON . 0) and divergence (QCON , 0).

Moist advection in a regime of convergence is asso-

ciated with more frequent low-level medium-thickness

to thick clouds as well as thicker high clouds with lower

cloud tops (Fig. 9a, left). Dry advection is associated

with more low-level thin to medium-thickness clouds

and high-level thin clouds (Fig. 9a, center). GISS-E2

qualitatively reproduces the modulation by moist ad-

vection (Fig. 9b), but with thicker high-level clouds that

extend to lower altitudes and more high-level thin

clouds. GISS-E2 also has less frequent low-level thin to
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medium-thickness clouds, probably related to its more

high-level clouds that mask the low-level clouds in the

COSP MODIS simulator.

In regimes of pure divergence (A0C2), the MODIS

cloud occurrence frequency anomalies (Fig. 5d) show

reasonable enhancement of low-level, medium-thickness

to thick clouds (i.e., stratocumulus and stratus; COD. 3),

marking the regions of boundary layer inversion over the

eastern parts of subtropical ocean basins (Fig. 4d). GISS-

E2 (Fig. 6d) also hasmore frequent low-level clouds in this

dynamical regime but with much thinner COD than those

shown in MODIS. There is less frequent occurrence of

low-level thick clouds in GISS-E2 in contrast to what is

observed by MODIS. In Figs. 7d and 8d we can see that

both convective and stratiform clouds with large cloud

fractions are much reduced, and the more frequent low-

level, thin clouds seen in theMODIS simulator are mainly

shallow convective clouds with cloud fractions less than

10%. This difficulty of simulating low-level medium to

thick stratiform clouds in GISS-E2 exists in virtually all

GCMs and is consistent with previous findings (e.g., Zhang

et al. 2005; Nam et al. 2012; Su et al. 2013).

Moist advection in a divergent regime (QADV . 0;

Fig. 10a, left, or cf. Figs. 5a and 5d) is associated with

FIG. 5. Cloud state histograms (occurrence frequencies,%), spanned byMODISCTP (ordinate) andCOD (abscissa), sorted by the nine

dynamical regimes over the tropical oceans. (e) The histogram for the quiet zone with the clear sky occurrence frequency shown in the

panel title. Panels surrounding (e) are anomalous occurrence frequencies from those of the quiet zone for the other eight dynamical

regimes, with the anomalous clear sky occurrence frequencies shown in the corresponding panel titles. The dynamical regimes are defined

by the MERRAQCON and QADV. The labels of the nine dynamical regimes are in the panel titles, and the regimes defined in Fig. 2e.
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more medium-thickness clouds (10 , COD , 20) in the

upper midtroposphere (300–500hPa) and more medium-

thickness low clouds, compared to the pure divergent

regime (QADV’ 0). GISS-E2 captures the formation of

midlevel stratiform clouds (Fig. 8a) in this regime as ob-

served by MODIS but with thicker CODs (COD . 30;

Fig. 6a or Fig. 10b, left) than those observed by MODIS

(COD ’ 10–40; Fig. 5a or Fig. 10a, left).

Dry advection in the divergent regime (QADV , 0;

Fig. 10a, center, or cf. Figs. 5g and 5d) is associated with

more high-level thin clouds as well as low-level thin clouds

with lower cloud tops. In fact the regime A2C2 has the

most frequent cumulus cloud and clear sky occurrence

among the nine dynamical regimes. GISS-E2 qualitatively

captures the most frequent occurrence of clear sky in the

A2C2 regime (Fig. 6g) but with much less frequent oc-

currence of low-level clouds and higher occurrence fre-

quencies of high-level, thin clouds than MODIS (Fig. 10b,

center, or cf. Figs. 6g and 5g). However, GISS-E2 model

diagnostics for the regimeA2C2 (Fig. 7g) clearly indicate

that there aremore frequent convective low-level clouds in

GISS-E2withCTP. 800hPa and cloud fractions less than

15%. This contrast between the model-diagnosed low-

level convective clouds and the low-level cloud occurrence

frequencies from the COSP MODIS simulator suggests

that existence of high-level clouds can mask the detection

of low-level clouds in the MODIS simulator. This is

plausible in the cases of multilayer clouds when the CTPs

FIG. 6. As in Fig. 5, but for cloud state histograms calculated by the COSP MODIS simulator implemented in GISS-E2. The clear sky

occurrence frequencies are calculated by the modeled total cloud fractions.
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are located at high altitudes by the MODIS simulator.

Therefore, the elevated cloud tops of low-level thin clouds

by moist advection as observed byMODIS (Fig. 10, right)

are not present in the MODIS simulator.

In the regimes with QCON ’ 0 (A0C0, A1C0, and

A2C0; Fig. 5, center), occurrence of low-level thick

clouds is less frequent as reported in many studies

(e.g., Bony and Dufresne 2005; Teixeira et al. 2011; Su

et al. 2011, 2013). Changes in cloud frequencies in

these regimes are similar to those in the regimes of

QCON , 0, with more frequent occurrence of low-

level, thin clouds associated with shallow convection

with dry advection (QADV , 0, A–C0; Fig. 5h) and

more midlevel medium-thickness clouds with moist

advection (QADV . 0, A1C0; Fig. 5b). The shallow

convective clouds in GISS-E2 (Fig. 7h) are again

masked by the more frequent high-level thin clouds in

the MODIS simulator (Fig. 6h). GISS-E2 can also re-

produce the more frequent midlevel to low-level

stratiform clouds (Fig. 8b) but with COD thicker

than those seen in MODIS (cf. Figs. 5b and 6b).

Figures 5 and 6 show cloud property histograms in

nine distinct regimes in the phase space as examples of

how moisture tendencies may modify the histograms. In

FIG. 7. Histograms (occurrence frequencies, %) of GISS-E2 convective cloud fractions (%) as functions of altitudes sorted by the nine

dynamical regimes. (e) The histogram for the quiet zone and normalized to 100% at each altitude level. Panels surrounding (e) are

anomalous occurrence frequencies from those of the quiet zone (summed to zero at each altitude level) for the other eight dynamical

regimes. The labels of the nine dynamical regimes are in the panel titles, and the regimes defined in Fig. 2e.
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fact, the cloud property histogram is a continuous

function in the phase space. Therefore, we show in

Fig. 11 comparisons between MODIS and GISS-E2 for

clear sky, high- (CTP , 440hPa) and low-level (CTP .
680 hPa) cloud occurrence frequencies together with

their mean COD.

MODIS cloud masks indicate that clear sky (Fig. 11a,

left) is more frequent as divergence increases with slight

modulation by moist advection. In GISS-E2 (Fig. 11b,

left), clear sky has higher occurrence frequencies and in-

creases by both divergence and dry advection. High-level

cloud occurrence frequencies (Fig. 11a, left center) in-

crease with convergence, with modulation by moist ad-

vection. GISS-E2 reproduces qualitative features of the

MODIS distributions of high-level cloud occurrence

frequencies (Fig. 11b, left center), although the overall

frequencies are smaller than MODIS. Low-level clouds

occur more frequently in GISS-E2 over regimes of small

convergence or divergencewithmoist advection (Fig. 11b,

center), in contrast to regimes of divergence in MODIS

(Fig. 11a, center).

The high-level mean COD (Fig. 11a, right center) has

distributions in the phase space similar to cloud fre-

quencies (Fig. 11a, left center), with the thinnest clouds

occurring in regimes with dry advection and moderate

divergence and the thickest clouds occurring in regimes

when both convergence and moist advection are large.

GISS-E2 reproduces qualitative features of the MODIS

distributions of high-level mean COD but with overall

thicker clouds than MODIS. The model dependence of

FIG. 8. As in Fig. 7, but for histograms (occurrence frequencies, %) of GISS-E2 stratiform cloud fractions (%).
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low-level mean COD onQCON and QADV is different

from those of MODIS (Fig. 11, right), as is the model

low-level cloud frequencies (Fig. 11, center). Reasons

behind these model discrepancies are still unclear, as

described in many previous studies (e.g., Zhang et al.

2005; Nam et al. 2012; Su et al. 2013).

c. Precipitation linked to clouds and large-scale
dynamical conditions

Precipitation [P in Eq. (1)] is tightly linked to clouds and

large-scale dynamical conditions. We investigate in this

section how P over the tropical oceans is distributed in the

phase space. The Global Precipitation Climatology Project

(GPCP) 18 daily (1DD, version 1.2; data can be downloaded

from http://precip.gsfc.nasa.gov) precipitation product

(Huffman et al. 2001) is used to evaluate the precipitation

of MERRA, ERAi, and GISS-E2. The GPCP 1DD pre-

cipitation is based on theGPCPversion 2.2 satellite–gauge

product, whichmerges global precipitation gauge analyses

with precipitation retrievals from satellites, including Special

Sensor Microwave Imager and Imager/Sounder (SSM/I and

SSMIS), Television Infrared Observation Satellite (TIROS)

Operational Vertical Sounder (TOVS), AIRS, and others

(Adler et al. 2012; Huffman et al. 2001, 2009). To facilitate

the comparison to GPCP precipitation, the model precipi-

tation and water budget tendencies are averaged daily.

Compared to the GPCP 1DD precipitation data

(Fig. 12), MERRA, ERAi, and GISS-E2 all have higher

precipitation in dynamical conditions favoring strong pre-

cipitation and lower precipitation in conditions favoring

weak precipitation. While there are discrepancies in global

precipitation estimates (Behrangi et al. 2014), the tropical

mean precipitation discrepancies (20%–43%) are beyond

the most updated bias estimates for GPCP (4%–6%;

A. Behrangi 2016, personal communication) and also

larger than the highest value of missed precipitation

(10%–20%) estimated from the global energy balance

(Stephens et al. 2012).

4. Conclusions and discussion

The two tendency terms related to dynamical con-

vergence (QCON [ 2Q= � V) and moist advection

(QADV [ 2V � =Q) in the atmospheric water budget

equation [see Eq. (1)] are used to define the water-

budget-related phase space. With QADV as an addi-

tional degree of freedom, the phase space represents not

only those commonly used parameters sensitive to large-

scale convergence but also those associated with the

changes of low-level moist advection. Climate variables

compared among different models or against observa-

tions in the phase space share the same reference of the

FIG. 9. Effects of moist advection on cloud state histograms in regimes of convergence (QCON. 0). (a) TheMODIS cloud histograms

(from Fig. 5) and (b) the cloud histograms from the COSP MODIS simulator in GISS-E2 (from Fig. 6). (left) The differences of the

histograms between regimes A1C1 and A0C1, (center) the differences between regimes A–C1 and A0C1, and (right) the difference

between (left) and (center).
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atmospheric water budget that is linked to large-scale

dynamical conditions.

Along the dimension of QCON, large-scale condi-

tions change from regimes with strong boundary layer

inversion and descending motion to regimes of high

conditional instability and ascending motion. Fluctua-

tions in moisture advection not only generate fluctua-

tions in precipitation (e.g., Wong et al. 2011) but also

modulate cloud type distributions (e.g., Del Genio et al.

2012, 2015; Wang et al. 2015). The effects of QCON and

QADV on cloud type distributions and precipitation

over the tropical oceans can be described in the phase

space and be used to evaluate those simulated in the

climate model.

GISS-E2 clear sky and high-level cloud frequencies as

well as the high-level COD means have distributions in

the phase space qualitatively similar to those ofMODIS,

although GISS-E2 has more frequent clear sky with

FIG. 11. Cloud properties as functions of QCON and QADV for (a) MODIS and (b) GISS-E2. (left) Clear sky cloud frequencies, (left

center) high cloud frequencies, (center) low cloud frequencies, (right center) mean high cloud COD, and (right) mean low cloud COD.

The color bar at bottom center is for cloud frequencies (first three panels from left to right) and at bottom right is for mean COD (last

two panels).

FIG. 10. As in Fig. 9, but for the effects in regimes of divergence (QCON, 0). (left) The differences of the histograms between regimes

A1C2 and A0C2, (center) the differences between regimes A2C2 and A0C2, and (right) the differences between (left)

and (center).
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thicker clouds. GISS-E2 has less frequent occurrence of

low-level clouds of thicker COD, consistent with the ‘‘too

few, too bright problem’’ shared with almost all climate

models (Nam et al. 2012). Low-level clouds in GISS-E2

are most abundant in regimes of near-zero convergence

and moist advection (QADV . 0), in contrast to the

regimes of divergence (QCON , 0) as observed in

MODIS. Although GISS-E2 properly generates shallow

convection in regimes of divergence and dry advection,

the more abundant high clouds in GISS-E2 mask the

existence of low-level, thin clouds in the COSP MODIS

simulator. It is not known yet if the more frequent high-

level, thin clouds in GISS-E2 are realistic because MODIS

has limitations in detecting thin clouds (Ackerman et al.

2008; Pincus et al. 2012). These limitations hinder the

evaluation of frequencies of both high- and low-level thin

clouds in GISS-E2 against retrievals from passive imagers

(either MODIS or ISCCP). Future investigation using

CloudSat/CALIPSO is necessary.

In regimes of convergence, moist and dry advection

modulate the anomalies in abundance of high-level

thick and low-level thin to medium-thickness clouds

(Fig. 9a). GISS-E2 can capture such modulation with

thicker high-level clouds that extend to lower altitudes

and with smaller anomalies in low-level cloud fre-

quencies, probably related to its larger anomalies in

high-level thin cloud frequencies.

In regimes of divergence, moist and dry advection

modulate the cloud tops of low-level thin to medium-

thickness clouds and the abundance of high- to midlevel

medium-thickness to thick clouds. GISS-E2 captures

similar modulation for high- to midlevel clouds but with

thicker optical depth. The effects of moist advection on

low-level clouds are not seen in the COSP MODIS

simulator, probably related to the more abundant high-

level thin clouds in GISS-E2 that mask the existence of

low-level thin clouds.

Precipitation strongly increases with convergence,

with slight modulation by moist advection. MERRA,

ERAi, and GISS-E2 have more precipitation compared

to GPCP 1DD product in regimes of heavy rain but less

precipitation in regimes of light rain.

Although our study is focused on general climatol-

ogies over the tropical oceans, the water-budget-related

phase space is applicable to specific phenomena. For

example, over the Indian subcontinent, evolution of

cloud state distributions at the intraseasonal time scale is

linked to anomalies in atmospheric water budget in the

phase space. Positive moisture advection anomalies

define the preconditioning phase for transition of shal-

low to deep convection (Wang et al. 2015). In the ex-

tratropics, the regime of large convergence and moist

advection (A1C1) identifies midlatitude storm tracks

FIG. 12. Comparisons of daily precipitation (mmday21) over the

tropical ocean from the models to the observations on the phase

space. The observation is (a) the GPCP 1DD precipitation aver-

aged on the phase space. The corresponding anomalies of the

modeled precipitation relative to the GPCP are (b) for MERRA,

(c) for ERAi, and (d) for GISS-E2.
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(Fig. 4c). How the phase space can be used to describe

clouds and precipitation related to extratropical cy-

clones needs further study.
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