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Abstract The General Circulation Model ECHAM is used to study the effects of three refined vertical
resolutions on convection in the tropics and on the structure of the intertropical convergence zone (ITCZ).
Additional vertical resolutions have 76, 134, or 192 levels, which is over four times the default resolution of
47 levels. New levels are placed in the troposphere only. The simulations are conducted on an aqua-planet
with equator symmetrical, time and zonal independent sea surface temperature, and without a yearly solar
cycle. Whereas the default vertical resolution shows a double ITCZ, refining the vertical resolution yields an
equatorward shift of the ITCZ. The ITCZ converges to its equatorial position with 134 levels. The sensitivity
of the ITCZ to the vertical resolution is traced back first and foremost to the mixing formulation in the
convection scheme. Here a higher number of vertical levels leads to a stronger mixing between the updraft
and its environment by design, which favors an equatorward position of the ITCZ. Differences in the relative
humidity profiles explain the remaining differences in the ITCZ location. These differences can mostly be
eliminated by making clouds transparent.

1. Introduction

General Circulation Models (GCMs) that have taken part in the Coupled Model Intercomparison Project
phase 5 (CMIP5) discretize the vertical column with a limited number of levels, typically around 30. The Max
Planck Institute Earth System Model (MPI-ESM) with its 47 vertical levels already belongs to the group of
models with higher than average vertical resolution, along with EC-EARTH (62 levels) and GFDL-CM3 (48 lev-
els). Differences in the total number of vertical levels do not necessarily reflect the free troposphere resolu-
tion, taken here as the region between 900 and 250 hPa, as they often reflect differences in the resolution
of the boundary layer and/or choices of model top. Except for EC-EARTH, CMIP5 models employ between
8 and 16 levels to discretize the free troposphere with a median of 12 levels. This gives a typical grid spacing
of about 55 hPa or 750 m. To put these numbers into context, consider that the scale height of water vapor
in the atmosphere is only 2 km. Hence to resolve moisture variations a much finer resolution is required.
Tompkins and Emanuel (2000) concluded that a vertical resolution of 25 hPa is needed to correctly capture
the vertical distribution of water vapor in radiative convective equilibrium. From a different perspective,
consider that dry intrusions in the tropics may not be much thicker than 1 km (see Figure 2 from Redel-
sperger et al. (2002)). Dry intrusions are thought to play an important role in the regulation of the tropical
climate, not only through their very distinct radiative properties (e.g., Mapes & Zuidema, 1996) but also by
suppressing deep convection in favor of cumulus congestus clouds (e.g., Jensen & Genio, 2006; Takemi
et al., 2004). In fact, an inaccurate representation of the sensitivity of the convection scheme to ambient rel-
ative humidity (Derbyshire et al., 2004) has often been invoked as a cause for major precipitation biases in
the tropics including the double ITCZ problem (e.g., M€obis & Stevens, 2012; Oueslati & Bellon, 2013), dis-
torted MJO (e.g., Kim et al., 2014; Slingo et al., 2002) or too weak convective activity under monsoon condi-
tions (Roca et al., 2005).

The position of the ITCZ has been a long-lasting problem in climate simulations, with GCMs exhibiting a
double ITCZ structure that is not evident in observations (e.g., Li & Xie, 2014; Lin, 2007; Mechoso et al.,
1995). Even when using prescribed sea surface temperatures, two parallel bands of rain that straddle the
equator are apparent in many models (Medeiros et al., 2015). For such models, the design of the convection
scheme is believed to be one of the root causes of the double ITCZ problem (e.g., Bacmeister et al., 2006;
M€obis & Stevens, 2012; Oueslati & Bellon, 2013; Zhang & Mu, 2005). Even in aqua-planets, modifying the
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representation of convection can lead to various ITCZ locations, from a single ITCZ located at the equator to
various off-equatorial positions (e.g., M€obis & Stevens, 2012). Cloud radiative effects are another factor that
has been shown to affect the position of the ITCZ (Crueger & Stevens, 2015; Harrop & Hartmann, 2016).
Although not directly tested in the aforementioned studies, both cloud radiative effects and the behavior of
the convection scheme are dependent upon the chosen underlying vertical resolution so that a sensitivity
of the position of the ITCZ to the vertical resolution is likely possible. Williamson (2013) explicitly tested
such a sensitivity. He conducted aqua-planet simulations with the CAM3 models employing 26, 30, and 60
vertical levels. The simulations converged with more levels to a double ITCZ structure with an ITCZ located
around 3.58 (see his Figure 3). The cause for this behavior was traced back to unrealistically large amount of
low clouds in the planetary boundary layer of the high resolution runs due to missing ventilation by the
shallow convection scheme that became inactive with enhanced vertical resolution. Besides a potential sen-
sitivity to the vertical grid spacing, the ITCZ structure has also be shown to depend upon the horizontal res-
olution in aqua-planet simulations (Landu et al., 2014).

The goal of this study is to assess the sensitivity of the ITCZ location to the vertical resolution and to trace
back this sensitivity to specific dependencies of the employed parameterizations on the vertical grid spac-
ing. As a side goal, the convergence of the simulations is assessed. To pursue our goals, an aqua-planet
setup is used and the number of vertical levels is refined, from 47 to 76, 134, and finally 192 levels. This
gives a vertical resolution of maximum 7.6 hPa in the free troposphere, well below the 25 hPa threshold of
Tompkins and Emanuel (2000). Our study is akin to the study of Williamson (2013) with the major differ-
ences that we span a greater range in vertical resolution and use another GCM and, in particular, another
convection scheme. Our shallow convection scheme does not shut down when the vertical resolution is
refined and, as will be shown, the simulations converge toward one single ITCZ. Also older studies that
have documented the sensitivity of different aspects of the tropical climate to the vertical resolution (e.g.,
Inness et al., 2001; Pope et al., 2001; Roeckner et al., 2006) have considered vertical resolutions similar to the
ones now in use in the CMIP5 models, which is relatively coarse.

The outline of the study is as follows. Section 2 briefly describes the model used and the experimental
setup. The sensitivity of the ITCZ position to the vertical resolution is documented in section 3. Section 4
then presents results of additional sensitivity experiments where the dependency of the ITCZ on the vertical
resolution is successively removed. The findings are summarized in section 5.

2. Method

2.1. Model
The General Circulation Model ECHAM version 6.3.1, which is the atmosphere component of the MPI-ESM, is
used (denoted ECHAM hereafter). A description of the dry adiabatic core and of the diabatic processes is
given in Stevens et al. (2013). In comparison to the version used in Stevens et al. (2013), ECHAM 6.0, updates
include bug fixes, in particular in the computation of the subgrid cloud cover. The latter could erroneously
only take values of 0 and 1 in the previous version, leading to blinking clouds and a weaker cloud cover.
These updates led to a change in the ITCZ structure, likely due to changes in cloud radiative effects as found
in other studies (Harrop & Hartmann, 2016; M€obis, 2013). The ITCZ now exhibits a double precipitation peak
in the tropics (see section 3), in contrast to M€obis and Stevens (2012) who obtained a single ITCZ when
using ECHAM 6.0. The convection scheme itself has remained unchanged though. Given their importance
for this study, some of the key characteristics of the convection scheme as well as of the cloud cover
scheme are highlighted in the following. A detailed description of the convection scheme can be found in
M€obis and Stevens (2012).

ECHAM employs a convection scheme based on Tiedtke (1989) and modified by Nordeng (1994) in which
three types of convection are possible: shallow, midlevel, and deep. The convection scheme is a bulk mass
flux scheme. It consists of one up downdraft and one downdraft, which entrain and detrain air through ‘‘tur-
bulent’’ and ‘‘organized’’ mixing processes. In the updraft turbulent mixing accounts for subgrid scale mixing
at cloud edges and is parameterized by using constant entrainment (which is set to zero under some cir-
cumstances) and detrainment rates. Organized mixing accounts for large-scale organized inflow at cloud
base and outflow at cloud top. Its mixing rates are dependent upon the updraft’s properties, in particular
buoyancy.
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The closure of deep convection is based on convective available potential energy (CAPE) that is consumed
over a given decay time scale. For shallow convection, a closure based on moisture convergence is used.

The cloud cover scheme uses the approach of Sundqvist et al. (1989) based on a relative humidity threshold
to parameterize fractional cloud cover. The condensation threshold is a function of height and should theo-
retically be reconsidered when changing resolution (see Xu & Krueger, 1991). In this study, the threshold
nevertheless remained the same in all experiments to not mask any resolution dependency. The resulting
cloud cover C is computed as 12

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12 r2r0

rs2r0

q
, where r is the relative humidity, rs is the saturation value (which

is 1), and r0 is the relative humidity threshold.

2.2. Experimental Setup
ECHAM is run with a horizontal spectral truncation of T63 and as an aqua-planet in all conducted experi-
ments. The aqua-planet setup follows Neale and Hoskins (2000). Hence, neither landmasses nor sea ice exist
in the model. There are also no seasonal variations and equinox conditions as of 21 March are imposed
throughout the year. Sea surface temperature (SST) is prescribed and zonally symmetrically distributed. The
‘‘Qobs’’ distribution of Neale and Hoskins (2000), which most closely resembles the observations, is used.
SST is calculated for latitudes u as
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where SST is the sea surface temperature in 8C and Tmax is the maximum temperature at the equator, which
equals 278C in Qobs.

The vertical coordinate in ECHAM is based on hybrid r-levels, i.e., the pressure value for each ‘‘full’’ level pi is
computed as the average of two neighboring ‘‘half’’ levels p̂, one above the full level and one below it. The
pressure of a half level depends on two parameters a and b and the surface pressure p̂0:

p̂i5ai1bi � p̂0 (2)

pi5 p̂i1p̂i11ð Þ=2 (3)

The standard ECHAM configuration employs 47 full levels and is called L47. This serves as a control simula-
tion. From this vertical distribution, three new level setups with decreased vertical spacing between levels
are created. For a given surface pressure p̂0 of 1,000 hPa, the default L47 and the new main level distribu-
tions are shown in Figure 1. The new distributions feature 76, 134, and 192 main levels and thus are called
L76, L134, and L192. L76 is calculated by adding one half level between each pair of the L47 half levels:

p̂76
i 5

p̂47
ði219Þ=2119 : i is odd
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where p̂76 denotes half level pressures of the 76 levels grid, p̂47 denotes half level pressures for the default
grid and i 2 ½20; 77�. Resolution refinement is confined to the troposphere only, so additional levels are
introduced solely below a pressure of 50 hPa. L134 is calculated in a similar way, but with one new half level
added between each pair of the L76 half levels. Finally L192 is based upon L76 as well. But now we place
two new L192 half levels in equidistance between each pair of the L76 half levels. The resulting maximum
vertical spacing in the troposphere between half levels amounts to 45.6 hPa in L47, 22.8 hPa in L76, 11.4
hPa in L134, and 7.6 hPa in L192.

Due to the refinement of the vertical grid spacing the time step had to be adapted in some experiments.
The time step for L47 and L76 is 450 s. For L134 it is 240 s, whereas it is shortened to 150 s for L192. Repeat-
ing the L47 experiment with a time step of 150 s had no effect on the structure of the ITCZ (not shown).

All experiments are run over an integration time period of 5 years, allowing for a spin up phase of 2 and 3
years of sampling data. Following M€obis and Stevens (2012) as well as Medeiros et al. (2008), this is suffi-
cient given that internal variability longer than 3 years is of negligible importance. All figures presented in
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this study represent averages over these last 3 years and are averaged in the zonal direction unless noted
otherwise.

3. Time-Zonal Average Effects of Vertical Resolution

Figure 2 shows the latitudinal precipitation distribution for the set of experiments, focusing on the tropical
region. There is a clear trend toward a single ITCZ structure when decreasing the vertical grid spacing (see
Table 1 as well for a summary of the ITCZ location in the various experiments). The ITCZ, defined here as
the latitude of maximum precipitation, is located at the grid point center of |8.48| in L47, moves closer to
the equator in L76 with a mean location at |4.78|, and collapses to a single ITCZ structure located at the
equator in L134 and L192. The single ITCZ structure is established in L134 and does not change significantly
with a further reduction of the grid spacing. Therefore, the model converges to the solution of a single ITCZ,
which is akin to what is observed over the Pacific (Li & Xie, 2014; Lin, 2007). A switch from a double to a sin-
gle ITCZ was obtained in the aqua-planet simulations of M€obis and Stevens (2012), albeit when switching

Figure 1. Distribution of model full levels for the various experiments. The y axis ends at 25 hPa.
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from the Tiedtke to the Nordeng convection scheme. In their study,
the ITCZ shifted by 78. Hence, changing the vertical resolution has
actually a stronger effect on the location of the ITCZ than changing
convection schemes in ECHAM.

The transition from a double to a single ITCZ (Figure 2) is accompa-
nied by an increase of precipitation at the equator and a decrease
of precipitation at the latitude of the former maxima. It is neverthe-
less not related to a change in precipitation type. In all the simula-
tions, convective precipitation dominates. The ratio between
convective and large-scale precipitation amounts to at least 80%
equatorward of |108| for all conducted experiments and does not
change significantly with vertical resolution. Also the global mean
precipitation only slightly varies with resolution with values of
3.17 mm/d in L47, 3.32 mm/d in L76, 3.33 mm/d in L134, and
3.30 mm/d in L192.

The transition of the ITCZ structure toward a single ITCZ is further
mirrored in cloud cover, cloud ice content, and relative humidity (not shown), which, given their link to con-
vection, is not surprising. The cloud water content though (see Figure 3) exhibits a more interesting behav-
ior. The maxima in cloud water content between 900 and 800 hPa increases with decreasing vertical grid
spacing, at least up to L134. More importantly a secondary maximum in cloud water content appears at 600
hPa, between 258 and 58, as the grid spacing is reduced. It is strongest in L192. As all the experiments are
dominated by convective precipitation, the main source of cloud water content is hypothesized to be
detrained water from the convection scheme. The increase of cloud water content could indicate an
increase of the parameterized bulk convective plumes terminating at this height, reminiscent of a cumulus
congestus mode (Johnson et al., 1999). Comparing simulations using 30 and 19 vertical levels, Inness et al.
(2001) found an increase of convective clouds terminating around 600–500 hPa that they associated with
the development of more stable layers in their vertically refined simulations. The development of such
layers resulted from the melting of ice that, for the same amount of heat, leads to stronger cooling in thin-
ner layers.

Figure 4 correspondingly shows a histogram of the height at which convection terminates, as obtained
from the convection scheme, from all three convection types and for each experiment with a bin width of
20 hPa. A clear higher frequency of convective plumes terminating around 600 hPa between 258 and 58 as
the vertical grid spacing is refined is not supported. Instead 14% less plumes are terminating in L192 com-
pared to L47 between 500 and 700 hPa at the equator. At the respective latitudes of peak precipitation,
given in Table 1, a similar amount of plumes are terminating across the simulations with a standard devia-
tion of 8.7%. The rather discretely distributed convective tops between 700 and 500 hPa in L47 appear
more concentrated around 600 hPa in the other experiments. The cloud top heights of deep convection,
i.e., cloud tops at a height of 200 hPa and above, also only exhibit a weak sensitivity upon the chosen verti-
cal grid spacing with a tendency to reach slightly higher levels with finer vertical resolution.

Alternatively, the secondary maximum in cloud water content of Figure 3 may just indicate a change in
detrained water while the convective clouds rise through the atmosphere. Integrating the cloud water con-
tent between 700 and 500 hPa and averaging it between 258 and 58, the amount of cloud water is

Figure 2. Total precipitation for L47, L76, L134, and L192 experiments.

Table 1
Averaged Latitude of Precipitation Maximum for Various Model Experiments

Model configuration
Levels Standard No mixing Clouds-off No mixing and clouds-off

47 8.48 12.18 10.38 12.18

76 4.78 12.18 8.48 12.18

134 Equator 10.38 6.58 12.18

192 Equator 8.48 4.78 12.18
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0.0018 mm in L47, 0.0055 mm in L76, 0.013 mm in L134, and 0.015 mm in L192. This indicates that the sec-
ondary maximum in cloud water content is not a mere consequence of the thinning of the vertical layer
given the same amount of detrained water but that, as the vertical grid spacing is refined, more water is
actually detrained. More detrained water from the convection scheme hints at stronger mixing and/or at a
stronger sensitivity of the convection scheme to ambient atmospheric conditions. Suppressing deep con-
vective clouds in drier atmospheric conditions through the use of larger entrainment rates and hence stron-
ger mixing has been found to be beneficial in past studies for maintaining a single ITCZ at the equator
(M€obis & Stevens, 2012; Oueslati & Bellon, 2013). This fits our results, a hypothesis that is further investi-
gated in the next section.

4. Sensitivity Experiments to Explain the Dependency on Vertical Resolution

4.1. Turning Off Updraft Mixing
In the previous section, it has been hypothesized that a dependency of the convective mixing process upon
the vertical grid spacing exists and explains the change in ITZC structure.

Depending on the decrease or increase of mass flux with height, reduced grid spacing leads to decreased
or increased mixing, respectively. If more environmental air is mixed, the updraft loses more of its buoyancy
due to the evaporative cooling associated with the mixing of dry environmental air into the updraft. The
updraft does not experience as much upward propulsion. Eventually the buoyancy respective to the

Figure 3. Cloud water content for L47, L76, L134, and L192 experiments.
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environment is zero and convection terminates. As the poleward flank of the ITCZ tends to be drier than
the equatorward flank, a convection scheme that is more sensitive to mixing with dry air will move equator-
ward, where the convection is less penalized.

The updraft equations read:

@M
@z

5Etrb2Dtrb1Eorg2Dorg5EM2dM1Eorg2Dorg (5)

where M is the updraft mass flux, Etrb and Dtrb are the turbulent entrainment and detrainment, Eorg and Dorg

are the organized entrainment and detrainment. Eorg and Dorg are related to the updraft buoyancy, whereas
the turbulent terms are assumed to be proportional to the mass flux with fixed values for E and d. The orga-
nized entrainment term is calculated as:

Eorg5M
b
2

w2
cb1B

� �21
1

1
q

dq
dz

� �
(6)

with the buoyancy b at height z, wcb is the cloud base vertical velocity, B is the vertically integrated buoy-
ancy of the parameterized updraft from cloud base until the height z, and q is the density. For the organized
detrainment, it is:

Figure 4. Histogram of convective cloud tops as obtained in the convection scheme for L47, L76, L134, and L192 experiments. Probability equals 100% for all
heights per latitude.
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(7)

and r is the horizontal area covered by the updraft, zct is the parameterized bulk cloud top height, and zlow

is the lowest possible organized detrainment height. A more detailed description of equations (5)–(7) is
presented in M€obis and Stevens (2012). The updraft equations are discretized using a simple first-order
scheme. Considering only turbulent entrainment, equation (5) is discretized in ECHAM as follows:

Mðk21Þ5MðkÞ1EMðkÞ � Dzðk21Þ (8)

Mðk22Þ5Mðk21Þ1EMðk21Þ � Dzðk22Þ (9)

5MðkÞ1EMðkÞ � Dzðk21Þ1EMðkÞ � Dzðk22Þ1E2MðkÞ � Dzðk21ÞDzðk22Þ (10)

6¼ MðkÞ1EMðkÞ � Dzðk21Þ1Dzðk22Þ
� �

(11)

with level numbers increasing toward the surface and Dzðk21Þ as the height difference between level k and
k21. Putting all the terms together in equation (10) gives a supplementary entrainment of E2MðkÞ � Dzðk21ÞD
zðk22Þ when having an additional level k21 between k and k22. Without the level k21, the mass flux at
level k22 would be computed according to equation (11). The scheme is first order in its convergence
properties, which requires a rather fine discretization to make truncation errors small. The integral will con-
verge for small enough values of Dz, which may explain the converging behavior seen in section 3. Like-
wise, considering only turbulent detrainment, a supplementary detrainment of d2Mk � Dzðk21ÞDzðk22Þ would
occur, consistent with the larger amount of detrained water observed in section 3 with decreased Dz. The
employed discretization will also lead to slightly distinct and additional terms for the organized entrainment
and organized detrainment.

To test the idea of enhanced mixing, the previous experiments are repeated with E, d and Dorg set to zero.
The sensitivity of the ITCZ does not depend on Dorg for the experiments where only the mixing is removed,
i.e., the same ITCZ structures would emerge when only setting E and d to zero. But in the experiments of
section 4.2, where also cloud radiative effects are removed, a sensitivity of the ITCZ location upon the verti-
cal grid spacing remains if Dorg is not removed. This indicates that Dorg weakly depends upon the grid spac-
ing. As can be seen by comparing equations (5) and (7), the Dz-term cancels, which is not the case for the
turbulent detrainment. In contrast, additionally setting Eorg to zero does not further alter the sensitivity of
the ITCZ location to the vertical grid spacing. This is related to the fact that only close to plume base the
organized entrainment contribution is larger than the turbulent one, whereas the sensitivity to the grid
spacing seems to manifest itself in the middle troposphere (see Figures 3 and 4). The experiments are called
‘‘NM47,’’ ‘‘NM76,’’ ‘‘NM134,’’ and ‘‘NM192,’’ where NM stands for ‘‘No Mixing.’’ The differences in the location
of the ITCZ across the different vertical resolutions (Figure 5) have become much smaller. NM134 and

NM192 shift their precipitation maximum by only 28 and 48, respec-
tively, toward the equator compared to NM47, against 88 when mix-
ing is allowed (see Table 1). Compared to their counterpart
experiments of Figure 2 all the new experiments exhibit a double
ITCZ with a more poleward location. Reducing mixing shifts the ITCZ
poleward, which is consistent with the results of M€obis and Stevens
(2012) and Oueslati and Bellon (2013) who investigated the depen-
dency of the ITCZ position upon entrainment rate. Hence, Figure 5
supports the hypothesis that enhanced mixing with smaller Dz is
the primary cause for the transition from a double to a single ITCZ.

A simple solution to this problem could be to correct the entrain-
ment rate to mimic a stronger mixing as obtained at finer resolution.
This can be done by adding a term E2MðkÞ � Dzðk21ÞDzðk22Þ and d2

MðkÞ � Dzðk21ÞDzðk22Þ to the updraft equation of the L47 version.
Applying the equivalent terms of L134 to the computation of deep
convection in L47 indeed led to a shift of the ITCZ, now located at
1.858 versus 8.48 in L47 and equatorial in L134. The peak

Figure 5. Total precipitation for NM47, NM76, NM134, and NM192 experiments
without mixing.
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precipitation amount also increased from 10.5 to 11 mm/d, in better
agreement with L134 (11.7 mm/d).

Differences that remain between the NM experiments are indica-
tive of differences that cannot be explained by the errors from the
low-order solutions to the updraft equation (equation (5)). These
are especially marked in the cloud cover distribution. This is
shown in Figure 6 using the two extreme resolutions. NM192
exhibits up to 45% less cloud cover than NM47, both at a height
of 950 and 200 hPa. A strong increase is also found in the cloud
water content around 950 hPa in NM47 compared to NM192
(not shown).

In principle, cloud radiative effects are expected to lead to a contrac-
tion of the ITCZ (Crueger & Stevens, 2015; Harrop & Hartmann, 2016;
M€obis, 2013). Applying this argument to the results of NM47 and
NM192, a more equatorward position of the ITCZ would be
expected in NM47, opposite to what is obtained in Figure 5. M€obis
(2013) nevertheless showed that the position of clouds in the verti-
cal column affects the response of the ITCZ location to cloud radia-
tive effects. Low-level clouds, in contrast to high clouds, yield a
poleward shift of the ITCZ. Hence, the much stronger low-level
cloud radiative effect in NM47 compared to NM192 can partly
explain the more poleward location of the ITCZ in NM47. Making
clouds transparent to the radiation below 700 hPa in NM47 (not
shown) indeed shifts its ITCZ equatorward by circa 1.88.

4.2. Clouds Made Transparent
Given the previous discussion, it is clear that cloud radiative effects
affect the position of the ITCZ. They may do so indirectly, by ampli-
fying the effects of remaining humidity differences between the
simulations, or directly, through a dependency of the cloud cover
scheme on the vertical resolution. These issues are examined in this
section.

Experiments in which clouds are made transparent to radiation,
‘‘CO47,’’ ‘‘CO76,’’ ‘‘CO134,’’ and ‘‘CO192,’’ with CO for ‘‘Clouds-Off,’’

are first conducted to assess the strongest potential impact of cloud radiative effects on the ITCZ loca-
tion. Making clouds transparent to radiation was proposed and used in Randall et al. (1989) and also in
COOKIE (Clouds On/Off Klimate Interaction Experiment, Crueger & Stevens, 2015) to study the radiative
effects of clouds on circulations. As shown in Figure 7, the ITCZ exhibits a double structure in all four
experiments with Clouds-Off, with a more poleward location than in the corresponding standard experi-
ments. This is consistent with the results of M€obis (2013), Crueger and Stevens (2015), and Harrop and
Hartmann (2016). More importantly, the spread in the location of the ITCZ among the experiments is
reduced with a maximum difference of 5.68 between CO47 and CO192 versus 8.48 between L47 and
L192 (see Table 1). The effect is nevertheless weaker than the one associated with the representation of
mixing processes, indicating that cloud radiative effects are at best a secondary cause to the spread in
ITCZ location with vertical grid spacing.

That the ITCZ structure in CO47 and CO192 remains distinct is not too surprising given their different
representation of mixing processes and hence distinct relative humidity profiles. As a second step,
the model is thus run in each vertical configuration with no mixing of the updraft with the environ-
ment and no cloud radiative effect. Total precipitation for ‘‘NMCO47,’’ ‘‘NMCO76,’’ ‘‘NMCO134,’’ and
‘‘NMCO192’’ experiments (NMCO for ‘‘No Mixing and Clouds-Off’’) is shown in Figure 8. The spread in
the ITCZ location almost vanishes (see also Table 1). The difference of the ITCZ structures in terms of
precipitation amount also decreases substantially, with only up to 0.5 mm/d difference in between
108S and 108N.

Figure 6. Cloud cover for NM47 and NM192 experiments.
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The question remains as to whether the sensitivity of the ITCZ struc-
ture to cloud radiative effects results from a sensitivity of the cloud
cover parameterization to the vertical grid spacing, e.g., due to an
inadequate formulation of the critical relative humidity threshold, or
from different relative humidity profiles passed to the cloud cover
parameterization. Figure 9 shows the cloud cover and relative
humidity distributions for the two extreme cases: NMCO47 and
NMCO192. Cloud cover differences seem to reflect corresponding
differences in the relative humidity distribution. NMCO47 is moister
than NMCO192 above 300 hPa and below 900 hPa, which is consis-
tent with the larger cloud cover of NMCO47 above 300 hPa and
below 900 hPa. Further differences in relative humidity can be
noticed between 900 and 300 hPa but they do not lead to changes
in cloud cover. Degrading the high-resolution relative humidity pro-
file to low resolution and applying the cloud cover scheme (see end
of section 2.1) as a diagnostic tool also confirms that the sensitivity
of the ITCZ structure almost exclusively results from differences in

the relative humidity profile and not from the cloud cover parameterization per se. The obtained cloud
cover profiles remain similar in that case. This means that other processes in the convection scheme, like
the trigger function or the fact that the mass flux that overshoots is simply detrained in one grid box, lead
to differences in the relative humidity profile among the simulations and the cloud cover scheme merely
amplifies these differences and leads to a shift of the ITCZ via the cloud radiative effect.

5. Summary

In this study, the vertical resolution of the General Circulation Model ECHAM has been refined and its effects
on the structure of the ITCZ in an aqua-planet setup studied. The chosen configurations have 76, 134, and
192 levels and have been calculated based upon the 47 levels default resolution of ECHAM. This corre-
sponds to a typical grid spacing in the troposphere of 45.6, 22.8, 11.4, and 7.6 hPa for the configurations
with 47, 76, 134, and 192 levels, respectively.

The ITCZ location successively shifts equatorward with an increase in vertical resolution. The difference in
location between the two extreme configurations amounts to 8.48. The structure converges to a single ITCZ
when using 134 vertical levels.

The primary reason for the sensitivity of the ITCZ structure to the vertical resolution is traced back to a depen-
dency of the mixing formulation of the convection scheme upon the underlying vertical coordinate. The use of a

first-order discretization scheme leads to weaker mixing of the updraft’s
turbulent entrainment/detrainment for a poorly resolved vertical coordi-
nate. Weaker mixing pushes the ITCZ poleward, as found in previous
studies. This effect manifests itself by an increase of integrated cloud
water content and by the appearance of a secondary maximum in the
higher resolution simulations. Turning off the mixing processes in the
convection scheme reduces the spread in the ITCZ location among the
simulations with a remaining maximum shift of 3.78. This remaining dif-
ference is associated with left-over differences in the relative humidity
profiles between the simulations. The low-resolution simulation in par-
ticular exhibits larger relative humidity values above 300 hPa and below
900 hPa. These differences affect the location of the ITCZ through their
effect on the cloud cover. High-level and low-level cloud amounts
increase in the low-resolution simulation. The low-level cloud amount
dominates the response and shifts the ITCZ poleward. Turning off
entrainment processes and making clouds transparent to radiation
remove most of the sensitivity of the ITCZ structure to the vertical reso-
lution, albeit leading to a double ITCZ structure in all simulations.

Figure 7. Total precipitation for CO47, CO76, CO134, and CO192 experiments
without clouds.

Figure 8. Total precipitation for NMCO47, NMCO76, NMCO134, and NMCO192
experiments without mixing and clouds.
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Refining the vertical resolution leads to larger differences in the location of the ITCZ than changing the con-
vection scheme, at least in the General Circulation Model used. As a lot of effort is spent in developing new
convective parameterizations and in tuning their implementation toward obtaining one single ITCZ, this
suggests that simple tests of numerical consistency, such as done in this study, might need to be more rou-
tinely done to ensure that the equations we are solving are the ones we indeed intend to. Likewise correct-
ing for the numerical discretization errors in convective mixing by including second-order terms shifts the
ITCZ nearly to the equator.
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