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Microphysical controls on humidity, radiation and the tropical 
energy budget in global storm-resolving models



Simulating the tropical heat budget 
at kilometer-scale resolution

How much of the tropical 
heat budget is controlled by 
circulation and dynamics as 
compared to microphysical 
processes?

reduced number of poorly 
constraint processes:


microphysics

turbulence



Distribution of free-tropospheric humidity in a multi-model ensemble

Figure 5: Standard deviation of RH in the DYAMOND models in moisture space. (a) The
absolute standard deviation �(RH) increases from dry to moist columns in the mid troposphere
and is constantly large in the upper troposphere. (b) Normalizing �(RH) with the multi-model
mean RH shows that the largest relative inter-model di↵erences occur on the dry end of
moisture space.

3.3 Physical processes controlling the relative humidity anomalies

3.3.1 Model anomalies in RH transport tendencies

Figure 6: Multi-model mean RH tendencies due to (a) vertical, (b) horizontal and (c) total
transport by the resolved circulation in moisture space.
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Figure 4: Multi-model mean distributions of di↵erent quantities in moisture space, i.e. sorted
from the dryest column on the left to the moistest column on the right and averaged over 50
bins of equal size. (a) RH varies little in the boundary layer, but increases with IWV in the
free-troposphere. (b) Vertical velocity increases from dry to moist columns and changes from
subsidence to rising motion around the 90th percentile of IWV. (c) IWV (black) increases
linearly with its percentiles except from the dryest and moistest 10 percentiles, whereas the
increase in SST (blue) is steepest in the dryer columns and becomes flatter in the moister
columns. All-sky OLR (red) increases slightly in the dryest 30 percentiles, then decreases in
an exponential manner towards the moistest columns.
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3.1.2 Relative humidity

Figure 2: Mean vertical profiles over tropical oceans and inter-model spread of relative humidity
(RH) in the DYAMOND ensemble. Tropical mean RH is shown as absolute values (a) and as
deviation from ERA5 (b). The colour coding for the models is the same as in Figure 1. Overall,
the C-shape of the tropical RH profile is captured in all models. RH in the DYAMOND models
tends to be higher than in ERA5 in the lower troposphere and lower than in ERA5 in the free
troposphere. (c) The standard deviation of tropical mean RH (�(RH)) in the DYAMOND
enseble (solid line) is largest around the top of the shallow cumulus layer and in the upper
troposphere. Compared to the CMIP5 AMIP ensemble (dashed line) the inter-model spread is
reduced by about a factor of two in most altitude regions. For a fairer comparison only one
August was selected from the AMIP run.

3.2 Moisture space

Figure 3: Distribution of integrated water vapour (IWV) over tropical ocean regions in the
DYAMOND models and ERA5. The largest inter-model di↵erences occur at the moist end of
the IWV distribution. The tropical mean IWV values are indicated by cloured bars on the
bottom of the figure.
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The inter-model spread of RH in GSRMs is 
about half as large as in the AMIP ensemble.
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DYAMOND

CMIP5 AMIP

(Lang et al., 2021)

(DYAMOND, Satoh et al., 2019, Stevens et al., 2019)



3.3.2 Connection between transport and RH anomalies

Figure 7: Correlation between model anomalies in RH and model anomalies in RH transport
tendencies in moisture space. Positive correlations (red) indicate that models with high RH
values are associated with an anomalously strong humidity transport and mainly occur in the
upper troposphere.

4 Impact of humidity anomalies on clear-sky OLR

4.1 Model anomalies in clear-sky OLR

Figure 8: Inter-model di↵erences in clear-sky OLR in moisture space. (a) Deviations of
simulated clear-sky OLR for each model from the ERA5 value and (b) standard deviation of
clear sky-OLR. The inter-model spread in clear-sky OLR is largest around the 80th percentile
of IWV and in the dryest percentiles.
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Inter-model differences in clear-sky outgoing longwave radiation (OLR)

(Lang et al., 2021)

Very dry columns and 
those adjacent to deep 
convection contribute 
most to the differences 
in tropical mean clear-
sky OLR.
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troposphere. Compared to the CMIP5 AMIP ensemble (dashed line) the inter-model spread is
reduced by about a factor of two in most altitude regions. For a fairer comparison only one
August was selected from the AMIP run.

3.2 Moisture space

Figure 3: Distribution of integrated water vapour (IWV) over tropical ocean regions in the
DYAMOND models and ERA5. The largest inter-model di↵erences occur at the moist end of
the IWV distribution. The tropical mean IWV values are indicated by cloured bars on the
bottom of the figure.

3

Journal of Advances in Modeling Earth Systems

LANG ET AL.

10.1029/2021MS002514

13 of 21

regions at which the water vapor optical depth is larger than 1, modulo foreign broadening, the emission 
from a layer to space depends only on RH (Ingram, 2010; Nakajima et al., 1992). This behavior is often re-
ferred to as ”Simpsonian,” as it has been recognized since the early work of Simpson (1928). Therefore, it 
can be assumed that anomalies in  in the DYAMOND models are primarily determined by RH anom-
alies. This corresponds to the second approximation in Equation 1.

A perturbation in RH can be produced isothermally, that is, by varying  and keeping  constant, or iso-
barically, that is, by varying  and keeping  constant. Therefore, there are two ways to define a RH kernel, 
which we refer to as  and  , respectively:

 (3)

To translate  and  into RH kernels they have to be weighted by a factor describing the change of RH 
for a change in  or  , respectively. For  this factor is equal to the saturation water vapor pressure  . 
For  the dependence of  on  given by the Clausius Clapeyron relation has to be taken into account. 

 and  are identical to the extent that the  response to a given change in RH is independent of 
whether this change is produced by a change in  or in  .

 anomalies approximated using  (Figure 7c) are more accurate than those approximated using 
 (Figure B2c). Therefore, for the further analysis we concentrate on  . Overall,  anomalies 

approximated from RH anomalies agree well with true (directly calculated)  anomalies (Figure 7c) 
and the inter-model standard deviation  is well reproduced (Figure 7d). In Appendix B we elaborate 
more on the accuracy of the approximation for individual models as well as on the differences between  
and  .

Figure 7. Impact of relative humidity (RH) differences on clear-sky OLR in moisture space. (a) RH response kernel  showing the sensitivity of clear-sky 
OLR to a 1% RH change in a 1 km layer under constant temperature for 50 blocks in moisture space, (b) inter-model standard deviation  (RH) weighted with 

 , (c) Clear-sky OLR anomalies approximated from  and the RH anomalies of each model and (d) inter-model standard deviation in the approximated 
clear-sky OLR. Thin dashed lines in (c and d) correspond to ”true” clear-sky OLR calculated directly from temperature and specific humidity profiles (same as 
in Figure 6). The vertical integral of (b) is shown as the gray line in (c).



Tropical relative humidity in a global storm-resolving model is robust to 
changes in model resolution and parameterizations.

(Lang et al., in prep.)



Which physical processes control the humidity distribution?

(Lang et al., in prep.)

simulated RH difference

Mid-tropospheric humidity differences are well-explained by differences in 
their last saturation points, except for a change in the microphysics scheme.

reconstructed RH difference

due to last-saturation model

effect of moisture sources and 
sinks after last saturation

last-saturation model: 

(e.g., Pierrehumbert et al., 2006; 

Sherwood et al., 2010)



Humidity differences are largely explained 

by a change in last-saturation temperature.

(Lang et al., in prep.)

Contribution from change in 
last-saturation temperature

Contribution from change in 
target temperature



The humidity spread in a microphysical ensemble is smaller in 
magnitude than in a multi-model ensemble but shows similar features.
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(Lang et al., 2021)
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the spread in the mid troposphere that matters for the outgoing longwave radiation. Hence, there is still a 
valuable improvement in GSRMs compared to the high-resolution GCMs.

An additional series of DYAMOND runs with the ICON model allowed us to investigate how RH changes 
with increasing horizontal resolution beyond the convergence scale suggested by Sherwood et al. (2010). We 
compared tropical mean (ocean only) RH from runs at 80, 40, and 20 km grid spacing with parameterized 
convection as well as runs at 20, 10, 5, and 2.5 km grid spacing with explicit convection (not shown). In the 
parameterized runs RH hardly changes with increasing horizontal resolution. RH strongly depends on res-
olution for the explicit runs at 20 and 10 km, for which using explicit convection might not be adequate. At 
5 km grid spacing RH has converged. In some altitude regions, particularly in the mid troposphere, the RH 
difference between the converged explicit runs and the parameterized runs is significantly larger than the 
differences between the parameterized runs at different resolutions. These findings suggest that resolving 
convection impacts RH although it seemed to have already converged at coarser resolutions when convec-
tion was parameterized.

In summary, despite the shortness of the DYAMOND simulations we can say with a high degree of certainty 
that the spread in free-tropospheric RH in the DYAMOND GSRMs is reduced compared to the AMIP GCMs 
throughout most of the free troposphere, except from the region at the transition to the BL and the tropo-
pause region. We estimate the reduction to ∼50%–70% in the upper troposphere (8–14 km) and 25%–50% in 
the mid troposphere (3–8 km). For an exact quantification longer storm-resolving simulations are required. 
The reduction in the spread is even more remarkable considering that the DYAMOND models were not spe-
cifically calibrated for this experiment. Many of them were even run in the storm-resolving configuration 
for the first time. However, as we will show in Section 4, the remaining RH differences still have a non-neg-
ligible impact on the clear-sky radiation budget.

3.2. Moisture Space

To distinguish between different dynamic regimes of the tropics, namely subsidence and deep convective 
regimes, which are not necessarily co-located in different models, we compare RH statistics in moisture 
space (Bretherton et al., 2005; Naumann & Kiemle, 2020; Schulz & Stevens, 2018). To span the moisture 
space, the randomly selected atmospheric profiles (Section 2.2) are ranked by their vertically IWV. The in-
tegration is performed from the surface to an altitude of 20 km for all models.

Inter-model differences in the distribution of IWV are most pronounced at high IWV values (Figure 4). This 
is apparent when comparing different percentiles of IWV. While the 25th percentiles of all models lie within 

Figure 4. Probability density function of integrated water vapor (IWV) over tropical ocean regions in the DYAMOND 
models and ERA5. Percentiles of each model's IWV distribution are shown below the curves: Colored circles indicate 
the median, horizontal bars range from the 25th to the 75th percentile.

multi-model ensemble 
(DYAMOND, Stevens et al. 2019)



cloud water cloud ice rain snow graupel hail all condensatecloud fraction
tropical mean

Runs differ in how they distribute water among 
the hydrometeor categories but their mean 
cloud cover or total condensate is rather robust.

The two-moment scheme less easily converts ice to snow.



Cloud ice occurs in higher concentrations 
and is less effectively converted to snow 
in the 2-moment scheme

We expect an effect on 
the heat budget because 
in ICON ice is radiatively 
active while snow is not.

cloud water

cloud ice

rain

snow

graupel



While microphysical effects largely balance for the net 

top-of-atmosphere (TOA) flux, differences of a few W m-2 remain.

Table 1: Top of the atmosphere and surface energy balance. Bold values of the 2mom scheme are

absolute values. Normal font indicates differences to the 2mom run. All values are in units of W m�2.

For the net, downward fluxes are defined negative, so that at TOA net = SW# - SW " - LW "> 0 W m�2

there is more energy entering the atmosphere than is leaving it. At the surface net = LW # - LW " + SW

# - SW " + LH + SH> 0 more energy enter the surface than leaves it.

TOA surface

SW " LW " SW# net LW " LW # SW " SW # LH SH net

global

2mom 113.04 236.61 349.67 0.02 390.27 343.38 25.44 184.02 -91.54 -25.37 -5.22

1mom -7.57 2.93 0. 4.65 -0.76 -3.02 1.36 8.70 1.73 1.07 7.87

2m-rain -6.15 1.05 0. 5.10 0.19 -1.47 0.65 7.58 2.32 2.54 10.12

2m-ice -1.45 2.61 0. -1.16 -0.03 -0.28 0.12 1.55 -0.59 -0.38 0.20

2m-snow 0.20 -0.16 0. -0.04 0.14 0.25 -0.06 -0.27 -0.68 -0.12 -0.90

1m-rain -5.20 2.42 0. 2.78 -0.91 -2.56 1.09 5.78 -0.14 -0.44 2.46

1m-ice -10.21 8.77 0. 1.44 -1.14 -4.29 1.71 11.64 2.28 0.83 9.87

1m-snow -9.48 3.81 0. 5.67 -0.95 -3.94 1.68 10.9 1.54 0.78 8.55

tropics

2mom 104.51 258.01 412.10 49.59 449.01 393.75 24.94 237.66 -124.4 -33.19 -0.14

1mom -7.44 3.84 0. 3.60 0.33 -0.84 0.64 7.58 2.97 1.04 9.79

2m-rain -7.89 1.72 0. 6.17 0.24 -2.05 0.84 9.74 5.15 3.42 15.18

2m-ice -2.54 4.05 0. -1.51 -0.05 -0.53 0.23 2.68 -0.56 -0.28 1.13

2m-snow 0.46 -0.37 0. -0.09 0.04 0.16 -0.06 -0.58 -0.70 -0.20 -1.31

1m-rain -3.64 3.07 0. 0.57 0.00 -0.16 0.20 2.92 -0.69 -1.21 0.67

1m-ice -11.56 12.08 0. -0.52 0.15 -2.03 1.03 12.04 3.06 0.63 12.52

1m-snow -9.22 4.88 0. 4.34 0.26 -1.18 0.80 9.42 2.50 0.72 10.4

2

SW
↑

LW↑

TOA = SW↓ - SW↑ - LW↑



LW↑ SW↑

radiative 
change of 
cloudy 

points

radiative 
change of

clear-sky 
points

radiative 
change due 
to cloud 

cover change

Changes in radiative 
properties of cloudy points 
dominate changes in the 
radiative balance at TOA.



- The inter-model spread in humidity is substantially reduced in 
GSRMs compared to traditional GCMs. Clear-sky radiative effect of 
remaining differences are large adjacent to deep convection and 
in the dry subsidence regions.


- Differences in the mid-tropospheric humidity distribution are mainly 
related to changes in the temperature at the last point of saturation. 
Microphysical choices also affect the sources and sinks along a 
parcel trajectory.


- Tropical cloud cover and total condensate are robust to changes in 
microphysical parameters but a shift from ice to snow affects the 
radiative properties of cloudy grid points.

Microphysical controls on humidity, radiation and the 
tropical energy budget in global storm-resolving models


