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water vapor varies on the regional scale 

• strong relation between WVP and precipitation 
(e.g., Bretherton et al. 2004, Holloway and 
Neelin 2009, Nuijens et al. 2009) 

• cloud layer humidity determines dilution of 
clouds by entrainment 

• vertical distribution of moisture determines 
radiative cooling 
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What is the vertical structure and covariation of water vapor and clouds in the trades? 

Are models able to represent the observed relationship correctly?

Water vapor variability in the tropical Atlantic



NARVAL observations

Lidar:
high spectral resolution lidar WALES measuring water vapor 
with ~2.5 km horizontal and 200 m vertical resolution  
(Wirth et al. 2009, Kiemle et al. 2017, Gutleben et al. 2019) 

1) Only use profiles with more than half of the data point 
below the max cloud top height. (here: 3 km, 35 % valid) 

2) When the lidar signal is extinct: 
Minimum: lidar shadows are filled by neighboring values 
Maximum: lidar shadows above the LCL set to saturation, 
remaining areas are filled by neighboring values 

Radiometer:
HAMP measures WVP with ~200 m horizontal resolution 
(Mech et al. 2014, Jacob et al. 2019)

NARVAL-1: 11.12.2013

specific humidity [g/kg]; minimum assumption

(Christoph Kiemle)



NARVAL simulations

ICON-SRM (storm resolving model)
at grid spacings of 2.5 km and 1.25 km 
(Klocke et al., 2017)  

ICON-LEM (large eddy model)
at grid spacings of 600 m and 300 m 
(Stevens et al., 2019) 

all simulations without convective 
parameterization 
SRM with cloud cover parameterization 

realistic initial and boundary conditions: 
ECMWF reanalysis 

one-way nesting of higher resolution 
simulations in low resolution simulations 

ICON-SRM simulations start at 0 UTC  
ICON-LEM simulations start at 9 UTC
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Model:

ICON-SRM at grid spacings of 2.5 km 
and 1.25 km (Klocke et al., Nat. Geosc., 2017) 
ICON-LEM at grid spacings of 600 m 
and 300 m (courtesy of Matthias Brück) 

all simulations without convective para-
meterization 

initial and boundary conditions: ECMWF 
reanalysis  
one-way nesting of higher resolution 
simulations in low resolution simulations 

ICON-SRM simulations start at 0 UTC  
ICON-LEM simulations start at 9 UTC 

Across model grid spacing from 300 m to 2.5 km, ICON shows a good skill in reproducing lidar measurements of 
water vapor variability and distribution in the tropics. An exception of this is a persistent moist model bias near 
cloud top. Cloud fraction depends strongly on model resolution but tends to agree better with observations for 
high resolution simulations.

The distribution of water vapor is closely connected to the appearance of shallow and deep convection, 
interacts with the circulation through radiation, and affects the intensity of cloud feedbacks and thus 
climate sensitivity. High horizontal and vertical variability of water vapor is omnipresent in the tropics but 
poses challenges for weather and climate mod- 
els. In this study we compare high-resolution  
simulations and airborne lidar measurements to  
help elucidate these complex interactions.  

Day 1: 
11.12.2013 
16 - 21 UTC 
10.0-16.5 N, 58.0-55.0 W 

mostly shallow cumulus, 
approaching deeper convection 
towards the south 

556 valid profiles from WALES

Day 2: 
12.08.2016 
13 - 19 UTC 
9.5-14.0 N, 55.0-52.0 W 

few and very shallow  
cumulus 

1737 valid profiles from  
WALES

Observation:

airborne water vapor lidar WALES (Kiemle 
et al., Surv. Geophys. 2017)

water vapor profiles with ~2.5 km 
horizontal and 200 m vertical resolution 

When the lidar detects a cloud or the 
signal is extinct, two different assump-
tions are made to fill clouds and cloud 
shadows in the water vapor profile. 
Minimum: clouds detected by the lidar 
are set to saturation, remaining areas are 
filled by neighboring values 
Maximum: clouds detected by the lidar 
and lidar shadows above the LCL set to 
saturation, remaining areas are filled by 
neighboring values

Both the ICON simulations and the WALES 
lidar measurements were conducted for the 
NARVAL campaigns, which took place in 
December 2013 and August 2016 in the 
Northern Tropical Atlantic east of Barbados 
(Stevens et al., Surv. Geophys., 2017).

When the lidar signal is 
extinct, we use a mini-
mum and a maximum 
estimate of water vapor.

At the top of the cloud layer 
the model is too moist, 
possibly due to artificial 
diffusion in the model.
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Open issue

Mean qv and its first 
moments agree well 
within the different 
model resolutions and 
with observations. 
Cloud fraction and qc 
strongly decrease with 
resolution. Observed 
cloud fraction tends to 
agree better with high 
resolution simulations.

Distribution of cloud fraction 
strongly depends on model 
resolution and tends to be too 
low near cloud base.

To compare the distribution of water 
vapor and clouds all profiles are 
sorted by water vapor path (WVP).

Lidar profiles that miss more than half of the water vapor signal 
are not considered in this analysis. This distorts the direct com-
parison with simulations. We plan to subsample the simulations 
according to the observations to eliminate this potential bias.

referred to as the lower free troposphere, LFT. We speak of the triple-point level rather
than the ‘melting level’ or ‘freezing level’ as the latter are less well defined. In cases when
the shallow cumulus layer is completely suppressed, the lower free troposphere will extend
down to the top of the PBL. In disturbed conditions the shallow cumulus layer may extend
to the triple-point level.

2.1 Airborne Measurements and the Barbados Cloud Observatory

The Next-Generation Airborne Remote Sensing for Validation Studies (NARVAL) field
campaigns made use of the Germany Research Community’s HALO (High Altitude Long
Range) research aircraft (Stevens et al. 2016) to make measurements over the northern
tropical Atlantic. NARVAL has had two phases: Phase I took place in the downstream
winter trades in December of 2013; phase 2 took place in and around the vicinity of the
Atlantic ITCZ in August 2016. NARVAL-1 consisted of eight flights, with about 40 h of
flight time over the North Atlantic trades abutting the ITCZ. NARVAL-2 consisted of
roughly twice as many flight hours distributed over ten flights in, around, and across the
ITCZ. For NARVAL-1, the configuration of HALO is described by Stevens et al. (2016).
For NARVAL-2, the configuration was similar. Most relevant for this study is the
extensive deployment of dropsondes and continuous water vapor profiling using a down-
ward staring differential absorption lidar as elaborated upon below.

Airborne measurements were taken east of the Barbados Cloud Observatory (BCO),
over the ocean between 40–60!W and 5–20!N. The BCO comprises an extensive collection
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Fig. 1 Conceptual diagram illustrating layers of moisture, and some of the terminology, discussed in this
article. The height of the sub-cloud layer, which delineates the planetary boundary layer or PBL, is denoted
by g; the height of the trade-inversion or the hydrolapse delineating the shallow cloud layer is denoted by zi;
the height of the triple-point isotherm, T"; is denoted by z"; and the height of primary ice formation isotherm
(Tf ) is denoted by zf : For the formation of ice by homogeneous nucleation Tf ¼ $ 38 !C. The term lower free
troposphere is used to denominate the region below the height of T" and the average height of the fair-
weather cumulus layer. In the present-day tropics g is at about 600 m, the zi can be quite variable, but when
evident is typically between 2 and 3 km. z" locates at around 4.5 km

Surv Geophys

123

(Stevens et al., Surv. Geophys., 2017)

ICON-LEM 300 m 
time:17:00 UTC

ICON-SRM 2.5 km 
time:17:00 UTC

	
�����������������

MODIS Aqua 
17:25 UTC

��������
������ ��������	�
���

MODIS Aqua 
17:25 UTC

ICON-LEM 300 m 
time:17:00 UTC

ICON-SRM 2.5 km 
time:17:00 UTC

qualitative comparison for 11.12.2013



MODIS Aqua 
17:25 UTC

Water vapor variability in the tropics  
from modelling and airborne lidar 

 Motivation

 Conclusions

Ann Kristin Naumann1 and Christoph Kiemle2
 

1Max Planck Institute for Meteorology, Hamburg, Germany   2DLR, Oberpfaffenhofen, Germany

Model:

ICON-SRM at grid spacings of 2.5 km 
and 1.25 km (Klocke et al., Nat. Geosc., 2017) 
ICON-LEM at grid spacings of 600 m 
and 300 m (courtesy of Matthias Brück) 

all simulations without convective para-
meterization 

initial and boundary conditions: ECMWF 
reanalysis  
one-way nesting of higher resolution 
simulations in low resolution simulations 

ICON-SRM simulations start at 0 UTC  
ICON-LEM simulations start at 9 UTC 

Across model grid spacing from 300 m to 2.5 km, ICON shows a good skill in reproducing lidar measurements of 
water vapor variability and distribution in the tropics. An exception of this is a persistent moist model bias near 
cloud top. Cloud fraction depends strongly on model resolution but tends to agree better with observations for 
high resolution simulations.

The distribution of water vapor is closely connected to the appearance of shallow and deep convection, 
interacts with the circulation through radiation, and affects the intensity of cloud feedbacks and thus 
climate sensitivity. High horizontal and vertical variability of water vapor is omnipresent in the tropics but 
poses challenges for weather and climate mod- 
els. In this study we compare high-resolution  
simulations and airborne lidar measurements to  
help elucidate these complex interactions.  

Day 1: 
11.12.2013 
16 - 21 UTC 
10.0-16.5 N, 58.0-55.0 W 

mostly shallow cumulus, 
approaching deeper convection 
towards the south 

556 valid profiles from WALES

Day 2: 
12.08.2016 
13 - 19 UTC 
9.5-14.0 N, 55.0-52.0 W 

few and very shallow  
cumulus 

1737 valid profiles from  
WALES

Observation:

airborne water vapor lidar WALES (Kiemle 
et al., Surv. Geophys. 2017)

water vapor profiles with ~2.5 km 
horizontal and 200 m vertical resolution 

When the lidar detects a cloud or the 
signal is extinct, two different assump-
tions are made to fill clouds and cloud 
shadows in the water vapor profile. 
Minimum: clouds detected by the lidar 
are set to saturation, remaining areas are 
filled by neighboring values 
Maximum: clouds detected by the lidar 
and lidar shadows above the LCL set to 
saturation, remaining areas are filled by 
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Both the ICON simulations and the WALES 
lidar measurements were conducted for the 
NARVAL campaigns, which took place in 
December 2013 and August 2016 in the 
Northern Tropical Atlantic east of Barbados 
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When the lidar signal is 
extinct, we use a mini-
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the model is too moist, 
possibly due to artificial 
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To compare the distribution of water 
vapor and clouds all profiles are 
sorted by water vapor path (WVP).

Lidar profiles that miss more than half of the water vapor signal 
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according to the observations to eliminate this potential bias.
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than the ‘melting level’ or ‘freezing level’ as the latter are less well defined. In cases when
the shallow cumulus layer is completely suppressed, the lower free troposphere will extend
down to the top of the PBL. In disturbed conditions the shallow cumulus layer may extend
to the triple-point level.
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roughly twice as many flight hours distributed over ten flights in, around, and across the
ITCZ. For NARVAL-1, the configuration of HALO is described by Stevens et al. (2016).
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simulations and airborne lidar measurements to  
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airborne water vapor lidar WALES (Kiemle 
et al., Surv. Geophys. 2017)

water vapor profiles with ~2.5 km 
horizontal and 200 m vertical resolution 

When the lidar detects a cloud or the 
signal is extinct, two different assump-
tions are made to fill clouds and cloud 
shadows in the water vapor profile. 
Minimum: clouds detected by the lidar 
are set to saturation, remaining areas are 
filled by neighboring values 
Maximum: clouds detected by the lidar 
and lidar shadows above the LCL set to 
saturation, remaining areas are filled by 
neighboring values

Both the ICON simulations and the WALES 
lidar measurements were conducted for the 
NARVAL campaigns, which took place in 
December 2013 and August 2016 in the 
Northern Tropical Atlantic east of Barbados 
(Stevens et al., Surv. Geophys., 2017).

When the lidar signal is 
extinct, we use a mini-
mum and a maximum 
estimate of water vapor.

At the top of the cloud layer 
the model is too moist, 
possibly due to artificial 
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according to the observations to eliminate this potential bias.
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than the ‘melting level’ or ‘freezing level’ as the latter are less well defined. In cases when
the shallow cumulus layer is completely suppressed, the lower free troposphere will extend
down to the top of the PBL. In disturbed conditions the shallow cumulus layer may extend
to the triple-point level.
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flight time over the North Atlantic trades abutting the ITCZ. NARVAL-2 consisted of
roughly twice as many flight hours distributed over ten flights in, around, and across the
ITCZ. For NARVAL-1, the configuration of HALO is described by Stevens et al. (2016).
For NARVAL-2, the configuration was similar. Most relevant for this study is the
extensive deployment of dropsondes and continuous water vapor profiling using a down-
ward staring differential absorption lidar as elaborated upon below.

Airborne measurements were taken east of the Barbados Cloud Observatory (BCO),
over the ocean between 40–60!W and 5–20!N. The BCO comprises an extensive collection
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Fig. 1 Conceptual diagram illustrating layers of moisture, and some of the terminology, discussed in this
article. The height of the sub-cloud layer, which delineates the planetary boundary layer or PBL, is denoted
by g; the height of the trade-inversion or the hydrolapse delineating the shallow cloud layer is denoted by zi;
the height of the triple-point isotherm, T"; is denoted by z"; and the height of primary ice formation isotherm
(Tf ) is denoted by zf : For the formation of ice by homogeneous nucleation Tf ¼ $ 38 !C. The term lower free
troposphere is used to denominate the region below the height of T" and the average height of the fair-
weather cumulus layer. In the present-day tropics g is at about 600 m, the zi can be quite variable, but when
evident is typically between 2 and 3 km. z" locates at around 4.5 km
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qualitative comparison for 11.12.2013



spanning the moisture space

How do we bring lidar data and model results together? 

• no co-location of clouds in real world and model world   
➡ compare statistics: moisture space  
    (Bretherton et al. 2005, Schulz and Stevens 2018) 

• lidar profiles have gaps where there are (thick) clouds 
➡ spanning the moisture space with HAMP 
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spanning the moisture space
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differences in seasons captured well
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vertical structure of water vapor represented well across moisture space
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Conclusions

Across model grid spacing from 300 m to 2.5 km, ICON shows a good skill in 
reproducing airborne lidar measurements of water vapor variability and distribution in 
the trades.  

An exception of this is a persistent moist model bias near cloud top in the dry season. 

The observed cloud deepening with increasing water vapor path is captured well but 
the concurrent transition from cloud-free to low cloud fraction is missed at kilometer-
scale resolution. 
»This is a potential issue for “next-generation climate models” (e.g. DYAMOND, 

Stevens et al. 2019).
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contribution of different scales to the standard deviation of qvv

11 December 2013   
ICON-LEM 300 m



NARVAL-1: December 2013

NARVAL-2: August 2016

Table 1. Specification of flight domains used in this study.

t in UTC domain N p in % qc in g kg�1 hc in km

NARVAL 1

11. Dec 2013 16 - 21 10.0 - 16.5 N, 58.0 - 55.0 W 537 34.2 4.0 3.0

12. Dec 2013 14-15, 19-20 14.0 - 16.5 N, 56.5 - 48.5 W 526 86.5 4.0 2.8

14. Dec 2013 14-15, 19-20 13.9 - 16.5 N, 57.2 - 48.5 W 296 48.9 4.0 2.5

15. Dec 2013 16 - 21 12.0 - 16.5 N, 57.5 - 48.5 W 668 72.8 4.0 2.7

20. Dec 2013 17 - 18 13.3 - 16.5 N, 56.0 - 51.6 W 168 70.3 4.0 3.0

NARVAL 2

12. Aug 2016 13 - 19 9.5 - 14.0 N, 55.0 - 52.0 W 1317 69.0 6.0 1.9

19. Aug 2016 13 - 17, 20 13.5 - 16.0 N, 57.0 - 48.0 W 1115 85.4 8.0 2.6

22. Aug 2016 14-15, 20-21 10.0 - 12.8 N, 58.6 - 51.0 W 279 55.9 8.0 1.8

24. Aug 2016 13 - 16 13.0 - 14.5 N, 56.5 - 44.0 W 405 51.3 9.0 1.6

t: time period of analyzed flight, N : number of valid profiles, p: percentage of valid profiles, qc: water vapor mixing ratio threshold for

detecting a cloud top with WALES, hc: maximum shallow cloud top altitude

2.2 WALES Lidar and HAMP Radiometer

The differential absorption lidar WALES is installed pointing downwards on the HALO aircraft, measuring water vapor profiles90

throughout the tropical troposphere with three on-line laser wavelength positions in the near-infrared situated on three water

vapor absorption lines of cascading strength (Wirth et al., 2009; Kiemle et al., 2017; Gutleben et al., 2019). The weakest line,

specially selected for the tropics, permits accurate profiling of very moist layers below the trade inversion while the stronger

two lines provide reliable data of the moisture jump across the inversion and the dry regions above. Backscatter from aerosol

and clouds is simultaneously measured by a high spectral resolution lidar (HSRL) at 532 nm with a temporal resolution of 1 s,95

corresponding to a spatial horizontal resolution along the flight route of 210 m given the typical aircraft speed of 210 ms�1

during the summer campaign and a horizontal resolution of 240 m given an aircraft speed of 240 ms�1 during the winter

campaign. Flight speed was higher in winter due to a higher average flight altitude. To achieve an acceptable measurement

precision of typically 10 % in the cloud layer and above, the water vapor profiles are aggregated across 12 s or about 2.5 km

in the summer campaign and 2.9 km in the winter campaign. The vertical resolution is about 250 m for water vapor and 15 m100

for backscatter. Water clouds quickly attenuate the lidar signal such that valid data are only obtained above the tops of clouds

clearly defined by the backscatter signals (Fig. 1 upper panel). Full profiles are obtained wherever the cloud gaps are larger

than 2.5 km.

Since our focus is the cloud layer moisture variability we only use those lidar profiles where more than half of the data points

below the maximum cloud top height are valid. For example, on 11 December 2013, the cloud layer top height is 3.0 km, and105

only in 34 % of all lidar profiles more than half of the data points are valid below this height (Fig. 1). The rest is unavailable due

4

NARVAL flights
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