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ABSTRACT

Subtropical dry zones, located in theHadley cells’ subsidence regions, strongly influence regional climate

as well as outgoing longwave radiation. Changes in these dry zones could have significant impact on surface

climate as well as on the atmospheric energy budget. This study investigates the behavior of upper-

tropospheric dry zones in a changing climate, using the variable upper-tropospheric humidity (UTH),

calculated from climate model experiment output as well as from radiances measured with satellite-based

sensors. The global UTH distribution shows that dry zones form a belt in the subtropical winter hemi-

sphere. In the summer hemisphere they concentrate over the eastern ocean basins, where the descent

regions of the subtropical anticyclones are located. Recent studies with model and satellite data have found

tendencies of increasing dryness at the poleward edges of the subtropical subsidence zones. However, UTH

calculated from climate simulations with 25 models from phase 5 of the Coupled Model Intercomparison

Project (CMIP5) shows these tendencies only for parts of the winter-hemispheric dry belts. In the summer

hemisphere, even though differences exist between the simulations, UTH is increasing in most dry zones,

particularly in the South and North Pacific Ocean. None of the summer dry zones is expanding in these

simulations. Upper-tropospheric dry zones estimated from observational data do not show any robust signs

of change since 1979. Apart from a weak drying tendency at the poleward edge of the southern winter-

hemispheric dry belt in infrared measurements, nothing indicates that the subtropical dry belts have ex-

panded poleward.

1. Introduction

The upper-tropospheric humidity distribution plays a

major role in the climate system especially in the tropics

and subtropics, where it contributes strongly to the water

vapor feedback (Held and Soden 2000). This region

situated roughly between 308N and 308S is characterized

by strong contrasts in the upper-tropospheric humidity

distribution, with very high humidity in the intertropical

convergence zone (ITCZ) and very low humidity in the

subtropical dry zones, where the subsidence branches of

the Hadley andWalker circulations are located. These dry

zones are relevant not only for the surface climate under-

neath, which is characterized by low precipitation and very

dry climatic conditions, but also for the radiative budget, as

outgoing longwave radiation is higher in regions where the

atmosphere is dry (Pierrehumbert 1995). The logarithmic

dependence between water vapor concentration and out-

going longwave radiation leads to higher sensitivity to

changes in the dry part of the distribution. Therefore, even
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small changes in humidity in the upper-tropospheric dry

zones can have strong influence on the water vapor feed-

back (Spencer and Braswell 1997).

Recent model simulations have revealed a widening

of the subtropical subsidence zones associated with the

weakening and poleward expansion of the Hadley circu-

lation (Lu et al. 2007). Under the influence of increased

carbon dioxide (CO2) concentration, simulations revealed

signals of reduced relative humidity at the poleward flanks

of the subtropical dry zones as well as further drying inside

the dry zones (LauandKim2015;Cai et al. 2012;Roca et al.

2012; Sherwood et al. 2010; Lu et al. 2007). In satellite ob-

servations from infrared radiation sounders, subtropical dry

zones appear to have expanded poleward by 28–4.58 over
the period 1979–2005 (Hudsonet al. 2006;HuandFu2007).

Positive trends of upper-tropospheric humidity, however,

were identified over monsoon regions, the deep tropics,

and the midlatitudes (Gierens et al. 2014; Johanson and

Fu. 2009; Hu and Fu 2007; Bates and Jackson 2001).

Some previous studies analyzed the dry zones and their

evolution in different seasons. Stephens et al. (1996) studied

upper-tropospheric humidity from satellite measurements

and were the first to point out that, over the domain of the

Hadley circulation, the relative humidity of the upper tro-

posphere undergoes significant seasonal changes. Scheff

and Frierson (2012) have looked at humidity in different

seasons, but studied precipitation decline instead of upper-

tropospheric humidity. Schröder et al. (2014) introduced the
frequency of occurrence of dry air in the free troposphere, to

study the radiatively sensitive range of the free tropospheric

humidity distribution, but calculated from observations only

and for a restricted area and time range. In the current study,

we therefore analyze upper-tropospheric dry zones from

a global view, with respect to seasonality and climate

change. To do so, we use a variable that can be retrieved

from satellite measurements as well as frommodel data,

in order to make a comparison of the resulting trends

more straightforward.

Soden and Bretherton (1993) defined the concept of

upper-tropospheric humidity (UTH), as a measure for

humidity vertically averaged over a broad layer of the

upper troposphere (approximately between 200 and

500 hPa). UTH is calculated from brightness tempera-

tures by a simple transformation relation. This relation

can also be adapted to brightness temperatures re-

trieved from model data through a satellite simulation

software. UTH from model data can be directly com-

pared with results of satellite measurements.

The humidity distribution in the upper troposphere

and the intertropics reveals that the subsidence zones are

changing their features depending on the seasonal shift

of the ITCZ. Therefore, it is worth analyzing the upper-

tropospheric dry zones separately for the seasons when

the ITCZ is in its northernmost [boreal summer; June–

August (JJA)] and southernmost [borealwinter;December–

February (DJF)] position, respectively.

In the next section we describe the data and method

used to derive UTH frommodel data and from radiances

measured from satellite-based sensors. Section 3 explores

the trends in dry zones found in the model experiments

and in observations since 1979. Section 4 encompasses a

discussion of the results and some concluding remarks.

2. Data and methods

a. Model data

To compute UTH, we used the output of 25 models

(Table 1) from phase 5 of the Coupled Model

Intercomparison Project (CMIP5) (Taylor et al. 2012).

First, we analyzed the output of the idealized CMIP

‘‘1pctCO2’’ experiment, in which the atmospheric CO2

concentration is gradually increased by 1% per year. In

this experiment, the CO2 concentration starts from a

preindustrial state and is approximately doubled after 70

and quadrupled after 140 model years.

In a second step we compared the results with the

output of the historical simulations of the CMIP5models.

Themodels simulate the recent past from 1850 to 2000 or

later, imposing changing conditions like atmospheric

composition due to both anthropogenic and volcanic in-

fluences, solar forcing, emissions or concentrations of

short-lived species, natural and anthropogenic aerosols,

and time-evolving land use (Taylor et al. 2012).

UTH is not a standard humidity variable given by the

models but rather is derived from brightness temper-

atures usually measured by satellite-based sensors. To

compute UTH from model data in the same way as

from measurements, the output of the models has first

to be transformed into radiance, as seen by a satellite sen-

sor. Temperature and humidity profiles as well as the wind

fields for surface emissivity are used as input for the fast

radiative transfer model for TIROS Operational Vertical

Sounder (TOVS) known asRTTOV(Saunders et al. 2010).

To be consistent with observations and because brightness

temperature measured with microwave sensors are less

influenced by clouds, we produced brightness temperatures

matching the specifications of channel 18 of the Advanced

Microwave Sounding Unit (AMSU-B) (see section 2b).

For comparisonwe also computed brightness temperatures

with the specifications of channel 12 of theHighResolution

Infrared Radiation Sounder (HIRS).

b. Satellite data

Satellite measurements of brightness temperature used

to retrieve UTH are typically made in two specific
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frequency regions: in the infrared at 6.7mm and in the

microwave at 183.31GHz. Since the end of the 1970s, the

HIRS instruments on board of the National Oceanic and

Atmospheric Administration (NOAA) operational polar-

orbiting satellites have been measuring water vapor radi-

ances using the 6.7-mm infrared channel. In the field of

global satellite data analysis this is the only source of data

providing such a long time series (Jackson et al. 2003).

Over the years, instrument changes have led to inter-

satellite biases, but efforts have been made during the last

two decades to intercalibrate the radiance measurements

in order to create a consistent time series of the satellite

data (e.g., Bates and Jackson 2001; Shi et al. 2008).

Top of the atmosphere infrared radiance measure-

ments are affected by clouds, which can create errors

when retrieving humidity. This additional source of bias

has been tackled by restricting the data to clear-sky

pixels and homogenizing it (Shi and Bates 2011). In this

study, we used the UTH data from Shi and Bates (2011),

which were calculated using the Soden and Bretherton

(1993) approach including a reference pressure to make

them comparable to the microwave UTH from model

data (see section 2c). This dataset has a resolution of

2.58 3 2.58. Unfortunately, UTH datasets generated

from clear-sky measurements revealed a dry bias of up

to 30% RH or more in convective regions (John et al.

2011). Even though in the present study the focus is on

the dry regions, the dry bias is still important with

about 29% RH in the tropical UTH values (John et al.

2011). However, the availability ofHIRS data since 1979

makes it a valuable source of information with regard to

climate evolution.

TABLE 1. CMIP5 models used for the current study with their respective institute. (Expansions of acronyms are available online at http://

www.ametsoc.org/PubsAcronymList.)

Model name Modeling center or group

ACCESS1.3 Commonwealth Scientific and Industrial Research

Organization (CSIRO) and Bureau of Meteorology

(BOM), Australia

BCC-CSM1.1 and BCC-CSM1.1(m) Beijing Climate Center, China Meteorological

Administration

CanESM2 Canadian Centre for Climate Modeling and

Analysis (CCCMA)

CCSM4 National Center for Atmospheric Research (NCAR)

CESM1(BGC) Community Earth System Model Contributors

CNRM-CM5 and CNRM-CM5.2 Centre National de Recherches Météorologiques / Centre
Européen de Recherche et FormationAvancée en Calcul

Scientifique

CSIRO-Mk3.6.0 Commonwealth Scientific and Industrial Research

Organization in collaboration with Queensland Climate

Change Centre of Excellence

FGOALS-g2 LASG, Institute of Atmospheric Physics, ChineseAcademy

of Sciences and CESS, Tsinghua University

FGOALS-s2 LASG, Institute of Atmospheric Physics, ChineseAcademy

of Sciences

GFDL-ESM2G and GFDL-ESM2M NOAA Geophysical Fluid Dynamics Laboratory

GISS-E2-H NASA Goddard Institute for Space Studies

HadGEM2-ES Met Office Hadley Centre and contribution by Instituto

Nacional de Pesquisas Espaciais)

IPSL-CM5A-LR, IPSL-CM5A-MR and

IPSL-CM5B-LR

Institut Pierre-Simon Laplace

MIROC-ESM Japan Agency for Marine-Earth Science and Technology,

Atmosphere and Ocean Research Institute (The

University of Tokyo), and National Institute for

Environmental Studies

MIROC5 Atmosphere and Ocean Research Institute (The University

of Tokyo), National Institute for Environmental Studies,

and Japan Agency for Marine-Earth Science and

Technology

MPI-ESM-MR and MPI-ESM-LR Max-Planck-Institut für Meteorologie (Max Planck

Institute for Meteorology)

MRI-CGCM3 Meteorological Research Institute

NorESM1-M and NorESM1-ME Norwegian Climate Centre
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Microwave sensors are less sensitive to clouds. Datasets

of UTH from microwave radiances, even when processed

with a cloud filter, show only small biases in convective

regions of about 2%–3%RH(John et al. 2011). Therefore,

we mainly used UTH computed from radiances measured

with the microwave sensor AMSU-B from the satellites

NOAA-15, -16, and -17 and the Microwave Humidity

Sounder from NOAA-18 and MetOp-A [updated version

ofChung et al. (2013)].Data for this studywere taken from

channel 18 at 183.31 6 1.00GHz of the AMSU-B sensor,

because the sensitivity of brightness temperature for this

frequency to relative change in humidity is highest in the

upper troposphere.UTH frommicrowave data comes on a

1.58 grid. However, microwave data are only available

from 1999 to 2018.

c. The brightness temperature transformation method

Brightness temperatures originating from model data

as well as from measurements of satellite-based sensors

are used to calculate UTH. For this purpose, Soden and

Bretherton (1993) derived a relation between infrared

radiances and upper-tropospheric humidity, which has

also been adapted to microwave radiances by Buehler

and John (2005):

ln

�
UTH

cos(u)

�
5 a1 bT

b
, (1)

where ln is the natural logarithm, u is the zenith angle,Tb is

radiance expressed in brightness temperature, and a and b

are regression coefficients, which were determined for

UTHwith respect to liquidwater.UTH is aweightedmean

of the fractional relative humidity in the upper troposphere.

The constants depend on the sensor and its viewing angle

(Buehler and John 2005). For this study, UTH was calcu-

lated for a nadir-viewing sensor; therefore, cos(u)5 1. The

original relation from Soden and Bretherton (1993) also

included a term for the scaled reference pressure p0 and a

dimensionless lapse rate parameter b:

ln

�
UTHp

0

b cos(u)

�
5 a1 bT

b
: (2)

Like Buehler and John (2005) we decided to stay with

the simpler version of the relationship for themicrowave

data but use the expression with p0 for the infrared data.

This approach is supported by the study by Lang (2019),

which shows that Tb has no explicit emission layer

pressure dependence for microwave data but does have

one for infrared data, which can be accounted for by p0.

We refer to Jackson and Bates (2001) for the analysis of

other variants of UTH calculation. The coefficients used

for the current study can be found in Table 2.

Whereas the infrared-based equation from Soden and

Bretherton (1993) to calculate UTH requires brightness

temperature from clear-sky conditions, radiance simu-

lated from CMIP5 model data, although ignoring the

radiative effect of clouds, reflects all-sky humidity pro-

files. This leads to a dry bias of the HIRS data discussed

in section 2b, which should be small in the dry zones.

d. Method of trend calculation

To analyze the change in UTH and especially in

the regions with low UTH values, we first calculated

trends, using the climate data operator ‘‘cdo trend’’

(Schulzweida 2019), which performs an ordinary least

squares linear regression for each grid point of each

dataset. As the trends are estimated separately for the

two seasons DJF and JJA, the trends in UTH of the

corresponding seasonal time series are given in percent

RH per time step (month of the corresponding season)

and multiplied by the number of months in a decade

(30 for the seasonal trends). Then, trends are trans-

formed into percent per decade relative to the mean

UTH of the first decade, to make them better compa-

rable between the different datasets. But using relative

trends also emphasizes the trends in the dry zones, if

the absolute trends are of similar range throughout the

distribution.

To evaluate the evolution of dry zones with time, we

also calculated for each time step the fraction of grid

points where UTH is smaller than a given threshold,

depending on the source of the data used to evaluate

UTH. The thresholds have been chosen as the upper

boundary of the 25th percentile, knowing that the dis-

tribution of UTH differs depending on the source of the

data (model or observation; microwave or infrared).

Tests have shown that, even though the fraction of dry

grid points is depending on the given threshold, the

trend or evolution of this fraction is similar for thresh-

olds around the selected percentile. One can alterna-

tively use other thresholds, but results in terms of trends

do not change very much. The linear trend is again

calculated by regression. To be consistent with obser-

vations, only the grid points in the tropics and subtropics

have been chosen for the model data (between 458S
and 458N).

TABLE 2. Constant coefficients for calculation of UTH from

brightness temperature for a nadir-looking sensor, with regard to

liquid water.

Sensor a b (K21)

HIRS 31.500 20.115

AMSU-B 16.474 20.070
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3. Results

a. UTH from CMIP5 models

Figure 1 shows the mean of the first (1850–59, top

panels) and the last decade (1980–89, middle panels) of

the spatial distribution of UTH calculated from the en-

semble mean of the 1pctCO2 simulations, using the

microwave sensor algorithm. The UTH distribution is

depicted separately for DJF (Fig. 1, left panels) and JJA

(Fig. 1, right panels). Because 1pctCO2 is an idealized

experiment not taking into account the real climate of

the last 150 years, the names of the decades (1850–59

and 1980–89) are not referring to the historical period.

The bottom panels of Fig. 1 show the trend per decade,

in percent relative to the mean UTH from the first de-

cade, for both seasons respectively. The black contour

lines indicate the regions where the ensemble mean of

UTH is smaller than 40% RH. Following previous

studies like Lau and Kim (2015) we define these regions

as the subtropical dry zone. The stippling in the bottom

panels indicate grid points, where the sign of the trend in

UTH is robust. Robust means here, that at least 68%, or

17 of 25, of the models show the same sign (increasing or

decreasing UTH).

The subtropical dry zones behave differently depend-

ing on the season. In thewinter hemisphere, the dry zones

form a belt over the subtropics, whereas in the summer

hemisphere the dry zones are mainly located in eastern

subtropical ocean basins, corresponding to the descent

zones of the subtropical anticyclones. As the distribution

of UTH depends on the hemisphere and on the season,

the evolution of the dry zones has been considered sep-

arately for DJF and JJA, when the ITCZ is in its south-

ernmost and northernmost position, respectively.

In the experiment with gradually increasing CO2 con-

centration, two features can be observed considering the

evolution of the dry zones (bottom panels of Fig. 1). First,

even though the black contour lines (indicating the 40%

RH level) only show small shifts between the first and the

last decade, a decreasing trend in UTH is nevertheless

visible on the poleward edge of the dry belt in the winter

hemisphere. This is especially true in DJF over the

Mediterranean Sea region and central Asia, and in JJA in

the Indian Ocean and southwestern Pacific Ocean. This

drying trend could be related to a poleward expansion of

subtropical subsidence zones, which has been revealed in

recent studies with models and observations (e.g., Birner

et al. 2014; Seidel et al. 2008; Lu et al. 2007; Hu and Fu

2007), corresponding to the widening of the Hadley cells.

However, this drying tendency cannot be found at all

longitudes and is not pronounced enough to be clearly

visible in the contour lines. Repeating the experiment

with different threshold values (not shown) did not lead

to clearer changes in the contour line.

FIG. 1. Decadal ensemble mean of UTH calculated from the output of the 1pctCO2 simulation with 25 CMIP5

models, with the specification of amicrowave sensor. Comparison of (top) the first decade 1850–59 and (middle) the

last decade 1980–89, and (bottom) the trend in UTH for the whole period relative to the mean UTH of the first

decade, for (left) DJF and (right) JJA. The contour lines in the bottom plots indicate the regions with UTH# 40%

RH in 1850–59 (thin line) and in 1980–89 (thick line). The black shading indicates grid points with a robust signal

(see explanations in the text).
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Second, dry zones in the summer hemisphere are

concentrated in the eastern ocean basins, where the descent

zones of the subtropical anticyclones can be found. These

atmospheric structures are centered in the lower levels of

the troposphere and strongly influence moisture transport

(Li et al. 2012). The mechanisms that underlie the devel-

opment of subtropical anticyclones have been thoroughly

studied in the last 20 years (He et al. 2017; Rodwell and

Hoskins 2001; Seager et al. 2003; Miyasaka and Nakamura

2005, 2010). In summer these structures of the general cir-

culation extend over the summer-hemispheric oceans and

feature strong meridional equatorward flow on their east-

ern flanks, accompanied by strong subsidence (Seager et al.

2003).Miyasaka andNakamura (2005, 2010) demonstrated

that the formation of subtropical anticyclones and the as-

sociated descent is primarily driven by a zonally asym-

metric diabatic heating pattern between land and ocean.

This local land–sea contrast consists in low sea surface

temperatures due to cold oceanic upwelling and radiative

cooling over the eastern ocean basins, associated with

marine stratus, and continental heating through sensible

heat flux over the dry, heated landmass to the east.

In the UTH distribution of the CMIP5 ensemble

mean, these regions in the eastern ocean basins in

summer are characterized by low UTH (Fig. 1). After

quadrupling of the CO2 concentration (1980–89), UTH

is increasing in the dry zones, most of all in the North

Pacific and South Atlantic Oceans, except for the one

over the eastern Mediterranean Sea region and the

Middle East, where the dry zone presents signs of drying

in the north and moistening in the south (Fig. 1, bottom

panels). The signal of increasing UTH inside all the

other dry regions is robust.

However, the 1pctCO2 simulations uses a strong forcing,

and the increase in CO2 is larger than the current increase

in the real climate. These results give some indication

about the evolution of UTH and the upper-tropospheric

dry zones due to increased CO2 concentration, but to

have a more realistic view of UTH in climate change, we

have looked at the climate simulations of the recent past,

using the historical run ofCMIP5models.As expected, the

changes in UTH in the 140 years of the historical experi-

ment are smaller than in the idealized simulations (Fig. 2,

bottom, as compared with Fig. 1, bottom). The extent of

the dry zones, indicated by the black contour lines, hardly

changes between the two decades. Nevertheless, a small

drying tendency appears at the poleward edge of the

winter dry zones over the Eurasian continent and the west

Pacific, as well as over the Indian Ocean and Australia.

Furthermore, UTH increases in several regions, but only

the moistening trends of the descent regions in the North

and South Pacific as well as in the South Atlantic (in

summer seasons) are robust. In the northern subtropical

Atlantic and northeast Pacific, UTH shows a decreasing

signal in DJF through a majority of CMIP5 models. In all

other regions where UTH is smaller than 40%, themodels

do not show any robust sign of change.

The forcings of the historical experiment are closer to

the real atmosphere than those from the 1pctCO2 simu-

lations. Still, satellite observations reflect many factors

such as forcings associated with aerosols, volcanic activ-

ities, or land-use change. Not all of them are accurately

FIG. 2. As in Fig. 1, but calculated from the output of the historical simulation.Note the different scale than in Fig. 1.

2154 JOURNAL OF CL IMATE VOLUME 33



represented in models. Keeping the previous results in

mind, we will analyze UTH from satellite observations to

see whether some of the features that have appeared in

the model data can be found in the satellite data.

b. Trends from observations

Figures 3a–d show the mean of UTH in DJF and JJA

for the period from 1999 to 2018 calculated from satellite-

based measurements with the microwave sensor (Figs.

3a,b ) and the infrared sensor (Figs. 3c,d). UTH from

brightness temperatures measured with the infrared sen-

sor (HIRS) has been corrected using the reference pres-

sure p0 (cf. Soden and Bretherton 1993) to make it

comparable to the microwave data. Nevertheless, UTH

from infrared is lower than UTH from microwave mea-

surements. But both distributions show the same seasonal

pattern, which corresponds to the climatology described in

previous studies (e.g., Gettelman et al. 2006; Bates and

Jackson 2001). In both hemispheres a dry belt spreads over

all longitudes in winter. Dry zones in the summer hemi-

sphere are similar to the ones found in the model data.

However, UTH appears to be lower in observational

than in the model data. While the dry zones in CMIP5

ensemble are bounded by the 40%RH contour line, the

same regions are characterized by UTH of 25% and less

in the microwave and infrared datasets from satellite-

based measurements.

Also, unlike the models suggested, the decadal trends

in UTH from 1999 to 2018 from microwave measure-

ments (Figs. 3e,f) show no general tendency for drying at

the poleward edge of the winter dry zones. Nor is there

any consistent trend visible in the summer-hemispheric

FIG. 3. For (left) boreal winter (DJF) and (right) boreal summer (JJA), mean of UTH from 1999 to 2018 from

measurements with (a),(b) amicrowave sensor (AMSU-B) and (c),(d) an infrared sensor (HIRS), trend ofUTH for

1999–2018 from measurement with (e),(f) a microwave sensor (AMSU-B) and (g),(h) an infrared sensor (HIRS),

and (i),(j) trend of UTH for 1979–2018 frommeasurement with an infrared sensor (HIRS). The black contour lines

indicate the outline of the dry zones, where the mean of UTH, 25%RH for microwave and UTH, 20%RH for

infrared. Note the different color scales than in Figs. 1 and 2. The trends are relative to themeanUTHof the period.
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dry zones in the eastern ocean basins. Because the ob-

servation period for microwave data is still short, we

decided to compare the trend in UTH from microwave

measurements with the one from infrared measure-

ments, where UTH has been again corrected with the

reference pressure. To make the trends for the two da-

tasets better comparable, the plots show the decadal

trends relative to the mean UTH shown in Figs. 3a–d.

The pattern of trends in UTH from infrared brightness

temperatures from 1999 to 2018 (Figs. 3g,h) is very

similar to the pattern in UTH from microwave mea-

surements. Themain differences arise probably from the

different spatial resolutions between the sensors [2.58 for
infrared (Shi and Bates 2011) and 1.58 for microwave

(Chung et al. 2013)]. Nevertheless, the trend in UTH

from HIRS shows a drying signal at the poleward edge

of the dry belt in JJA, which is not as clear in the

microwave data.

Measurements from the infrared sensor HIRS have

started in 1979, making it possible to analyze UTH for a

period of 40 years. Because of the good agreement be-

tween the trends in UTH from both sensors for the

common period (1999–2018), we assume that UTH from

infrared measurements with the reference pressure can

be used to analyze the trend for the longer period

starting in 1979. The decadal trend in UTH from 1979 to

2018 does not show any consistent tendency for the

summer-hemispheric dry zones in the eastern ocean

basins. However, there is again a small drying trend at

the poleward edge of the winter dry belt in the Southern

Hemisphere as well as over parts of the Northern

Hemisphere (Asia and the western Pacific) (Figs. 3g,h).

Notable is the difference in magnitude of the trends in

UTH from satellite observations in comparison with

UTH from CMIP5 model data (Figs. 1 and 2). The

trends are given relative to the mean UTH distribution

which is lower for the satellite data than for the model

data. This could explain why the magnitude in trends is

higher in the observational data, but the difference in

magnitudes persists when considering the absolute trend

values (not shown here). An explanation for this dif-

ference in range is that for the satellite data the time

period is shorter, so that variability has more influence

on the trend. The range of the trends in UTH from

the longer infrared time series is already smaller than the

ones from Figs. 3e–h. Trends from model data, on the

other hand, are sampled in the ensemble mean of 25

differentmodels. Each of thesemodels taken alonewould

also show highermagnitudes in its UTH trends, which are

leveled out in the ensemble mean.

Not only is the spatial distribution of the dry zones rel-

evant for the climate, but the change in the global fraction

of regions with lowUTHmatters as well, especially for the

net radiation balance. Figure 4 shows the deseasonalized

anomaly time series of the fraction of grid points with

UTH below a given threshold. For the model data (his-

torical run; microwave) dry zones are represented by the

fraction of grid points where UTH is smaller than 40%

(Fig. 4, top). For observations, the dry zones are defined by

the fraction of grid points whereUTH is smaller than 25%

(microwave) and 20% (infrared) (Fig. 4, bottom). Due to

different measuring periods of the satellite-based sensors,

the time series of UTH from infrared radiances starts in

1979 (blue) and from microwave radiances in 1999 (red).

In both datasets we excluded higher latitudes, because the

different grid size would bias the results, but also because

we aremainly interested in dry zones in the subtropics.We

defined the dry zones in analogy to Roca et al. (2012) and

Schröder et al. (2014), who introduced the frequency of

occurrence of dry air as amarker of the behavior of the dry

part of the UTH distribution. The different thresholds

(25%, 30%, and 40%) reflect shifted distributions of UTH

depending on the sensor and data sources. These thresh-

olds nevertheless represent approximately the level of the

25th percentile of each distribution (the 25th percentile is

illustrated in Fig. 5).

For the period when the observational data were avail-

able from both, HIRS and AMSU-B (1999–2018), the

variation correlates well between both sensors (Fig. 4,

bottom). However, the time series of the fraction of grid

points with low UTH show different trends depending on

the sensor used.While the fraction of grid points below the

given threshold increases in both periods in the infrared

dataset (10.40% per decade for 1999–2018; 10.49% per

decade for 1979–99), the same fraction slightly decreases

for the microwave data in observations (20.18% per de-

cade) and CMIP5 ensemble mean (20.02% per decade).

Hence, on a global view it is difficult to draw conclusions

concerning the evolution of the area of upper-tropospheric

dry zones. Furthermore, even for the infrared data the

period is short enough that variability is important. The

trends in UTH dry zones still differ between microwave

and infrared data, despite the fact that the infrared data

have been corrected with the reference pressure. Possible

explanations will be discussed in the next section.

4. Discussion and conclusions

a. Discussion

We have analyzed UTH computed with a satellite

simulation software from CMIP5 model data using

an algorithm for a microwave sensor (AMSU-B) and

compared it with UTH calculated from observational

data for a microwave and an infrared sensor. Through

the results shown in section 3, it has become clear that

UTH, as calculated from radiance, cannot be analyzed
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without taking into account the instrument used to re-

trieve the data. Not only is there a shift in the range of

UTH between the dataset computed from model data

and the one computed from observations, but a differ-

ence has been found in particular between the infrared

and the microwave measuring method.

The distribution of UTH depending on the source

reveals that, for both sensors, the simulations overesti-

mate UTH in the tropics and subtropics compared to

observations (Fig. 5). For completeness Fig. 5 also in-

cludes UTH from the CMIP5 ensemble calculated with

the characteristics of the infrared sensor (Fig. 5, top

right), but as UTH from model data has not been cal-

culated using the reference pressure, this dataset has not

further been used in the rest of the study. UTH from

observations is concentrated in the range between 0%

and 60% RH for the infrared sensor. For UTH from

observations with a microwave sensor the shape of the

distribution is very similar toUTH from simulations, but

with a maximum around 30% RH as compared with

60% RH in the simulations. Because of the different

calculation methods, UTH from the infrared instrument

cannot be compared directly between model and ob-

servations. However, the distribution of UTH from in-

frared measurements (Fig. 5, bottom right) with the use

of p0 is similar to the distribution of UTH from micro-

wave measurements.

Hence, UTH from infrared radiances is comparable to

UTH from microwave radiances, if the reference pres-

sure p0 is used for the calculation. Lang (2019) found an

explanation for this behavior. Indeed, different absorp-

tion characteristics of infrared and microwave UTH

channels lead to stronger increase in brightness tem-

perature from infrared radiances in a warming climate.

When the atmosphere becomes warmer, the emission

layer shifts to higher altitudes, where relative humidity

and atmospheric pressure are smaller, which influences

the measurement of brightness temperatures differently

for infrared and microwave radiances. For comparison,

Lang (2019) defined ‘‘real’’ UTH as the relative hu-

midity averaged over an atmospheric layer bounded

by two altitudes, both defined by fixed thresholds of in-

tegrated water vapor above. She found that UTH cal-

culated from microwave radiances was closer to this

so-called real UTH, whereas UTH from infrared radi-

ances was subject to an artificial bias. This bias can be

counterbalanced by the use of p0.

Nevertheless, UTH from infrared measurements is

still drier than UTH from microwave measurements, as

we have seen in Fig. 4. The clear-sky sampling bias of the

FIG. 4. (top) Deseasonalized and smoothed time series and linear trend of the fraction of grid

points with UTH , 40% RH between 458S and 458N in CMIP5 models’ historical run, com-

puted formicrowave sensor characteristics. (bottom)Deseasonalized and smoothed time series

and linear trend of the fraction of grid points with UTH, 20%RH from observations with the

infrared sensor (HIRS; blue) from 1979 to 2018 and of fraction of grid points with UTH, 25%

RH from observations with the microwave sensor (AMSU-B; coral). The trend lines indicate

linear trends in fraction of grid points with UTH smaller than the given threshold for the

periods 1979–99 and 1999–2018 separately in infrared (blue) and for 1999–2018 in microwave

(red). Note the different scales of the y axis for the top and bottom plots.
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observations can explain part of these differences, as

discussed in section 2b. John et al. (2011) estimated that

in the tropical mean this bias can account for roughly 7%

of the infrared dry bias relative to microwave data and

perhaps for a few percent dry bias of microwave data

relative to the true all-sky mean. But even taking this

into account, the CMIP5 ensemble is significantly wetter

than the observations. This is consistent with the finding

of John and Soden (2007) that CMIP models have a

large moist bias in the free troposphere. Their study was

based on CMIP3, but our analysis indicates that this is

still true for CMIP5.

Considering the evolution of dry zones in climate

change, the data support only a few robust conclusions.

While previous studies suggest a poleward expansion of

the subtropical subsidence zones (Birner et al. 2014;

Seidel et al. 2008; Lu et al. 2007; Hu and Fu 2007; Hudson

et al. 2006), the dry zones in the UTH distribution

estimated from CMIP5 model output do not generally

expand, even though there is a robust drying tendency in

parts of the regions poleward of these dry belts in the

winter hemisphere. Dry zones in the eastern Pacific even

decrease in both seasons, however. In observations, the

drying tendency can only be found in the Southern

Hemisphere winter distribution in infrared data. Even

more uncertain is the evolution of the dry zones situated

in the summer hemisphere and corresponding to the

subsidence regions of the subtropical anticyclones. There

is a tendency toward increasingUTH in these regions, but

this trend is robust in the model data only for the South

Atlantic and South and North Pacific on the long term,

and so far not supported by the observations. UTH may

be sensitive to other factors, such as sea surface temper-

ature changes, which could explain different signals in the

South Pacific. Other studies also state a weakening and

westward shift of the Walker circulation, which could be

FIG. 5. Histograms of (top) the distribution of UTH from the first 30 years of the ensemble mean of the historical

simulation with CMIP5 models for computation with (left) microwave and (right) infrared coefficients, and (bot-

tom) the distribution of UTH from (left) microwave and (right) infrared observations, for all monthly means for

each grid point between 458S and 458N.
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another factor influencing the dry zones in the eastern

South Pacific (e.g., Vecchi and Soden 2007).

The results from our model analysis overlap with the

recent study of He et al. (2017), where the multimodel

output from CMIP5 simulations was used to investigate

the response of subtropical anticyclones to global warm-

ing by analyzing subsidence, low-level divergence, and

rotational wind. They found that the subtropical anticy-

clones over the North Pacific, South Atlantic, and south

Indian Ocean are projected to become weaker, while the

North Atlantic subtropical anticyclone intensifies. These

results correspond to our findings of increasing UTH in

the dry zones of the eastern North Pacific and South

Atlantic in the CMIP5 ensemble for the 1pctCO2 and the

historical simulations (Figs. 1 and 2). But from our sim-

ulations, the trends of He et al. (2017) cannot be con-

firmed for the south Indian Ocean and the eastern North

Atlantic, and we also found a robust signal of increasing

UTH in the South Pacific. Finally, none of the trends for

the subtropical anticyclones could be found inUTH from

observations. The complexity of the subtropical anticy-

clones in their respective climatic environment makes it

difficult to make a general statement concerning the

evolution of the corresponding upper-tropospheric dry

zones. It would be interesting to analyze each of them

separately and understand more about the mechanisms

behind these structures.

b. Conclusions and outlook

Increasing atmospheric CO2 concentration impacts the

distribution of upper-tropospheric humidity and in par-

ticular the extension of the subtropical dry zones.UTHhas

been calculated from model data with a satellite simula-

tion software using the characteristics of a microwave

sensor. The results have shown that upper-tropospheric

dry zones form a belt in the winter hemisphere and that in

an experiment with yearly 1% increasing CO2 concen-

tration, there appears a drying tendency at the poleward

edge of this dry belt over large parts of the globe. In his-

torical simulations this drying trend is not as pronounced,

but is still visible. Nevertheless, and, despite these drying

tendencies, no clear poleward shift or expansion of the dry

belts can be found in this dataset. In the summer hemi-

sphere, the dry zones are concentrated in the eastern

ocean basins, and correspond to the descent regions of the

subtropical anticyclones. In these regions, UTH from

CMIP5 ensemble evaluated from the microwave per-

spective increases in the South Atlantic and the North and

South Pacific, reflecting a weakening of the anticyclones,

at least partially in agreement with the study by He

et al. (2017).

Observational data from infrared and microwave

sensors have been used to investigate the evolution of

upper-tropospheric dry zones since 1979. The general

seasonal pattern conforms to the one found in themodel

data. UTH calculated from brightness temperatures

measured from an infrared sensor shows the drying

tendency at the poleward edge of the winter dry belt

even for the shorter time scale. But this drying does not

indicate a clear expansion of the winter dry belt and has

not been found for UTH from microwave measure-

ments. Finally, no robust trend could be detected for the

summer dry zones.

The reasons for the different results concerning

summer dry zones can probably be found in the

complex mechanisms behind the subtropical anti-

cyclones. While the change of tropical circulation

structures like the Hadley cell or the Walker circu-

lation have been studied extensively in the last 50

years, subtropical anticyclones have only recently

gotten more attention (e.g., Rodwell and Hoskins

2001; Miyasaka and Nakamura 2005, 2010; He et al.

2017). Their behavior with global warming is still an

interesting subject of study. To further investigate

the evolution of upper-tropospheric dry zones, it

may be necessary to gain a better understanding and

achieve more robust simulations of subtropical anticy-

clones.
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