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ABSTRACT: Recently we presented a classification of ‘primitive’ relative humidity (RH) profiles

into 8 distinct clusters over Earth’s oceans, based on about 18 years (2003-2020) of observations

from the AIRS on NASA’s Aqua satellite. Here we investigate the seasonal variability and decadal

trends, both in the vertical structure of these profiles, and in their associated area of occurrence.

Since vertical structures (except in the marine boundary layer) of each RH-class are generally robust

across all seasons and change only weakly in a warming climate, seasonal or decadal changes to

their occurrence areas shift patterns of global moisture distribution. Globally, the marine boundary

layer exhibits non-linear moistening effects after about 2010, the end of the warming hiatus. Annual

timeseries of ocean areas dominated by RH-classes have linear trends, which are positive only for the

most moist and driest RH-classes (in terms of the free troposphere) associated with deep convection

and large-scale subsidence favouring conditions for low-level stratocumulus clouds, respectively.

Based on estimated linear trends of RH-class occurrences and sea-surface temperatures, we infer

projected linear responses of RH in a warming climate. Ocean areas dominated by most moist and

driest RH-classes (in terms of the free atmosphere) are estimated to increase by about 1 and 2 %,

respectively (corresponding to about 2.5 % K−1 and 4.5 % K−1, respectively). The averaged global

and tropical RH-structure remain almost constant in a warming climate. While this is consistent

with other studies, our results show how increases in most moist and dry areas compensate each

other, indicating possible increases in the frequency or persistence of future extreme events.
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1. Introduction

Over Earth’s oceans, atmospheric temperature profiles are relatively robust and similar across a

wide range of underlying sea-surface temperatures (SST, Abraham and Goldblatt 2022). Conse-

quently, atmospheric moistening processes, or changing atmospheric water vapour amounts in a

warming climate, have to manifest themselves in systematic changes of relative humidity profiles

(RH-profile). Climatologically, RH-profiles are observed to exhibit relatively robust structures (e.g

Jordan 1958; Manabe and Wetherald 1967; Liu et al. 1991; Dunion 2011; Abraham and Goldblatt

2022). Abraham and Goldblatt (2022) showed through 𝑘-means clustering analysis that observed

RH-profiles over Earth’s oceans can be clustered into distinct ‘primitive’ classes: 6 for clear-sky

and 8 for all-sky conditions. These classes were found to not only have distinct structural features

associated with particular large-scale atmospheric dynamics but also to have particular effects on

the spatial structures of large-scale outgoing longwave radiation (OLR). Changes to atmospheric

water vapour distributions and corresponding OLR values are then simply reflected by changes to

the occurrence probabilities (OP) of each RH-profile class. In this study we investigate, first, the

seasonal variability of OPs and vertical structures of the distinct RH-profile classes; second, we

estimate decadal changes of these properties to infer global RH-profile responses to a warming

climate.

The analysis presented here focuses only on the timeseries of the 8 RH-profile classes for all-sky

conditions (denoted here RH-classes A1 to A8). For clear-sky conditions we identified 6 distinct

‘primitive’ RH-profile structures which have a one-to-one correspondence to all-sky RH-profile

structures (Abraham and Goldblatt 2022). Due to these close relationships between RH-profile

structures for clear-sky and all-sky conditions we found no considerable differences to seasonal and

decadal changes to OPs or RH-structures between corresponding RH-profile classes for clear-sky

and all-sky conditions. A summary analysis for the 6 RH-profile classes for clear-sky conditions

is provided in the supplementary material.

The launch of NASA’s Aqua satellite equipped with the hyperspectral Atmospheric Infrared

Sounder (AIRS) in 2002 marked a new beginning for observing atmospheric water vapour content

above Earth’s oceans (Aumann et al. 2003; Kalmus et al. 2015). Historically, RH-profiles above

Earth’s oceans were estimated from coastal radiosonde ascents as systematic measurements above

the oceans were unfeasible (e.g. Jordan 1958; Manabe and Wetherald 1967; Liu et al. 1991;
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Dunion 2011). Despite the geographical limitations, those studies identified similar RH-profile

structures across different coastal regions. Using latitudinal averages Ruzmaikin et al. (2014)

confirmed on the basis of AIRS data that distinct vertical RH structures are particular to latitudinal

bands. Systematic 𝑘-means RH-profile clustering of AIRS data further showed that not only the

prevalent atmospheric circulation in latitudinal bands determines RH-profile structures but also

the underlying sea-surface temperatures (SST): Increasing SSTs promotes a moistening of the

atmosphere, observable by large increases in OPs of most moist RH-profile classes accompanied

by only weak increases to their RH magnitudes (Abraham and Goldblatt 2022).

Abraham and Goldblatt (2022) identified 8 different typical RH-profile structures for all-sky

conditions, A1–A8. Characteristics, vertical structures, and particular features of the distinct

classes are summarized and depicted in Fig. 1. In contrast to Abraham and Goldblatt (2022),

climatological values of a state variable 𝑋 (e.g., SST) associated with each RH-profile class (Fig. 1;

rows 7 and 8) are not calculated as an average over the classified data set but from a weighted-

average accounting for the relative importance of a RH-profile class, 𝑘 with 𝑘 ∈ {A1,A2, . . . ,A8},
in dominating a particular region. For 𝑋 we estimate 𝑘-conditioned climatological means, 𝑋 (𝑘)
(overbars denote climatological means), with

𝑋 (𝑘) =
∑︁
𝜙,𝜆

𝑤𝑘 (𝜙,𝜆) 𝑋 (𝑘, 𝜙,𝜆), (1)

where

𝑤𝑘 (𝜙,𝜆) = OP(𝑘 |𝜙,𝜆)∑
𝜙,𝜆 OP(𝑘 |𝜙,𝜆)

, (2)

where 𝜙 and 𝜆 denote the geographical latitude and longitude, respectively, and OP(𝑘 |𝜙,𝜆) is

the conditional OP of RH-profile class 𝑘 on a uniform square degree latitude-longitude grid.

Bootstrapping analyses (1000 samples) show almost no variability (variance is several orders of

magnitude smaller) around climatological values (not shown). Increasing the resolution of the grid

does not change the estimates substantially.

Of the 8 different RH-profile classes four are particular to the tropics (A1–A4), and two to the

subtropics (A4–A5). Remaining classes A6–A8 are particular to mid- and high-latitudes. While

all mean profiles share moist marine atmospheric boundary layers, vertical RH-structures differ

substantially in the free troposphere.
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Tropical profiles stand out through narrow RH-peaks near the tropopause consistent with findings

in earlier studies (e.g. Ovarlez et al. 2002; Ström et al. 2003; Ruzmaikin et al. 2014). The inner-

tropical convergence zone (ITCZ) and the Indo-Pacific warm pool, regions with warm SSTs, are

associated with the most-moist RH-profiles A1 and A2 consistent with the dynamics of deep

convection (Abraham and Goldblatt 2022). Those classes can be associated with total column

water vapour (TPW) amounts around 50 kg m−2 (Fig. 1; row 8) causing substantial attenuation of

OLR and the super-greenhouse effect (SGE, Abraham and Goldblatt 2022).

All other RH-profile classes are associated with substantially lower TPW abundances and cannot

be associated with the SGE. Class A3, characterized by a “C-shape” vertical RH distribution, occurs

most often within the tropics outside the ITCZ. While all tropical RH-profiles exhibit features of

vertical RH-structures establishing in radiative-convective equilibrium (RCE, Romps 2014), the

“C-shape” form of A3 is the most similar to the theoretical profiles in RCE. Such “C-shape” RH-

profile structures form when vertical gradients in water vapour lapse rate are largest in altitudes

where large-scale subsidence exceeds convection (Romps 2014). The RH-peak of A4 near the top

of the atmospheric boundary layer in combination with the dry free-troposphere and its unique

occurrence in cloudy conditions allows for associating this class with low-level stratocumulus

clouds (Abraham and Goldblatt 2022). This class occurs mainly in the trade wind regions. The

dry conditions in the upper troposphere of A4–A5, particular to the subtropics, are caused by eddy

motions along isentropes transporting moisture into the mid-latitudes where they dehydrate before

returning to the subtropics (Galewsky et al. 2005).

The characterization of distinct robust climatological RH-profile structures, as conducted in

Abraham and Goldblatt (2022), is important, for instance, to study climate sensitivities in RCE

model frameworks (e.g Manabe and Wetherald 1967; Augustsson and Ramanathan 1977; Satoh

and Hayashi 1992; Rennó et al. 1994; Dacie et al. 2019; Kluft et al. 2019; Bourdin et al. 2021)

or to understand the stability of climate to water vapour feedback (Goldblatt et al. 2013; Dewey

and Goldblatt 2018). Understanding further whether a warming climate causes systematic changes

to those RH-profile classes or simple changes to their OPs allows further characterization of

atmospheric water vapour feedbacks. In this study we determine how OPs and RH structures of

distinct RH-classes have developed over the 18 years of observations in order to infer RH feedbacks
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to a warming climate. In order to retrieve robust estimates of the inferred response to a warming

climate we investigate seasonal variability which will then be accounted for.

We first revise the data used (Sec. 2) before presenting results of the seasonal variability to RH-

profile structures and OPs as well as inferred responses to a warming climate in Sec. 3; conclusions

are given in Sec. 4.

2. Data and Methods

In Abraham and Goldblatt (2022) we clustered instantaneous satellite observations (about 450

million) of atmospheric RH-profiles above Earth’s oceans into distinct ‘primitive’ classes. Those

RH-profiles were retrieved from the AIRS on NASA’s Aqua satellite between August 30 2002 and

March 6 2021 (Kalmus et al. 2015). The RH-profiles are directly provided in the AIRS Version

7 Level 2 product and are derived from the retrieved profiles of water vapour mixing ratios and

temperature-dependent water vapour saturation mixing ratios relative to the stable phase of water,

i.e. saturation mixing ratios relative to the liquid and ice phase of water. Accounting for the

stable phase of water vapour often causes relative humidity in ice-clouds and freezing layers to

exceed saturation values (Ovarlez et al. 2002; Ström et al. 2003; Korolev and Isaac 2006). This

supersaturation is often observed in the upper tropical troposphere (Abraham and Goldblatt 2022).

The AIRS Version 7 Level 2 product provides the RH-values on 14 standard pressure levels (𝑝)

between 1000 hPa and 50 hPa (1000, 925, 850, 700, 600, 500, 400, 300, 250, 200, 150, 100, 70, and

50 hPa) such that the vertical resolution is about 3 km (Maddy and Barnet 2008). The footprint of

the AIRS retrievals is ∼ 45 km. Here, we investigate satellite retrievals of both day-time and night-

time overpasses. As shown in Abraham and Goldblatt (2022) differences in both RH-structures

and OP of RH-profile classes are small allowing for this simplification. Furthermore, we make use

of estimates under all-sky conditions of the SST, OLR, and TPW, as well as metdata about the time

and geographic location (Table 1). A more detailed description of the data is provided in Abraham

and Goldblatt (2022).

As in Abraham and Goldblatt (2022), we use only data with good quality flags (AIRS QF ≤ 1;

Susskind et al. 2003, 2006). We require this quality flag requisite for both moisture and temperature

measurements on each of the 14 pressure levels, as well as for SST, OLR, TPW, and total cloud

cover retrievals as we study properties of the whole atmospheric column. The moisture estimates
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Table 1. Top: Variables, their acronyms used throughout the paper, and corresponding product variable

names of the hyperspectral Atmospheric Infrared Sounder (AIRS) on NASA’s Aqua satellite. All data is taken

for all-sky conditions. Bottom: metadata used from AIRS are listed.

Variable Acronym AIRS variable name

Sea-surface temperature SST TSurfStd

Outgoing longwave radiation OLR olr

Total precipitable water vapor TPW totH2OStd

Relative humidity profiles RH-profiles RelHum

Metadata

Date and time

Latitude

Longitude

Surface class

with these AIRS QFs are accurate within 15 ppm and 6 ppm below and above 300 hPa, respectively

(Divakarla et al. 2006; Trent et al. 2019). The T-profiles with AIRS QF ≤ 1 are accurate within

± 0.5 K compared to in-situ measurements (Divakarla et al. 2006; Diao et al. 2013; Feltz et al.

2017); SST measurements have standard errors lower than 1.4 K (Nalli and Smith 2003; Susskind

et al. 2003).

The hyperspectral averaging kernels for water vapor are typically largest (hence making retrievals

most accurate) between 800 and 250 hPa; conversely the averaging kernels are smallest (and hence

retrievals least accurate) in the planetary boundary layer (surface to about 800 hPa) and upper

troposphere or lower stratospehre (above 200 hPa). This design choice ensures RH biases in

the lower and mid-troposphere to be generally much smaller than 10 % (Gettelman et al. 2004;

Divakarla et al. 2006; Susskind et al. 2006; Pu and Zhang 2010, e.g.); RH biases in the upper

troposphere and lower stratosphere, however, increase substantially. Across several geographical

locations, RH values of AIRS in atmospheric levels of the upper troposphere and lower stratosphere

have been validated against in-situ measurements from radiosonde measurements and profile flights

from aircraft. The AIRS biases of RH in the upper troposphere and stratosphere are generally

between 20 % and 50 % when AIRS QF ≤ 1 (e.g. Gettelman et al. 2004, 2006; Diao et al. 2013;

Osei et al. 2020). As shown in Abraham and Goldblatt (2022), RH-profile classes particular to the

tropics exhibit often supersaturated conditions of about 20-50 % in those regions. These values are
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related to the fact that RH is estimated over the stable phase of water (ice phase in these conditions)

which are often observed to be supersaturated (Ovarlez et al. 2002; Ström et al. 2003; Korolev and

Isaac 2006). While those RH values can be substantially overestimated, as mentioned above (since

AIRS is designed to measure the middle tropospheric water vapour content with high accuracy

at the expense of accuracy in the boundary layer and upper troposphere), an increase of water

vapour toward an RH peak near the tropopause is observed in RH estimates over both the liquid

and ice phase (Sandor et al. 2000; Takahashi et al. 2016; Kluft et al. 2019). The RH over the liquid

phase remains typically below saturation in the upper troposphere and lower stratosphere while the

RH-peak over the ice-phase is often supersaturated.

The near-surface moisture measurements (around the 1000 hPa) are typically dry biased by about

10-20 % (Divakarla et al. 2006; Pu and Zhang 2010) and are therefore not discussed in detail in this

study. At 925 hPa, a height usually still within the marine boundary layer, moisture biases, however,

decrease substantially (Pu and Zhang 2010). Furthermore, vertical water vapour gradients within

the marine boundary layer from AIRS are consistent with in-situ measurements and other satellite

products (Stevens et al. 2003).

Atmospheric profiles are estimated from cloud-cleared AIRS radiances (Chaine et al. 2006).

Poorest retrievals are associated with largest amounts of water vapour in the atmospheric column

consistent with large precipitation rates (Kahn and Teixeira 2009). Furthermore, the cloud-clearing

algorithms of the AIRS product perform better in the presence of a mixture of cloud and clear-sky

conditions across the observational domain as it allows for larger contrasts of radiative retrievals

and more accurate estimates of clear-sky radiances. Thus, areas which have relatively uniform

radiative fluxes, i.e. stratocumulus cloud decks or no clouds at all, also result in unreliable RH-

profile estimates. For that reason the AIRS QF applied here skews data towards clear-sky and

mixed conditions, resulting in a heterogeneous global data coverage (Figure 2).

The geographical distribution of the data (with the AIRS QF ≤ 1 applied for all variables) is,

nonetheless, approximately symmetric across both hemispheres with an almost uniform distribution

between 40 N and 40 S, except from areas often covered by stratocumulus cloud decks (west of

North and South America, and Southern Africa). Substantially fewer measurements are available

north and south of 40 N and 40 S, respectively due to the effects discussed above. Overall, the

stringent AIRS quality flag requirements filter about two thirds of all data. Since the Aqua satellite
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Fig. 2. Fraction of observed data with an AIRS QF ≤ 1 (as used throughout this analysis) on a square degree

rectangular longitude latitude grid.

is polar orbiting (hence more high-latitude than tropical measurements are taken), our data quality

requirements clearly filter disproportionately mid- to high-latitude measurements while only few

data are filtered in the tropics and subtropics. While this might have caused not capturing all RH-

profile classes in mid- to high-latitudes, the RH-profile structures derived are neither particularly

wet nor dry and are close to climatological mean RH-values (cf. RH-profiles of A6–A8 in Fig. 1,

row 3, with Ruzmaikin et al. 2014). Therefore, inferred warming responses on the global RH

distribution are likely not substantially affected by the filtering.

We account for the spatial variability of data distribution imposed by our AIRS QF requirements

by estimating from conditional OPs on a square degree uniform latitude-longitude grid the areal

ocean fraction, 𝑓ocean, that is on average dominated by each of the 8 RH-profile classes. At each grid

point we estimate from 100 bootstrapping samples the mean conditional OP of each RH-profile

class, OP(𝑘 |𝜙,𝜆) with 𝑘 ∈ {A1,A2, . . . ,A8}. The OP(𝑘 |𝜙,𝜆) are not sensitive to a higher grid

resolution. The 𝑓ocean(𝑘) is then given by

𝑓ocean(𝑘) =
∑︁
𝜙,𝜆

𝐴(𝜙,𝜆)
𝐴ice−free−ocean

OP(𝑘 |𝜙,𝜆), (3)
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where 𝐴(𝜙,𝜆) is the grid-area centred at latitude 𝜙 and longitude 𝜆, and 𝐴ice−free−ocean the global

ice-free ocean area. Similarly, we calculate global mean values of other state variables ⟨𝑋⟩ (e.g.,

𝑋 is SST, OLR, or TPW):

⟨𝑋⟩ =
∑︁
𝜙,𝜆

𝐴(𝜙,𝜆)
𝐴ice−free−ocean

X(𝜙,𝜆). (4)

We use ⟨·⟩ to denote global averages.

In order to estimate decadal trends from any timeseries of a state variable, 𝑋𝑡 , we remove from

monthly means the seasonal cycle, 𝑋𝑠, to create seasonal stationary timeseries 𝑋𝑡 − 𝑋𝑠. 𝑋𝑠 is

derived by fitting a sum of sine and cosine functions to 𝑋𝑡 using 4 frequencies (𝑛):

𝑋𝑠 =

4∑︁
𝑛=1

𝑐𝑛 sin(𝑛𝜔𝑡) + 𝑑𝑛 cos(𝑛𝜔𝑡), (5)

where 𝜔 = 2𝜋
12 , and 𝑐𝑛, 𝑑𝑛 are fitted amplitudes of each frequency. Finally, trends are estimated

through linear-fits to 𝑋𝑡 − 𝑋𝑠. Both fits are performed with the linear least-squares method.

Based on 𝑘-means cluster analysis, we classified the satellite retrieved RH-profiles for all sky-

conditions into 8 distinct classes (A1–A8, Abraham and Goldblatt 2022). The retrieved cluster

affiliation of each RH-profile observation, together with time and location information, is used in

this study to investigate the seasonal variability to the vertical RH-structures, RH-class occurrences,

and their decadal trends.

3. Results

a. Seasonal Cycle

1) RH-structures

Seasonal variations to the mean vertical structures in each RH-profile class are small (Fig. 1;

row 3). Some changes are only evident for the RH-peak near the tropopause in tropical classes

A1–A3. In winter and spring (DJF and MAM, respectively) the RH-peak is more pronounced

than in summer and fall (JJA and SON, respectively). This change is related to the fact that

RH-peaks near the tropical tropopause are more pronounced in the Southern Hemisphere than in

the Northern Hemisphere (Abraham and Goldblatt 2022). As A1 and A2 occur within the ITCZ,

the RH-peak changes near the tropopause reflect simply latitudinal shifts of the ITCZ towards the

11
Accepted for publication in Journal of the Atmospheric Sciences. DOI 10.1175/JAS-D-22-0119.1.Brought to you by Colorado State University Libraries | Unauthenticated | Downloaded 06/16/23 06:58 PM UTC



Southern Hemisphere in DJF and MAM. However, this is also the altitude range in which AIRS

measurements are least accurate. Nonetheless, the RH-peak near the tropopause in the tropics

remains a robust feature across all seasons.

The RH-profile distributions around the means are symmetric and relatively narrow (not shown),

similar to the annual distributions discussed in Abraham and Goldblatt (2022). That vertical

structures of the distinct RH-profile classes remain almost the same over the course of the year

indicates, first, how robust features of the distinct RH-structures are and, second, that seasonal

changes to the climatology of atmospheric water vapour abundance have to manifest themselves

primarily in changes to 𝑓ocean(𝑘).

2) Occurrence probabilities

On average, over the about 18 years of observations ocean fractions dominated by each class are

relative similar (Fig. 1; row 6). About 20 % of Earth’s oceans are dominated by profiles associated

with deep-convective activity and consequently moist conditions (A1 and A2). In contrast, about

35 % of Earth’s oceans are dominated by drier conditions in the free atmosphere (A3–A5).

In this data set, monthly mean values of 𝑓ocean of all RH-profile classes exhibit seasonal cycles

with predominantly annual and semiannual harmonics, yet amplitudes are generally largest for

tropical and subtropical classes (A2–A4; Fig. 3, column 1). The 𝑓ocean of most extratropical classes

exhibit weaker seasonal amplitudes, except for A7. The 𝑓ocean of all classes exhibit a regular

seasonal cycle without any phase shifts and only weak interannual variability. Our discussion in

this section begins with the tropical and sub-tropical classes (A1–A5), followed by the mid- to

high-latitudes (A6–A8).

The annual cycle of 𝑓ocean(A1) oscillates between January minima of about 8 % and September

maxima of about 13 % (Fig. 3). By contrast, 𝑓ocean(A2) shows semiannual harmonics with maxima

in April and October–November and minima in January and July, hence lagging behind the

equinoxes and solstices, respectively, by about a month. Even though the signal is weak, semiannual

harmonics are also present in the ⟨SST⟩, with minima and maxima preceding the minima and

maxima of 𝑓ocean(A2) by about a month (Fig. 4; row 1).

The annual cycles of ⟨TPW⟩ exhibit two local maxima (March–April and September), generally

in agreement with 𝑓ocean of classes A1 and A2 (cf. Figs. 3 and 4). Profiles A1 and A2 hold 2 to 3
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Fig. 3. Column 1: Annual cycles (2002-2021) of monthly mean ice-free ocean fractions ( 𝑓ocean) that are

dominated by each RH-profile class (rows). The 𝑓ocean values sum up to 100 % in each month of every year.

Column 2: Annual and seasonal mean 𝑓ocean from 2003 to 2020 (dashed lines). Solid lines illustrate the 10-year

moving averages.
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Fig. 4. Left: Annual cycle of the monthly globally averaged SSTs (row 1), OLR (row 2), and TPW (row 3)

from 2003 to 2020 for all-sky conditions. Right: Annual and seasonal means (dashed) as well as the 10-year

moving averages (solid).

times more TPW than all other classes (because of their association with deep convection, Fig.1;

row 8), so the annual ⟨TPW⟩ cycle is a direct consequence of the annual cycles 𝑓ocean(A1,A2).
The asymmetry in the annual ⟨TPW⟩ cycle (a larger September peak) arises from superposition of

𝑓ocean peaks in the annual cycles of A1 and A2.

The seasonal cycle of geographical regions dominated by A1 and A2, which are associated

with stronger and weaker deep convection, correlate with the seasonal cycle of SST in the tropics

14
Accepted for publication in Journal of the Atmospheric Sciences. DOI 10.1175/JAS-D-22-0119.1.Brought to you by Colorado State University Libraries | Unauthenticated | Downloaded 06/16/23 06:58 PM UTC



(cf. Fig. 5 and Fig. 6); Abraham and Goldblatt (2022) demonstrated that A1 and A2 start to

occur frequently for SST > 298 K and become the governing classes for SST > 301 K. Particularly

the warming of Northern Hemisphere Indo-Pacific warm pool region and oceans around Middle

America in JJA drive systematic increases of OPs of A1. Since oceans on the Southern hemisphere

do not warm as much as the aforementioned Northern Hemisphere ones, the slightly colder SST

drive the 𝑓ocean(A2) maxima in MAM. The spatial OP patterns of classes A1 and A2 together are

very similar to those of OLR minima and TPW maxima in each season (cf. Fig. 5 and Fig. 6).

There are some striking regional patterns in OPs of classes A1 and A2 (Fig. 5). The Indo-

Pacific warm pool (East Indian Ocean, the Bay of Bengal, South China Sea, Philippine Sea), as

well as oceans around Middle America exhibit a systematic warming from DJF to JJA, such that

seasonal mean SSTs exceed 301 K (Fig. 6; column 1, dashed line). Consistently, in these regions

a shift occurs from primarily dry conditions (associated with profile A3) in DJF, to primarily wet

conditions (associated with profiles A1–A2) in JJA (Fig. 5). In some of those regions, OPs of A1

change from below 10 % in DJF to well above 90 % in JJA. In particular, the East Indian Ocean

and the Bay of Bengal experience no other profile than A1 during JJA. Consistent with the fact that

the tropical East Pacific and Atlantic Ocean have seasonal mean SSTs usually below 301 K those

regions can be most often associated with weaker deep convection (A2).

Finally, the 𝑓ocean of RH-profile classes A1 and A2 do not appear to be strongly correlated

(Fig. 7), suggesting that no coupling through atmospheric dynamics between these two classes

exist. Instead, profile A1 simply replaces A2 with increasing SST.

RH-profiles A3–A5 occur mainly in the tropics to subtropics, all involving large-scale subsidence

(Fig. 1). The seasonal amplitudes of 𝑓ocean cycles of A3 and A4 are large, while that of A5 is smaller

(Fig 3), but all exhibit evident correlations with the 𝑓ocean of A1 and A2 (Fig. 7).

The characteristics of profiles representing descending air depends on the strength of deep

convection (Fig. 7). The 𝑓ocean(A3) shows a substantial minimum in July–September which is

well correlated (𝑟 = 0.8) with 𝑓ocean(A2) minima (weaker deep convection) but anti-correlated

(𝑟 = −0.7) with the 𝑓ocean(A1) (strong deep convection). Conversely, the 𝑓ocean(A4) maxima in

July–September are positively correlated (𝑟 = 0.62) with 𝑓ocean(A1) but anti-correlated (𝑟 = −0.75)

with 𝑓ocean(A2). Thus, we find that 𝑓ocean(A3) (weak large-scale subsidence allowing some

convective activity in the lower troposphere) is favoured when weak deep convection occurs, and
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Fig. 5. Seasonal (columns) occurrence probabilities of the 8 RH-profile classes (rows) on a 1 square degree

uniform latitude-longitude grid. The annual averages of occurrence probabilities are illustrated in Abraham and

Goldblatt (2022, Fig. 8, column 2).
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SON
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Fig. 6. Seasonal (rows) mean SST (column 1), OLR (column 2), and TPW (column 3) in the zonal band

35 N to 35 S between 2003 and 2020 for all-sky conditions. Dashed and dotted lines in column 1 illustrate SST

isothermes of 298 K and 301 K, respectively.

𝑓ocean(A4) (strong large-scale subsidence suppressing convective activity and favouring low-level

stratocumulus clouds) increases when strong deep convection is present. Consistently, 𝑓ocean of A3

and A4 are anticorrelated.

Geographically, A3 and A4 occur most often in regions around the ITCZ and deep convection

(Abraham and Goldblatt 2022). No particular region dominates the seasonal cycle (Fig. 5).
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Fig. 7. Scatterplots of the monthly mean ocean fractions, 𝑓ocean, of the tropics and subtropics dominating

RH-profile classes A1–A5 (organized from moist to dry). Colors illustrate the different seasons (DJF: blue;

MAM: green, JJA: red, SON: gold). Sketches on the left and top show idealized mean RH-profiles of the distinct

classes.

While the magnitude of the seasonal 𝑓ocean(A5) cycle is small (Fig. 3), it has a somewhat clear

geographic distribution: a July–September maximum corresponds to increased occurrence in the

southern subtropics, particularly in the Indian Ocean, during austral winter (Fig. 5).
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The 𝑓ocean of classes A6 and A8, in the mid- and high-latitudes have neither strong seasonal

cycles nor strong spatial variation.

RH-profile class A7 occurs mostly in the Northern Hemisphere (Abraham and Goldblatt 2022),

and most often in boreal summer, with a broad geographic distribution. There is a notable patch

of elevated OP in the northwest Pacific during boreal winter. The uni-hemisphere boreal summer

distribution and peculiar seasonality are curious, but explaining them is beyond the scope of

this work (and beyond the scope of this data set as it could be an artifact of the cloud-clearing

algorithms due to the often overcast conditions in those regions during DJF and the resulting low

data availability in those regions). This result does speak to a historical curiosity: Profile A7

very closely resembles the RH-profile used by Manabe and Wetherald (1967) in the first work that

correctly estimated Earth’s climate sensitivity. Manabe and Wetherald (1967) drew heavily on

Telegadas et al. (1954), whose model was specifically for the Northern Hemisphere.

b. Changes to RH-profile classes in a warming climate

As described above, structures of the different RH-profiles remain robust throughout the seasons;

thus, spatial changes in humidity are accommodated via changes in OPs of RH classes. We now

turn to analyze how robustly structures of RH-profiles are retained in annual means between 2003

and 2020. Furthermore, using decadal trend estimates (Sec. 2) we investigate how OP(𝑘) and

associated 𝑓ocean(𝑘) evolve between those years. Both investigations indicate how global moisture

distributions change in a warming climate.

In this dataset, the global mean SST decadal warming trend is about 0.42 K decade−1 (Table 2).

This does not represent the actual global warming trend in the first two decades of the 21st century

but simply the warming signal within this highly filtered dataset and spatially heterogeneously

distributed data availability (cf. Sec. 2). Nonetheless, global and spatial warming signals can be

used to infer from temporal trends linear warming responses to increasing SSTs. For instance,

the global decadal trend of TPW within the data set is about 0.82 kg m−2 decade−1, thus about

1.95 kg m−2 K−1 when divided by the SST trend (Table 2). Actual global SST trends through the

last two decades are about 0.26-0.28 K decade−1 (Xu et al. 2021; Garcia-Soto et al. 2021). Over

the same period the TPW trend was found to be about 0.54 kg m−2 decade−1 (Borger et al. 2022).

Inferring from those estimates a linear global warming trend the measurements indicate a global
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Table 2. Left: Annual and seasonal decadal trends of the all-sky globally averaged sea-surface temperatures

(SST), outgoing longwave radiation (OLR), total precipitable water (TPW), as well as relative humidity (RH) at

925 and 700 hPa obtained from linear fits through seasonal stationary timeseries (seasonality removed according

to Eq. 5). Right: Inferred linear trends of those state variables per SST increase of 1 K derived by dividing

through 𝜕𝑡SST.

state variable observed trend (unit decade−1) observed trend (unit K−1)

(unit) Annual DJF MAM JJA SON Annual DJF MAM JJA SON

SST (K) 0.42 0.27 0.48 0.55 0.38 — – – – –

OLR (W m−2) 0.70 0.55 0.84 0.79 0.60 1.67 2.04 1.75 1.44 1.58

TPW (kg m−2) 0.82 0.63 0.88 1.08 0.69 1.95 2.33 1.83 1.96 1.81

RH (925 hPa) (%) 2.16 2.03 2.98 2.1 1.52 5.14 7.52 6.21 3.82 4.00

RH (700 hPa) (%) -0.70 -0.51 -1.22 -0.51 -0.56 -1.67 -1.89 -2.54 -0.93 -1.47

TPW trend of about 1.93–2.08 kg m−2 K−1. Hence, our inferred trend estimates from a linear

response to warming (from the filtered data set) agree with in-situ observations, other unfiltered

satellite products, and reanalysis data.

Consistent with the general global warming trend the globally averaged OLR trend increases as

well by about 1.7 W m−2 K−1.

While the magnitudes of decadal trends are particular to this dataset (as described above), the

spatial patterns of decadal trends in SST, OLR, and TPW are consistent with their most recent

estimates from other satellite products (Figure 8). Ocean surfaces are warming; the spatial pattern

of largest warming in the Northern and Northeast Pacific, weakest warming in the Central Pacific,

and generally weak warming in the tropics and Southern East Pacific is consistent with other studies

(cf. Fig. 1 in Xu et al. 2021; Garcia-Soto et al. 2021). Consistent with Xu et al. (2021) and Garcia-

Soto et al. (2021) this dataset also exhibits the cooling of the North Atlantic and Southern Ocean

around Antarctica (cf. Fig. 1 in Xu et al. 2021; Garcia-Soto et al. 2021), however, the weak cooling

of the tropical Atlantic in this dataset does not agree with other studies. While this peculiarity is

intriguing, it is beyond the scope of this paper to identify reasons for that inconsistency; inferred

warming responses in those Central Atlantic regions should therefore be interpreted with caution.

The spatial patterns of OLR and TPW trends are anti-correlated: increases in TPW cause

decreases in OLR (Fig. 8). In particular, over the East Pacific and Indian Ocean TPW trends are

positive causing systematic OLR decreases; the reverse is found over the West Pacific. These

spatial patterns are consistent with other satellite observations (cf. Whitburn et al. 2021; Borger
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Fig. 8. Top from left: Decadal trends of SST, all-sky OLR, and TPW estimated from linear fits through

seasonal stationary (seasonal cycle, Eq. 5, removed from timeseries) monthly means on a square degree uniform

latitude-longitude grid between 2003 and 2020. Black contours illustrate areas where absolute SST trends are

below 0.1 K decade−1. The decadal trends (top row) estimated are particular to this highly-filtered AIRS data set

and should not be directly compared to other studies. Bottom from left: Inferred linear OLR and TPW trends as

a response to warming. The weak cooling in the Central Atlantic is inconsistent with other studies and inferred

linear warming response estimates of all-sky OLR and TPW in that region should be interpreted with caution.

et al. 2022). The patterns in decadal trends of OLR resemble closely trends observed for the

water vapour absorption band at about 7 𝜇m in other satellite products (cf. Fig. 2d in Whitburn

et al. 2021). Furthermore, except from the central Atlantic the estimated warming responses of

both OLR and TPW are in good agreement with estimates in Whitburn et al. (2021) and Borger

et al. (2022), respectively. Although inferred warming responses of OLR and TPW in the central

Atlantic might be erroneous due to the estimated SST trends, the relative magnitudes of decadal

trends are in agreement with Whitburn et al. (2021) and Borger et al. (2022).
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Table 3. Left: Annual and seasonal decadal 𝑓ocean trends of the 8 RH-profile classes obtained from linear

fits to seasonally stationary timeseries (seasonal cycle, Eq. 5, removed). Right: Inferred linear trends of those

quantities per global SST increase of 1 K.

RH-profile 𝜕𝑡 𝑓ocean (% decade−1) 𝜕SST 𝑓ocean (% K−1) 𝜕𝑡SST 𝜕𝑡TPW

class (K dec−1) (kg m−2 dec−1)

season Annual DJF MAM JJA SON Annual DJF MAM JJA SON Annual Annual

A1 0.53 0.50 0.72 0.65 0.23 1.26 1.85 1.50 1.18 0.60 0.21 0.73

A2 0.61 0.46 0.44 1.02 0.54 1.45 1.70 0.92 1.85 1.42 0.31 0.67

A3 -0.46 -1.52 -0.40 0.24 -0.17 -1.10 -5.63 -0.83 0.44 -0.45 0.32 0.36

A4 1.92 1.83 2.67 1.74 1.44 4.57 6.78 5.56 3.16 3.79 0.25 0.40

A5 -1.06 -0.51 -1.12 -1.63 -0.99 -2.52 - 1.89 -2.33 -2.96 -2.61 0.39 0.36

A6 -0.06 -0.01 -0.25 -0.07 0.1 - 0.14 -0.03 -0.52 -0.13 0.26 0.21 0.27

A7 -0.79 -0.45 -1.14 -1.04 -0.52 -1.88 -1.67 -2.38 -1.89 -1.37 -0.14 0.16

A8 -0.69 -0.30 -0.92 -0.91 -0.63 -1.64 -1.11 -1.92 -1.65 -1.66 0.19 0.32

1) Occurrence probabilities

Over the full 18 years of observations all RH-classes exhibit weak but continuous changes to

their associated 𝑓ocean both annually and seasonally (Figure 3; column 2). These changes are almost

linear, particularly evident in the 10-year moving averages of the OPs (solid lines). The ocean

fraction associated with both deep convection classes increases by about 1 % decade−1 (Table 3;

𝜕𝑡 𝑓ocean(𝐴1) + 𝜕𝑡 𝑓ocean(𝐴2)). The overall largest positive trends in 𝑓ocean (about 2 % decade−1) are

found for class A4, indicating the increase in occurrences of RH-structures that are associated with

low-level stratocumulus clouds. In general in this data set, all 𝑓ocean of all extra-tropical RH-profile

classes decrease.

The almost linear trends allow for inferring the 𝑓ocean response to a globally warming climate

(𝜕SST) using the global SST trend (Table 2). Areas dominated by RH-profiles associated with

strong and weak deep convection (A1 and A2) are then expected to increase by 1.26 % K−1

and 1.45 % K−1, respectively. Ocean areas dominated by RH-profiles associated with low-level

stratocumulus clouds, 𝑓ocean(𝐴4), are inferred to increase by about 4.57 % K−1.

Geographically, RH-profiles associated with strong deep convection (A1) occur more frequently

in the East Pacific, Indian Ocean, and the Southern Hemisphere tropical Atlantic, particularly in the

regions of the ITCZ (Fig. 9); OP(A1) decreases are evident in the West Pacific, north of Australia

and Indonesia. RH-profiles associated with weaker deep convection (A2) exhibit negative trends

over regions of the ITCZ but positive trends around the ITCZ. This observation is consistent with
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the fact that the ITCZ becomes narrower and more intense within its core in a warming climate

(Byrne and Schneider 2016; Byrne et al. 2018). More intense vertical motion in an intensified

ITCZ supports increases in strong deep convection (associated with A1) which particularly over

the colder East Pacific causes the substantial OP increase of A1 and consistently decreases in A2

(associated with weaker deep convection).

An intensifying ITCZ core causes increases in large-scale subsidence. Consistently, the OP

increases of A1 and A2 are accompanied by OP decreases of A3 to be replaced by A4, particularly

in the East Pacific, Indian Ocean, and Southern Atlantic. The same regions are more frequently

populated by A4, the class associated with a drier free troposphere due to strong large-scale

subsidence. In fact, both hemispheres outside the tropics experience large OP increases of A4

indicating conditions associated with low-level clouds.

Evidently, OPs of all remaining classes decrease in the extratropics. There are no particular

regions associated with those decreases which is likely related to the fact that those regions are

dynamically more variable.

2) RH-structures

The distinct RH-profile structures remain robust across all RH-profile classes between 2003

and 2020 (Fig. 10, left column). Evidently, RH-values below 850 hPa, atmospheric levels usually

within the marine boundary layer, exhibit decadal trends of about 1.5-3 % decade−1 across all

profiles between 2003 and 2020 (Fig. 10, middle column). Lowest marine boundary layer increases

are found for the tropical classes (A1–A3) and the largest increase for A4 which naturally has large

RH-values in the marine boundary layer. Between 850 hPa and 700 hPa RH-profiles we detect

systematic decadal drying trends of about 1 % decade−1 in all classes. Above 700 hPa no systematic

decadal changes to the vertical RH-profile structures are evident. This indicates that RH-values in

the free troposphere remain approximately constant.

As SSTs in this dataset systematically increase (Figs. 4 and 8), the general signal of increasing

RH in the marine boundary layer can be related to enhanced evaporation in a warming climate (e.g

Dı́az et al. 2019). The drying of the lower troposphere is likely related to the general warming of

the atmosphere while absolute humidity within classes do not increase proportionally (Soden and

Held 2006).
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Fig. 9. Left: Decadal OP trends of each RH-profile class estimated from linear fits through seasonal stationary

(seasonal cycle, Eq. 5, removed from timeseries) monthly means on a square degree uniform latitude-longitude

grid between 2003 and 2020. Right: Inferred linear OP trends as a response to warming.

Irrespective of distinct RH-classes, the systematic ⟨RH⟩ increase in the marine boundary layer

(below 850 hPa) and decrease around 700 hPa occur in both annual and seasonal means (Fig. 11;

top row). While the ⟨RH⟩ change at around 700 hPa is almost linear, at around 925 hPa changes

occur mainly between about 2012 to 2017. Before and after those times ⟨RH⟩ around 925 hPa

remains relatively steady. The time of this change corresponds with the end of the warming hiatus

in the global surface-temperatures (e.g. Easterling and Wehner 2009; Foster and Rahmstorf 2011;

Trenberth and Fasullo 2013; England et al. 2014) caused by the Interdecadal Pacific Oscillation

(Dai et al. 2015). While the initial increase in boundary layer moisture after 2012 is consistent with

increasing SSTs after the warming hiatus, understanding the leveling off of the ⟨RH⟩ timeseries

after 2017 is an intriguing direction of future research.

The linear decadal trends of the ⟨RH⟩ at 925 and 700 hPa are about 2.1 and -0.7 % decade−1,

respectively. Even though at 925 hPa we overestimate the actual trend due to the nonlinear behaviour

discussed above, the observed ⟨RH⟩ change at 925 hPa between 2012 and 2017 remains much larger

than the expected 1 % from climate projections (e.g Sherwood et al. 2010). This result is consistent

with findings by Borger et al. (2022) who also estimated the ⟨RH⟩ increase in the boundary layer

to be much larger than the predicted 1 % K−1. Nonetheless, water vapour retrievals in this part of

the atmosphere are also less accurate than in the free atmosphere and can cause anomalous trends

(cf. Sec. 2).

Geographically, the increase in marine boundary layer RH is observed over all oceans with the

exception of regions with westerly off-shore winds in the trade-wind regions (Fig.11). Even in areas

where the observations suggest SST decrease or almost no warming (South-East Pacific, Central

Atlantic; black contours in Fig.11) RH increases are comparable to regions with much larger SST

warming. That all regions exhibit comparable RH increases in the marine boundary layer suggests

that not only the underlying SST control the RH but also atmospheric dynamics which might be

the reason for the non-linear decadal trends of ⟨RH⟩ at 925 hPa. As most of the water vapour mass
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Fig. 10. Left: Annual RH anomalies (colours) of the RH-profile classes against the climatological mean

RH-profile structure between 2003 and 2020 (Fig 3; column 1, black lines). Within the difference plot values

of ± 1 % and ± 2 % are illustrated with dotted and solid lines, respectively. Middle: Decadal trend (determined

from linear fits to the anomalies) of RH-values at each level for all RH-profile classes. Right: Inferred linear

warming response of RH values at each level within each RH-class using profile trends of the middle column

and the RH-class specific observed SST trends (Table 3).

is found below 850 hPa (e.g. Borger et al. 2022), the general RH trends in the marine boundary

layer causes the positive decadal trends in TPW in all classes (Table 3).

In contrast to RH trends at about 925 hPa, at 700 hPa the drying trends are spatially variable.

In regions which are associated with increasing OP of A1 (East Pacific, Indian Ocean, Southern

Hemisphere Central Atlantic) RH at 700 hPa increases by about 1 to 3 % decade−1. Over all

remaining areas RH decreases are of comparable magnitudes to the increases.

c. Inference of warming responses to globally averaged RH-profiles

In this data set, the estimated decadal trends of 𝑓ocean, SSTs, and RH(𝑘, 𝑝) are almost linear, except

for the RH(k, 925 hPa) which exhibit non-linear behaviour. Assuming the linear relationships are

retained in a warming climate, we can infer the warming response of the globally-averaged vertical

structure of RH over Earth’s oceans. The ⟨RH(𝑝)⟩ can be calculated from an area-weighted average

over all RH(𝑘, 𝑝):

⟨RH(𝑝)⟩ =
∑︁
𝑘

𝑓ocean(𝑘)RH(𝑘, 𝑝) (6)

Using the inferred responses of 𝑓ocean(𝑘) (𝜕SST 𝑓ocean(𝑘); listed in Table 3) to warming and the

climatological mean 𝑓ocean(𝑘) (Fig. 1) the projected change 𝑓ocean(𝑘,ΔSST) to warming sea-surface

temperatures, ΔSST, is

𝑓ocean(𝑘,ΔSST) = 𝑓ocean(𝑘) + 𝜕SST 𝑓ocean(𝑘) ΔSST. (7)

Applying further the warming 𝜕SSTRH(𝑘, 𝑝lev) (Figure 10; column 3) to the RH-values in each

class the ⟨RH(p)⟩ is finally given by
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Fig. 11. Top row: Globally averaged timeseries of mean RH at 925 hPa (left) and 700 hPa (right) between

2003 and 2020 for the annual mean (black), DJF (blue), MAM (lime), JJA (red), and SON (orange). The annual

means are illustrated with dotted lines and the 10-year moving averages by solid lines. Middle and bottom row:

Spatially-resolved decadal trends and the inferred response to warming SST of 925 hPa (left) and 700 hPa (right)

as in Fig. 8.

⟨RH(𝑝,ΔSST)⟩ =
∑︁
𝑘

𝑓ocean(𝑘,ΔSST)
[
RH(𝑘, 𝑝) + 𝜕SSTRH(𝑘, 𝑝) ΔSST

]
. (8)
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Fig. 12. Top: Linearly-projected response of the annual ocean fractions ( 𝑓ocean) dominated by each RH-profile

class to global SST warming (ΔSST) for the entire global ocean (left) and the tropics (right). The response of

𝑓ocean to warming is calculated following Eq. 7 using information of Fig. 1 and 3. Bottom: Linearly-projected

response of global and tropical average RH-profiles for 4 different global and tropical SST warmings calculated

following Eq.8 with information from Fig. 1 and 3 and the RH class specific vertical RH-response to SST warming

(Fig. 10; column 3).

The inferred estimate of the warming responses of all 𝑓ocean(𝑘) is illustrated in Fig. 12 (top left)

exhibiting an increase in areas associated with RH-profile classes associated with deep convection

(A1 and A2) and dry conditions in descending limbs with possibly low-level clouds (A4); 𝑓ocean of

remaining classes decrease.

Over the 18 years of observations, the ⟨RH(925hPa)⟩ consists of a marine boundary layer with

RH around 80 %, followed by a linear decrease towards about 35 % ⟨RH⟩ at about 700 hPa (Fig. 12;

bottom left, black line). Above 700 hPa the ⟨RH(𝑝)⟩ remain constant up to the lower stratosphere.
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The ⟨RH(p)⟩ exhibit only weak responses for 𝑝 < 925 hPa if all quantities discussed responded

linearly to a warming climate. This result indicates that changes in 𝑓ocean(𝑘) must have compensat-

ing effects. The only evident warming response is observed in the marine boundary layer, however,

as mentioned above, the assumption of a linear response is likely inaccurate for that atmospheric

level. The result that ⟨RH(𝑝)⟩ change only weakly in a warming climate is consistent with future

projections in climate models (e.g. Colman and Soden 2021; Soden and Held 2006; Sherwood

et al. 2010; Laı̂né et al. 2014).

The result of almost preserved RH-profiles is not particular to the global average but also holds

in other larger zonal bands such as the tropics (Fig 12; right panels). While the inferred estimates

suggest that the global RH changes only weakly in a warming climate, local changes can be

substantial. As in particular areas associated with deep convection and dry free atmospheres

increase, the results suggest that regions with extreme moisture and dryness increase, thus either

the frequency or persistence of extreme events can be enhanced. This result is consistent with recent

observations and future projections of extreme precipitation (e.g., Myhre et al. 2019; Kirchmeier-

Young and Zhang 2020; Tabari 2020; Chang et al. 2022) and drought events (e.g., Cowell and

Urban 2010; Gamelin et al. 2022; Rakovec et al. 2022).

4. Conclusion

We have investigated how the classes of ‘primitive’ relative humidity (RH) profile structures

identified by Abraham and Goldblatt (2022) from satellite data over Earth’s oceans vary seasonally,

and decadally through 18 years of day- and night-time observations. As RH structures within each

class are robust over the course of a year, seasonal water vapour redistributions manifest through

local OP changes of RH-classes; or globally integrated via area changes over which on average each

RH-profile class is dominant. All areas exhibit clear seasonal cycles with annual and semiannual

harmonics. Interannual variability is weak and no phase shifts in seasonal cycles are observed.

Seasonally, changes to the occurrence of RH-profile classes compensate each other: areal in-

creases in RH-profiles associated with deep convection give rise to the occurrence of drier profiles.

We identify the ocean area of classes associated with deep convection to be closely correlated

with that of remaining drier tropical classes through atmospheric dynamics: increases in the oc-

currences of class A1 (strong deep convection) causes occurrence decreases in class A3 (weaker
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large-scale subsidence) but increases in class A4 (stronger large-scale subsidence); an increase in

the occurrence of weak deep convection (A2), on the other hand, causes increases (decreases) in

the occurrence of A3 (A4). Only weak correlation in areal occurrence between classes A1 and

A2 could be identified, consistent with the fact that their occurrence depend on the underlying

sea-surface temperatures (SST) and not on atmospheric dynamics (cf. Abraham and Goldblatt

2022). Particularly in the tropics, seasonal occurrence maxima and minima of profiles associated

with strong and weak deep convection (A1 and A2, respectively) coincide with average SST max-

ima and minima. The Indo-Pacific warmpool region and seas around Middle America experience

substantial OP increases of A1 from boreal winter to boreal summer.

On the basis of seasonal stationary timeseries decadal trends of the global ocean area dominated

by a particular class, RH profile structures, and SSTs are estimated. While our estimated decadal

trends are particular to the highly-filtered data set, inferred trends to warming SSTs (derived by

normalizing with the specific SST trends) assuming linearity are consistent with other observational

and modelling studies.

The distinct mean RH-profile structures are found to be remarkably robust in the free troposphere

across the years except from two atmospheric layers. In the marine boundary layer a global

moistening trend of about 5 % K−1 is estimated, however, it is also the only variable that exhibits

nonlinear trends. Most of the RH increase in the marine boundary layer is observed between

2010 and 2016, the end of the warming hiatus and is therefore related to the overall SST increases

and enhanced evaporation. Therefore, the linear decadal trends are most likely overestimated.

Furthermore, that atmospheric layer has the lowest measurement accuracy int the dataset and a

more detialed analysis has to be conducted. At about 700 hPa, on the other hand, we detect a

systematic RH decrease of about 1.5 % K−1 across all classes.

Inferring the responses of the areas dominated by each RH-profile class to a warming climate,

the area associated with deep convection is projected to increase by about 2.5 % K−1 almost equally

divided between strong deep convection and weak deep convection. This increase is partially

compensated by area increases of about 4.5 % K−1 of class A4 which is associated with strong

large-scale subsidence and likely low-level stratocumulus clouds. Geographically, increases and

decreases of the class associated with strong deep convection (A1) are concentrated at the ITCZ
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centre and its edges, respectively. This result is consistent with a narrowing ITCZ with an intensified

core in a warming climate (Byrne and Schneider 2016; Byrne et al. 2018).

The largest areal increase occurs for the class associated with strong large-scale subsidence,

the class broadly consistent with low-level stratocumulus clouds (A4). While we infer that the

features of A4 are broadly consistent with those cloud types (particularly as they are only observed

for all-sky conditions, Abraham and Goldblatt 2022) a rigorous analysis of the exact cloud type

distributions (including, for instance, optical thicknesses and cloud top heights) observed for that

RH-profile class will be conducted. Similarly, a cloud-type climatology of the deep-convection

classes would be useful. These are interesting directions of future research and could facilitate

understanding connections between large-scale RH-distributions and cloud-type occurrences (e.g.,

Bony et al. 2015). This project also requires careful co-location of the AIRS L2 dataset with

different satellite products such as MODIS L2.

Using estimated linear trends to global warming in RH-structures and occurrences of each RH-

profile class, we find that globally and tropically averaged RH-profiles are remarkably robust to

warming conditions. This finding is consistent with other studies (e.g. Colman and Soden 2021;

Soden and Held 2006; Sherwood et al. 2010; Laı̂né et al. 2014). Our results, however, imply that

moist and dry areas expand and compensate each other; hence, the distribution of moisture changes.

This should cause intensifying moist and dry regions and is consistent with recent and projected

increases in frequencies of extreme precipitation (e.g., Myhre et al. 2019; Kirchmeier-Young and

Zhang 2020; Tabari 2020; Chang et al. 2022) and drought events (e.g., Cowell and Urban 2010;

Gamelin et al. 2022; Rakovec et al. 2022).

With respect to climate sensitivity studies, the first order approximation of assuming globally

a constant RH-structure (e.g Manabe and Wetherald 1967; Held and Soden 2000; Colman and

Soden 2021) is consistent with our study if we assume the linear decadal trends estimated between

2003 and 2020 persist in the future. An intriguing direction of research would be to estimate

climate sensitivity depending on the suite of RH-profile classes and their fractional contribution

to the global radiation due to the close relationship to underlying SST. As shown in Abraham and

Goldblatt (2022) deep convection classes exhibit nonlinear moisture feedbacks on the OLR, which

might change the climate sensitivity due to the projected continuous areal increase of those classes

(Pierrehumbert 1995).
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Finally, while we accounted for seasonal variability in our trend estimates, the Pacific Ocean

is governed by the interannual El-Niño Southern Osciallation (ENSO) which causes substantial

changes to the Walker ciruclation and therefore changes to the updraft and downdraft regions.

Furthermore, the Pacific and Indian Ocean are home to the Madden Julian Oscillation (MJO),

an eastward propgating convection and cloud pattern. The influence of ENSO and MJO on the

occurrence of the particular RH-profile classes will be discussed in a subsequent study.
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Rennó, N. O., K. A. Emanuel, and P. H. Stone, 1994: Radiative-convective model with an explicit

hydrologic cycle: 1. Formulation and sensitivity to model parameters. Journal of Geophysical

Research, 99 (D7), 14 429, https://doi.org/10.1029/94JD00020, URL http://doi.wiley.com/10.

1029/94JD00020.

Romps, D. M., 2014: An Analytical Model for Tropical Relative Humidity. Journal of Climate,

27 (19), 7432–7449, https://doi.org/10.1175/JCLI-D-14-00255.1, URL http://journals.ametsoc.

org/doi/10.1175/JCLI-D-14-00255.1.

40
Accepted for publication in Journal of the Atmospheric Sciences. DOI 10.1175/JAS-D-22-0119.1.Brought to you by Colorado State University Libraries | Unauthenticated | Downloaded 06/16/23 06:58 PM UTC



Ruzmaikin, A., H. H. Aumann, and E. M. Manning, 2014: Relative Humidity in the Troposphere

with AIRS. Journal of the Atmospheric Sciences, 71 (7), 2516–2533, https://doi.org/10.1175/

JAS-D-13-0363.1, URL https://journals.ametsoc.org/doi/10.1175/JAS-D-13-0363.1.

Sandor, B. J., E. J. Jensen, E. M. Stone, W. G. Read, J. W. Waters, and J. L. Mergenthaler, 2000:

Upper tropospheric humidity and thin cirrus. Geophysical Research Letters, 27 (17), 2645–2648,

https://doi.org/10.1029/1999GL011194, URL http://doi.wiley.com/10.1029/1999GL011194.

Satoh, M., and Y.-Y. Hayashi, 1992: Simple Cumulus Models in One-Dimensional Ra-

diative Convective Equilibrium Problems. Journal of the Atmospheric Sciences, 49 (14),

1202–1220, https://doi.org/10.1175/1520-0469(1992)049⟨1202:SCMIOD⟩2.0.CO;2, URL http:

//journals.ametsoc.org/doi/10.1175/1520-0469(1992)049⟨1202:SCMIOD⟩2.0.CO;2.

Sherwood, S. C., R. Roca, T. M. Weckwerth, and N. G. Andronova, 2010: Tropospheric water

vapor, convection, and climate. Reviews of Geophysics, 48 (2), RG2001, https://doi.org/10.1029/

2009RG000301, URL http://doi.wiley.com/10.1029/2009RG000301.

Soden, B. J., and I. M. Held, 2006: An Assessment of Climate Feedbacks in Coupled

Ocean–Atmosphere Models. Journal of Climate, 19 (14), 3354–3360, https://doi.org/10.1175/

JCLI3799.1, URL http://journals.ametsoc.org/doi/10.1175/JCLI3799.1.

Stevens, B., and Coauthors, 2003: Dynamics and Chemistry of Marine Stratocumulus—DYCOMS-

II. Bulletin of the American Meteorological Society, 84 (5), 579–594, https://doi.org/10.1175/

BAMS-84-5-579, URL https://journals.ametsoc.org/doi/10.1175/BAMS-84-5-579.

Ström, J., and Coauthors, 2003: Cirrus cloud occurrence as function of ambient relative hu-

midity: a comparison of observations obtained during the INCA experiment. Atmospheric

Chemistry and Physics, 3 (5), 1807–1816, https://doi.org/10.5194/acp-3-1807-2003, URL

https://acp.copernicus.org/articles/3/1807/2003/.

Susskind, J., C. Barnet, and J. Blaisdell, 2003: Retrieval of atmospheric and surface parameters

from AIRS/AMSU/HSB data in the presence of clouds. IEEE Transactions on Geoscience

and Remote Sensing, 41 (2), 390–409, https://doi.org/10.1109/TGRS.2002.808236, URL https:

//ieeexplore.ieee.org/document/1196056/.

41
Accepted for publication in Journal of the Atmospheric Sciences. DOI 10.1175/JAS-D-22-0119.1.Brought to you by Colorado State University Libraries | Unauthenticated | Downloaded 06/16/23 06:58 PM UTC



Susskind, J., C. Barnet, J. Blaisdell, L. Iredell, F. Keita, L. Kouvaris, G. Molnar, and

M. Chahine, 2006: Accuracy of geophysical parameters derived from Atmospheric Infrared

Sounder/Advanced Microwave Sounding Unit as a function of fractional cloud cover. Jour-

nal of Geophysical Research, 111 (D9), D09S17, https://doi.org/10.1029/2005JD006272, URL

http://doi.wiley.com/10.1029/2005JD006272.

Tabari, H., 2020: Climate change impact on flood and extreme precipitation increases with water

availability. Scientific Reports, 10 (1), 13 768, https://doi.org/10.1038/s41598-020-70816-2,

URL https://www.nature.com/articles/s41598-020-70816-2.

Takahashi, H., H. Su, and J. H. Jiang, 2016: Error analysis of upper tropospheric water vapor in

CMIP5 models using “A-Train” satellite observations and reanalysis data. Climate Dynamics,

46 (9-10), 2787–2803, https://doi.org/10.1007/s00382-015-2732-9, URL http://link.springer.

com/10.1007/s00382-015-2732-9.

Telegadas, K., J. London, A. F. C. R. C. U. G. R. Directorate, N. Y. U. D. of Meteorology, and

Oceanography, 1954: Physical Model of the Northern Hemisphere Troposphere for Winter and

Summer. Scientific report, New York University, Department of Meteorology and Oceanography,

URL https://books.google.ca/books?id=YQYSHQAACAAJ.

Trenberth, K. E., and J. T. Fasullo, 2013: An apparent hiatus in global warming? Earth’s Future,

1 (1), 19–32, https://doi.org/10.1002/2013EF000165, URL https://onlinelibrary.wiley.com/doi/

10.1002/2013EF000165.
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