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the Vilho, Yrjö and Kalle Väisälä Foundation, the Doctoral Programme of Atmospheric

Sciences and the Tiina and Antti Herlin Foundation for financial support.

Thank you to all my friends, roommates and other colleagues in Kumpula for all the

advice and discussions during the ten years I have been there, first as a meteorology

student and later as a PhD student. Especially Mona, Mika, Kukkis and Madeleine,

thanks for all the laughs and fun moments we’ve had!

Lastly, I want to acknowledge the endless support I have received from my parents,

family and friends, without you this would not have been possible. To my girls who

I’ve known since high school, especially Sirpa: thank you for being there for me, 24/7.

And Kaarlo, thank you for always listening and somehow convincing me that I will do

just fine, even though you still don’t really understand what I do for a living.

Helsinki, September 2021

Meri Virman



Meri Tuulia Virman

University of Helsinki, 2021

Abstract

Almost all of the precipitation in the Tropics is caused by or linked with atmospheric deep

convection, and it also contributes significantly to the summer-time precipitation in the mid-

latitudes. Deep convection is often associated with hazardous weather, including thunder-

storms, tornadoes and hurricanes. On a global scale, deep convection produces most of the

precipitation on Earth, affects large-scale weather and climate patterns and transfers water

vapor and heat to the upper troposphere. The physical mechanisms in deep convection, es-

pecially those responsible for its sensitivity to low-to-midtropospheric moisture, need to be

understood in order to produce realistic weather and climate forecasts.

In this thesis, a novel mechanism potentially controlling deep convection and contributing

to its moisture sensitivity has been studied. Vertical temperature structures associated with

1) precipitation over tropical oceans and 2) evaporation of stratiform precipitation were

investigated using radiosonde and satellite observations at tropical sounding stations and

idealized model simulations, respectively. After precipitation over tropical oceans, warm

layers, that were below cold layers, were observed in the lower troposphere but only over

dry regions. The idealized simulations showed that evaporation of stratiform precipitation

results in qualitatively similar temperature structures. It was concluded that, depending

on the amount of low-to-midtropospheric moisture, evaporation of stratiform precipitation

and resulting adiabatic subsidence warming could cause lower tropospheric warm anomalies

that may control the formation of subsequent deep convection and thereby explain why deep

convection depends on the amount of low-to-midtropospheric moisture.

ERA5 and ERA-Interim reanalyses were also compared with observations at the tropical

sounding stations. The comparison showed that the newer ERA5 differed more than the

older ERA-Interim from observations in the low-to-midtroposphere. Based on comparisons

to previous studies, it was concluded that the underlying model in ERA5 may not represent

the moisture sensitivity of convection entirely correctly.

This thesis suggests that tropical stratiform precipitation contributes to the moisture sensi-

tivity of deep convection. Accurate representations of tropical stratiform precipitation and

its evaporation may be key to more realistic representation and understanding of convective

phenomena in numerical weather prediction and climate models.

Keywords: deep convection, moisture, soundings, numerical models, reanalyses.



Contents

1 Introduction 7

1.1 Hypothesis and aims of the thesis . . . . . . . . . . . . . . . . . . . . . 8

2 Background 11

2.1 General characteristics of tropical convection . . . . . . . . . . . . . . . 11

3 Materials and methods 16

3.1 Observational data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.1.1 Radiosonde observations . . . . . . . . . . . . . . . . . . . . . . 16

3.1.2 Satellite precipitation data . . . . . . . . . . . . . . . . . . . . . 17

3.2 Weather Research and Forecasting model . . . . . . . . . . . . . . . . . 17

3.3 Reanalysis data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.4 Analysis methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.4.1 Observational analysis . . . . . . . . . . . . . . . . . . . . . . . 19

3.4.2 Idealized simulations . . . . . . . . . . . . . . . . . . . . . . . . 22

3.4.3 Comparison of radiosonde observations and reanalyses . . . . . 25

4 Overview of main results 26

4.1 Vertical temperature structures associated with precipitation . . . . . . 26

4.1.1 Observations over tropical oceans . . . . . . . . . . . . . . . . . 26

4.1.2 Idealized simulations . . . . . . . . . . . . . . . . . . . . . . . . 28

4.2 Comparison of ERA5, ERA-Interim and observations . . . . . . . . . . 32

5 Discussion of results 34

6 Conclusions 38

7 Review of papers and author’s contribution 42

References 43



List of publications

This thesis consists of an introductory review, followed by three research articles. In the

introductory part, these papers are cited according to their roman numerals. Paper I is

reprinted with permission from John Wiley and Sons (licence number 5138790896357),

Paper II is reprinted with permission from the American Meteorological Society and

Paper III is reprinted under the Creative Commons Attribution 4.0 International (CC

BY 4.0) licence.

I Virman, M., Bister, M., Sinclair, V. A., Järvinen, H. & Räisänen, J. (2018). A
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1 Introduction

Atmospheric deep convection is one of the fundamental meteorological phenomena con-

trolling the weather and climate patterns in Earth’s atmosphere. In the Tropics, almost

all precipitation is associated with deep convection and it occurs frequently in midlat-

itudes in the summer. Deep convection can produce hazardous weather, including

intense rain showers, flash floods, thunderstorms, tornadoes and hurricanes, therefore

its impacts on society and economy are vast. It also transports heat, pollutants and

water vapor, an important greenhouse gas, from near the surface to the upper tro-

posphere. Some general characteristics of atmospheric deep convection, including its

definition, in the Tropics will be discussed in Section 2.1.

Numerical weather prediction (NWP) and climate models produce weather and climate

forecasts. The horizontal resolution of most global NWP and climate models is lower

than the size of individual deep convective clouds and, therefore, the impact of deep

convection needs to be parameterized in those models. In other words, deep convection

in those models is not resolved, but rather its effect on the forecast variables such as

temperature and moisture are described by a relatively simple set of equations. The

parameterizations should be computationally efficient but, most importantly, physically

realistic. This naturally requires that the basic factors and mechanisms controlling

convection are known and correctly taken into account in the model.

The amount of moisture in the low-to-midtroposphere is a fundamental factor con-

trolling deep convection over tropical oceans (e.g. Brown and Zhang, 1997; Sherwood,

1999; Sobel et al., 2004, see Sect. 2.1). This sensitivity is also key in theories of many

meteorological phenomena that involve deep convection, such as the Madden-Julian

Oscillation (MJO, see Sect. 2.1). MJO is an important source of variability of tropical

precipitation, but the mechanisms responsible for its formation and propagation are

not fully understood (e.g. Zhang, 2005; Benedict and Randall, 2007) and representing

it correctly in global models has been difficult (e.g. Lin et al., 2006; Bechtold, 2019).

Taking into account the sensitivity of deep convection to low-to-midtropospheric mois-

ture in global NWP and climate models has been a challenge (e.g. Derbyshire et al.,

2004; Mapes and Neale, 2011). The effect of low-to-midtropospheric moisture on con-

vective updrafts is often explained to occur via entrainment (Derbyshire et al., 2004;

Holloway and Neelin, 2009; Hirons et al., 2013b; Schiro et al., 2016). However, in many

convection parameterization schemes the entrainment rates need to be specified and
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realistic vertical profile of the entrainment rate has been difficult to find (Mapes and

Neale, 2011). In one global NWP model, the Integrated Forecasting System (IFS),

deep convection’s moisture sensitivity was accounted for by making the specified en-

trainment rate in the convection parameterization scheme to depend on environmental

relative humidity (RH, Bechtold et al., 2008). This change significantly improved the

IFS model’s representation of the tropical atmosphere, e.g. the MJO (Hirons et al.,

2013a,b), suggesting that correct representation of the moisture sensitivity is key to

a more realistic tropical atmosphere. However, the change did not solve the baseline

problem of having to specify the entrainment rates and Mapes and Neale (2011) noted

that the improvements in the IFS model occurred ”without physical justifications of

even a qualitative nature”.

The mechanisms responsible for tropical deep convection’s moisture sensitivity should

be understood and correctly represented in NWP and climate models. This thesis

seeks to add to the understanding of the mechanisms by which low-to-midtropospheric

moisture controls deep convection. This is useful not only for developing more accu-

rate theories of convective phenomena, but also for improving the representation of

convective phenomena in NWP and climate models.

1.1 Hypothesis and aims of the thesis

The main aim of this thesis is two-fold. First (and perhaps most importantly), an-

other mechanism, that has not been suggested before, by which low-to-midtropospheric

moisture may affect convection over tropical oceans, is studied. The hypothesis for the

mechanism is as follows: evaporation of stratiform precipitation in mesoscale convective

systems (MCSs, see Sect. 2.1) is associated with lower tropospheric vertical temper-

ature structures that, depending on the amount of low-to-midtropospheric moisture,

can inhibit or favour the formation of new deep convection. Changes in the verti-

cal temperature structure in the lower troposphere can determine whether new deep

convection can or cannot form (Sect. 2.1). By utilizing observations and idealized

modeling experiments, this thesis investigates whether the hypothesized mechanism

occurs in the atmosphere and can explain why low-to-midtropospheric moisture regu-

lates deep convection. To address the first main aim, this thesis seeks to answer the

following more specific questions:
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1. Is tropical precipitation associated with lower tropospheric vertical tem-

perature structures that may control subsequent deep convection? This is

investigated in Paper I, in which observed vertical temperature structures after differ-

ent precipitation amounts are studied in regions with different climatological RH over

tropical oceans.

2. Can evaporation of stratiform precipitation cause vertical temperature

structures that may control subsequent deep convection, and what is their

sensitivity to low-to-midtropospheric moisture? In Paper II, idealized three-

dimensional simulations with the Weather Research and Forecasting (WRF) model are

conducted. The simulations are used to study the time evolution of the temperature

and moisture response to evaporation of stratiform-like precipitation, as well as their

sensitivities to different factors, most importantly, to initial low-to-midtropospheric

RH.

The hypothesis was formed based on studies of tropical cyclones. By conducting ideal-

ized axisymmetric simulations, Bister and Emanuel (1997) showed that evaporation of

steady mesoscale stratiform precipitation and associated subsidence resulted in differ-

ent vertical temperature and moisture structures depending on how long the rain had

lasted. Namely, the evaporation was first associated with a cold-and-moist anomaly on

top of a warm-and-dry anomaly above and below 2 km, respectively. As evaporation

and moistening associated with it continued, the cold-and-moist anomaly extended

down to the lowest 2 km. Only then strong deep convection and tropical cyclogenesis

developed. Moreover, a previous observational study by Zehr (1976) showed interest-

ing differences between cloud clusters that did and did not later develop into tropical

cyclones: a warm anomaly was observed just above the boundary layer in the non-

developing cloud clusters but in the developing cloud clusters a cold anomaly extended

to the top of the boundary layer.

The second main aim was motivated by the fact that significant improvements oc-

curred in the representation of the tropical atmosphere in the IFS model forecasts

when the moisture sensitivity of deep convection was more realistic. More specifi-

cally, the entrainment formulation in the IFS convection parameterization scheme was

made to depend on environmental humidity. The improved convection parameteriza-

tion scheme has had implications for a large audience by having been included not only

in the IFS operational weather forecasting model but also in the IFS version used to

generate the new global reanalysis dataset, the ERA5. On the other hand, it was not
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included in the model version used in the older ERA-Interim (ERAI) reanalysis. This

could suggest that ERA5 may also represent the tropical atmosphere more realistically

than ERAI. This thesis investigates whether that is true for the vertical temperature

and moisture structures over tropical oceans. The second main aim is addressed by a

third question:

3. Are the vertical structures of temperature and moisture in ERA5 closer

than ERAI to radiosonde observations over tropical oceans? This question is

addressed in Paper III, where the observed mean temperature and moisture structures

in the same locations as in Paper I are compared to the mean structures in ERA5

and ERAI.
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2 Background

2.1 General characteristics of tropical convection

Convection in the atmosphere is defined by Emanuel (1994) as ”relatively small-scale

thermally direct circulations which result from the action of gravity upon an unstable

vertical distribution of mass” and is usually associated with relatively large vertical

velocities, phase changes of water and precipitation. The horizontal scale of individual

convective cells is ∼1-10 km. In the Tropics, moist convection is associated with

almost all precipitation and characterised mainly by three modes: shallow, cumulus

congestus and deep convection (Johnson et al., 1999). Shallow convection penetrates

to the boundary layer inversion layer and is typically only 1.5-2 km thick with bases

below 1 km altitude. Cumulus congestus convection occurs in a deeper layer than

shallow convection and extends to the midtroposphere. Deep convection occurs if the

convective updrafts are able to extend to the upper troposphere well above the zero

isotherm, or melting level, and even as high as the tropopause. This thesis focuses on

deep convection.

Any process that is able to increase the buoyancy of air in the potential convective

updrafts is favourable for the formation of deep convection. The buoyancy of air

in the updrafts depends on the temperature, or more precisely virtual temperature,

difference between the air parcels in the updraft and the environment (if the air parcels

or environmental air contains liquid or solid water, density temperatures should be used

instead of virtual temperatures). Deep convection is possible if the air parcels can rise

to a level above which they are positively buoyant, i.e. their virtual temperatures are

larger than that in the environment, and if the layer with positive buoyancy is deep

enough. Below the aforementioned level, air parcels are negatively buoyant, i.e. their

virtual temperatures are smaller than that in the environment, there can be significant

convective inhibition (CIN) and thus lifting by external forces is usually required. CIN

is a measure of the amount of energy needed to lift the air parcel to the level where

it becomes positively buoyant. Deep convection generally forms from air parcels in

the boundary layer, therefore moist and warm air there increases the buoyancy of the

air parcels, whereas above the boundary layer, cold and moist environmental air is

favourable for the formation of deep convection (e.g. Raymond et al., 2003; Markowski

and Richardson, 2010). In the Tropics, temperature above the boundary layer does not
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vary much. Relatively small temperature increases in the environmental air in the lower

troposphere just above the boundary layer can increase CIN, reduce the buoyancy of

air parcels and even inhibit deep convection (Wei et al., 1998; Raymond et al., 2003).

Numerous observational studies have shown that precipitation over tropical oceans is

highly sensitive to the amount of moisture in the low-to-midtroposphere or column

water vapor (e.g. Brown and Zhang, 1997; Sherwood, 1999; Bretherton et al., 2004;

Sobel et al., 2004; Peters and Neelin, 2006; Holloway and Neelin, 2009; Neelin et al.,

2009; Rushley et al., 2018; Powell, 2019). Analyses of precipitation and column water

vapor over tropical oceans showed that this relationship occurs at least in daily and

monthly time scales (Bretherton et al., 2004; Holloway and Neelin, 2009; Neelin et al.,

2009), but exists in time scales of even 15 min to 3 h in the land areas of the Tropics

(Schiro et al., 2016). The relationship between observed daily mean precipitation and

column-RH over four tropical oceanic regions, as seen by Bretherton et al. (2004),

is shown in Figure 1. The sensitivity of deep convection to low-to-midtropospheric

moisture is most often explained to occur via the effect of entrainment of environmental

air into the convective cloud (e.g. Derbyshire et al., 2004; Holloway and Neelin, 2009;

Hirons et al., 2013b; Schiro et al., 2016). Namely, if the environmental air close to

Figure 1: Mean observed daily averaged precipitation (P, in units of mm day−1) in 1%

bins of observed column-RH (r), for four different tropical ocean regions: the Indian

Ocean, the western Pacific Ocean, the eastern Pacific Ocean and the Atlantic Ocean.

The data is for all months in 1998-2001. See Bretherton et al. (2004) for details.

Adapted and slightly modified from Figure 3a in Bretherton et al. (2004). c©American

Meteorological Society. Used with permission.
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the updrafts is dry, entrainment of the environmental air into the convective cloud can

decrease the temperature of the air parcels in the convective cloud. The temperature

decrease occurs due to evaporative cooling, and also due to a direct cooling effect,

resulting from mixing of the cloudy air with drier and colder environmental air. This

can reduce the virtual temperature and buoyancy of the air parcels in the convective

cloud and even inhibit the formation of deep convection. On the other hand, if the

environmental air is moist, the negative effect of entrainment on the temperature,

virtual temperature and buoyancy of the air parcels is reduced and deep convection

can form more easily. Moreover, the negative effect of downdrafts, associated with

deep convection, on new deep convection in dry air have been suggested to contribute

to the moisture sensitivity (Raymond, 1995; Tompkins, 2001). Such convective-scale

downdrafts are associated with cold pools in the boundary layer which can reduce the

buoyancy of boundary layer air parcels.

Deep convection is known to organize in many time and spatial scales. In the Tropics,

most of the precipitation occurs in MCSs (Rickenbach and Rutledge, 1998; Mohr et al.,

1999; Nesbitt et al., 2006; Roca et al., 2014; Feng et al., 2021). Figure 2 shows a

schematic illustration of an idealized MCS. MCSs produce contiguous precipitation in

an area spanning at least 100 km in horizontal scale in at least one direction (e.g.

Houze, 1993). They can cover areas from ∼2000 km2 to over ∼200000 km2 (Houze,

1993; Mohr and Zipser, 1996). MCSs are systems consisting of multiple organized

deep convective cells which produce intense precipitation. The anvil clouds of the deep

convective cells have merged to form wide regions with stratiform anvil clouds between

the convective cells. The stratiform anvil clouds, whose bases are near the melting level,

produce stratiform precipitation. Stratiform precipitation is weaker than convective

precipitation, but the stratiform precipitation occurs in larger areas. The microphysical

processes associated with the two types of precipitation differ significantly (see e.g.

Houze, 2018, and references therein). Although weaker in magnitude, the stratiform

precipitation in MCSs contributes 30-70 % of the total precipitation in the Tropics,

with larger fraction over oceans (Schumacher and Houze, 2003).

The organization in MCSs is favoured by the formation and merging of cold pools

(driven by convective-scale downdrafts, Markowski and Richardson, 2010) or more

precisely, new convective cells are efficiently triggered at the edges of those cold pools

(Kingsmill and Houze, 1999; Torri et al., 2015). Also vertical wind shear can favour

organization (Markowski and Richardson, 2010) and it often leads to the convection

13



Figure 2: A schematic illustration of an idealized MCS over ocean. See text for a

description of the general characteristics of MCSs. a) A horizontal cross-section il-

lustrating the regions with deep convective activity and cumulonimbus (Cb) clouds

(marked in dark gray) and the regions with stratiform anvil clouds (marked in light

gray) in an MCS. More examples of how the deep convective and stratiform anvil re-

gions might appear in a radar image are shown in e.g. Cheng and Houze (1979). b)

A vertical cross-section through two deep convective clouds in an MCS. The vertical

cross-section is drawn along the dashed line shown in a). In b) the stratiform precip-

itation falling from the anvil clouds is illustrated by the light blue droplets and the

convective precipitation falling from the deep convective clouds is illustrated by the

dark blue droplets. The thin and thick black arrows in b) illustrate the mesoscale and

convective-scale downdrafts, respectively, that occur in MCSs.

in MCSs occurring as quasi-two-dimensional lines, i.e. squall lines (e.g. Zipser, 1977;

Houze, 1977), but non-squall line type MCSs are also abundant (Houze and Betts,

1981). In addition to the convective-scale downdrafts, MCSs contain weaker and wider

mesoscale downdrafts driven by the melting and evaporation of falling stratiform pre-

cipitation from the anvil clouds (e.g. Houze, 2018; Zipser, 1977).

A significant fraction of the intraseasonal variation of tropical precipitation is asso-

ciated with the MJO (e.g. Zhang, 2005). MJO is a tropical oscillation consisting of

large regions with enhanced and suppressed deep convective activity and cloudiness.

The regions with enhanced deep convection are characterized by increased precipita-

tion amounts and organization of convection in spatial scales much larger than those

associated with individual MCSs. On the other hand, regions with suppressed deep

convection are characterised by reduced precipitation and dry air. This pattern of en-

hanced and suppressed convection has a somewhat irregular local period between 30 to

14



90 days. MJO propagates slowly eastward at an average speed of 5 m s−1 and occurs

mainly over the Indian Ocean and western Pacific Ocean. It contributes significantly

not only to weather and climate fluctuations in the Tropics (see e.g. Zhang, 2005, and

references therein), but also to those in the midlatitudes (e.g. Ferranti et al., 1990;

Cassou, 2008).
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3 Materials and methods

In this thesis, a wide range of meteorological data and tools have been used, including

atmospheric in-situ and remote sensing observations, reanalyses and a numerical model.

In this section, a brief overview of the data and numerical model is provided, followed

by descriptions of the analysis methods used in Paper I and III and experiment design

of the idealized model simulations in Paper II.

3.1 Observational data

3.1.1 Radiosonde observations

Radiosonde observations provide information about the vertical structure of meteoro-

logical quantities, e.g. temperature, humidity and wind speed, in the atmosphere at

the location of the measurement instrument. Radiosonde observations are obtained

when a measurement instrument, a radiosonde, is lifted up in the atmosphere usually

by a weather balloon. Radiosonde observations are widely used for research and in

NWP models as they provide direct information about the state of the atmosphere

from near the surface to the upper troposphere or lower stratosphere in high vertical

resolution. However, their horizontal and time resolution are limited by the relatively

small global network of radiosonde stations that are far apart and launch radiosondes

usually only every 12 hours. The majority of radiosonde stations are located relatively

near inhabited areas and therefore observations over oceans, especially over tropical

oceans, are sparse. However, hundreds of radiosondes are launched worldwide daily.

The resulting vertical profile obtained from radiosonde measurements is referred to as

a sounding.

The Integrated Radiosonde Archive (IGRA, Durre et al., 2006; Durre and Yin, 2008)

is a database containing quality controlled, historical and near real-time, radiosonde

data from over 2700 measurement stations globally. IGRA contains records of meteo-

rological parameters such as temperature, dew point temperature, geopotential height,

wind direction and wind speed at different vertical levels. The vertical resolution and

extent and the temporal resolution of records vary between the variables, soundings

and stations. IGRA has released two versions of the database, now discontinued ver-

sion 1 (IGRAv1) and the more recent version 2 (IGRAv2). Main differences between
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IGRAv1 and IGRAv2 are that IGRAv2 contains more soundings and variables, has

longer records and utilizes a larger number of data sources than IGRAv1. Soundings

from IGRAv1 were used in Paper I and soundings from IGRAv2 in Paper III to

study the vertical temperature structures over tropical oceans. IGRAv1 was used in

Paper I because IGRAv2 had not been released yet and IGRAv2 was used in Paper

III because IGRAv1 had been discontinued and replaced by the newer dataset.

3.1.2 Satellite precipitation data

Observing the evolution of weather systems, clouds and precipitation, in real time

over large areas globally and in remote places, is possible mostly due to the use of

weather satellites. Observations from weather satellites are indirect, i.e. the remote

sensors in the satellites usually measure the electromagnetic radiation from Earth and

its atmosphere using either active or passive sensing techniques. Information about

meteorological parameters such as precipitation, cloud cover and cloud type can be

derived from the radiation measurements using knowledge about how the radiation

interacts with Earth’s atmosphere and surface. Observations of precipitation over

tropical oceans rely mostly on the satellite-based sensors.

The Tropical Rainfall Measuring Mission (TRMM) provides satellite-based observa-

tions from the time period of 1997 to 2015 in tropical and subtropical regions. The

Multi-Satellite Precipitation Analysis (TMPA) provides best estimates of precipitation

by combining data from a large number of satellite-based precipitation-related sensors.

The TRMM TMPA version 7 daily (”TRMM-3B42-Daily”) precipitation estimates

(Huffman et al., 2010) were used in Paper I. The horizontal resolution in that data

is 0.25◦ × 0.25◦ and the daily data is from a 24 hour time period from 22:30 to 22:30

universal time coordinated (UTC) the next day.

3.2 Weather Research and Forecasting model

Atmospheric numerical models are based on solving a group of primitive equations

that govern the atmospheric flow. They can be used to predict the future state of

the atmosphere as long as the initial conditions are known. However, there are dif-

ferences between different models in, e.g. the numerical methods used to solve the

aforementioned equations, the horizontal model domain (i.e. global or limited-area),
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the resolution and the parameterizations of unresolved small-scale physical phenomena.

The methods and other qualities of an atmospheric numerical model have been selected

according to the model’s intended use and the results from the model simulations are

sensitive to these choices. Atmospheric numerical models are used for a wide range of

different applications, e.g. for weather forecasting and climate prediction or to study

the evolution and sensitivities of atmospheric phenomena in the past or in idealized

environments.

The WRF model can be used for different applications in research and operational

weather forecasting. WRF is a fully compressible, non-hydrostatic, three-dimensional

atmospheric numerical model. WRF can be run using initial conditions from the real

atmosphere or in idealized conditions and it includes multiple options for different

physics parameterization schemes. Its benefits include that it can be run with ei-

ther resolved or parameterized convection. In Paper II, the temperature response to

evaporation of stratiform precipitation was studied by using an idealized setup of the

Advanced Research (ARW) WRF model’s version 3.9 (Skamarock et al., 2008).

3.3 Reanalysis data

Meteorological research is often limited by the spatial and temporal gaps in observa-

tional datasets. Atmospheric reanalyses are sometimes used to tackle this issue as they

provide a useful tool for researchers to study the evolution of weather and climate pat-

terns without the analyses being limited by the complications arising from the uneven,

and often poor, spatial and temporal coverage associated with observations. Reanaly-

ses are produced by combining historical in-situ and remote sensing observations with

a global (or regional) NWP model and assimilation system. The resulting dataset cov-

ers the whole globe (or region) and provides data of meteorological variables for all

grid points at regular time intervals that often span decades. The reanalyses contain

information about measurable meteorological variables like temperature and humidity

but also diagnostic variables that are calculated in the model’s physical parameteri-

zation schemes. However, because reanalyses combine observations with a numerical

model, they depend on the choices made in the models. Therefore, they cannot be

used as direct replacement of observations. Many different reanalyses exist, with the

reanalyses generated using different atmospheric models or with different versions of

one atmospheric model.
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The European Centre for Medium-Range Weather Forecasting (ECMWF) maintains a

state-of-the-art global weather prediction model, the IFS model. Different versions of

the IFS model have been used to produce different reanalysis datasets. The most recent

reanalysis generated with the IFS, the ERA5 (Hersbach et al., 2020), was produced with

the version Cy41r2. ERA5 succeeded the ERAI reanalysis (Dee et al., 2011), which was

generated with the version Cy31r2 of IFS. Cy31r2 was used for operational forecasting

by ECMWF in 2006-2007, whereas Cy41r2 in 2016, between them roughly ten years

of model development. Many improvements have been made in the numerical model,

e.g. in the physical parameterizations, assimilation system, as well as in the number

of assimilated observations, between the release of ERAI and ERA5. An overview of

the main changes is provided by Hersbach et al. (2020). Practical differences between

ERA5 and ERAI include different horizontal, vertical and temporal resolutions. ERAI

contains output with horizontal resolution of 0.75◦, every 6 hours and at 60 vertical

levels, but in ERA5 those are 0.25◦, 1 hour and 137 levels, respectively. Moreover, the

IGRA radiosonde and TRMM satellite observations have most likely been assimilated

into both ERA5 and ERAI. The ERA5 and ERAI are used in Paper III.

3.4 Analysis methods

The analysis methods used in Paper I are described next, followed by description

of the experiment design in the idealized WRF simulations in Paper II. Lastly, the

analysis methods used in Paper III are explained.

3.4.1 Observational analysis

To study the vertical temperature structures associated with precipitation over tropical

oceans, radiosonde observations were analysed in months and regions with frequent

precipitation (Paper I). Data from eight sounding stations, located over the western

Pacific Ocean and eastern Indian Ocean (Fig. 3), from the time period of November-

February in 1998-2014 (four months in each year) were obtained from the IGRAv1

dataset. The soundings were valid at 22-02 UTC (most often at 23 or 00 UTC).

Therefore, the local time in the sounding stations at 22-02 UTC was 4:30-8:30 in

Cocos Island, 7:00-11:00 in Koror, 8:00-12:00 in Agana, Willis Island and Momote,

10:00-14:00 in Majuro and Funafuti and 11:00-15:00 in Pago Pago.
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Figure 3: The locations of the sounding stations analysed in Paper I and III. The

shading show the mean TRMM precipitation (in units of mm day−1) during November-

February 1998-2014 (four months in each year). Adapted and modified from Paper

III.

In the IGRAv1 dataset, the number of levels with observations varied between the

soundings and therefore the soundings were linearly interpolated to every 1 hPa. Ad-

ditional quality control was applied to the soundings (see Paper I for details) to neglect

soundings with poor vertical resolution and resulting unrealistic values from interpo-

lation as well as erroneous dew point depression values near the surface in Funafuti.

Moreover, IGRAv1 data contained time gaps that varied between the stations. Due

to these reasons, the number of soundings differed between the stations and it was

smaller than the theoretical maximum number that would occur if there were no time

gaps nor data screened out due to quality issues. The number of soundings was 1773

in Agana, 1760 in Cocos Island, 1506 in Willis Island, 1843 in Majuro, 1862 in Koror,

866 in Funafuti, 1838 in Pago Pago and 1140 in Momote.

The temperature structures associated with precipitation over tropical oceans were

studied by dividing the soundings at each station into groups based on the amount of

area-averaged TRMM precipitation. The area-averaged precipitation was calculated

from a 5◦ × 5◦ area surrounding the station during the preceding 24 hours. The

24-hour precipitation period was from 22:30 UTC to 22:30 UTC the following day,

whereas the sounding was made between 22-02 UTC, therefore there may be a short

time gap between the precipitation measurement and sounding. The large time and
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spatial scales used for precipitation accounted for the general characteristics of tropical

convection: 24 hours is relatively close to the typical time-scale associated with MCSs

(e.g. Houze, 1993) and the boundary layer recovery (Young et al., 1995; Saxen and

Rutledge, 1998) and temperature at one location in the Tropics is affected not only

by local convection but also convection occurring far away, due to gravity waves. The

thresholds for the area-averaged 24-hour precipitation were: less than 0.5 mm (PR0,

referred to as the ”non-precipitating” group), 0.5-1 mm (PR1), 1-2 mm (PR2), 2-5

mm (PR3), 5-10 mm (PR4) and more than 10 mm (PR5). A criterion of 0 mm of

area-averaged precipitation from the 24-hour period in the 5◦ × 5◦ area would have

resulted in almost no data in the PR0 group. For each group at every station, an

average vertical profile of temperature was calculated.

In the Tropics, temperature variations at a given pressure level are small, but in the

vertical direction temperature varies a lot. Therefore, visualising the vertical pro-

files of absolute temperature in the precipitation groups was difficult and, instead, it

was more reasonable to study vertical profiles of temperature anomalies with respect

to some reference profile. Choosing the reference profile requires some thought and

should ultimately serve the purpose of the analysis. In this case, the goal was twofold,

i.e. to compare the temperature structures between the different precipitation groups

at one station but also compare those between stations with different precipitation

and RH climatologies. For each station, a climatological mean, i.e. the arithmetic

average of soundings, could be used as the reference profile that was subtracted from

the average profile of each precipitation group to obtain the anomalies. However, as

shown in Paper I, dry stations (in terms of 500-700 hPa climatological mean RH)

were generally characterized by a larger number of soundings in the groups with small

precipitation amounts (e.g. PR0-PR3) than in those with large precipitation amounts

(e.g. PR5). On the other hand, the opposite was true for the moist stations. Therefore,

the resulting temperature anomalies for groups with high precipitation amounts would

have been larger over dry than moist stations just because of the different distribution

of precipitation in those stations. To avoid that, for each station, a vertical profile

referred to as the ”piecewise mean”, which is simply the mean of the six precipitation

groups at a given station, was calculated. Contrary to the climatological mean, in

which each sounding would have the same weight, in the piecewise mean all precipi-

tation groups (PR0-PR5) had the same weight, allowing comparison of anomalies at

different stations.
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3.4.2 Idealized simulations

In Paper II, the temperature response to evaporation of stratiform-like precipitation

was studied in a highly idealized environment. For this purpose, three-dimensional

high-resolution idealized simulations with imposed rain were conducted with the WRF

model. In the simulations, liquid water was added continuously at every time step in a

large round area at one model level corresponding to ∼560 hPa and below this level the

rain fell freely and evaporated. The liquid water was added by specifying the values

for rain water mixing ratio (QR) and number concentration (QNR). Both QR and

QNR had to be specified as a double moment microphysics parameterization scheme

was used (see below). In the control simulation, these were 0.2 g kg−1 and 1200 kg−1,

respectively, within a radius of 0-75 km from the centre (Fig. 4a-b). Within radius

of 75-100 km, the values decreased non-linearly to zero. The initial vertical profile

of RH (Fig. 4c) and temperature (Fig. 4d) in the control simulation represented a

moist tropical climate over ocean (Dunion, 2011), however at ∼560-120 hPa the RH

was set to 80 % in all of the model domain. The initial model atmosphere was in an

approximate hydrostatic balance.

The aforementioned choices were made to reflect the general characteristics of real

and simulated MCSs. The values for QR and QNR were obtained from a pre-existing

idealized WRF test case used to simulate a squall line (Morrison et al., 2009) so that

the values were taken just below the melting level of a statiform precipitation region.

The total area of precipitation in the control simulation in Paper II was ∼40 000 km2.

For context, a previous study found that ∼1 % of MCSs in the Maritime Continent

have areas larger than 40 000 km2 (Mohr and Zipser, 1996). The largest 1 % of MCSs

account for a large amount of the total precipitation from the population of clouds, at

least in western tropical Pacific (Houze, 1993). The model level at which liquid water

was added was just above the zero isotherm in the moist tropical sounding of Dunion

and near the melting level in MCSs. Furthermore, the increased RH above the level at

which rain was added mimicked the anvil cloud from which the stratiform rain in MCSs

falls from. It was needed to prevent too intense evaporation of precipitation. Namely,

if RH would not have been increased, subsidence (driven by evaporation) of air with

very small water vapor mixing ratio from above would have occurred just below the

level where rain was added and resulted in too intense evaporation there. 80 % was

chosen because with larger RH condensation of water vapor occurred.
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Figure 4: a) Distribution of QR at the roughly 560 hPa-level in the middle of the model

domain and b) as viewed from above. The model domain is 1500 km times 1500 km but

only part of the domain is shown in a) and b). Horizontal averages of meteorological

variables in Figure 5 were calculated from the area indicated by the dotted lines in

a) and b). c) Vertical structure of initial RH in the control simulation (blue) and in

the simulations in which the low-to-midtropospheric RH was increased by 10 % (gray)

and decreased by 10 % (orange) and by 20 % (red). d) Vertical structure of initial

temperature. The level at which precipitation was added is illustrated by the dotted

line in c) and d). Adapted from Paper II.
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The double-moment bulk microphysics parameterization scheme of Morrison et al.

(2009) was used to represent microphysical processes, e.g. evaporation of rain, in the

simulations. Freezing of liquid water was inhibited. The radiation and the convec-

tion parameterizations were switched off. For the boundary layer and surface layer

parameterization schemes, the Yonsei University (Hong et al., 2006) and revised MM5

Monin-Obukhov schemes (Jiménez et al., 2012) were used, respectively.

The lateral boundary conditions were open and Rayleigh damping was applied in the

highest 5 km. Therefore, any temperature anomalies related to precipitation, propa-

gating horizontally and vertically due to gravity waves, could leave the model domain

and not impact its evaporation and temperature response later during the simulations.

However, reflection from the lateral and top boundaries may occur. To decrease the

effects from reflection while ensuring that the simulations were not computationally

too expensive, a sufficiently large model domain was needed. Therefore, the model

domain was 1500 km × 1500 km × 27 km, with horizontal resolution of 2.5 km and

vertical resolution of 400-500 m (65 levels). The rain occurred around the center of the

domain so that there was roughly 650 km between the edge of the model domain and

the precipitation area. A more thorough description of choices is provided in Paper

II.

Sensitivity of evaporation and its temperature structures to the initial low-to-

midtropospheric RH was also investigated. The initial RH was increased by 10 % and

decreased by 10 % and 20 % between ∼560-800 hPa (Fig. 4c). The difference in the

∼560-800 hPa RH between the moistest and driest simulation is close to the difference

in the 500-700 hPa climatological mean RH of the moistest and driest sounding stations

in Paper I. Moreover, the following additional sensitivity tests were conducted. First,

QR and QNR were decreased (or increased) by 50 % and 25 %, respectively. QNR

was decreased (or increased) less than QR so that lighter rain contained fewer large

drops and more small drops than heavier precipitation. Second, the radius of the area

with precipitation was decreased to 75 % from that in the control simulation. Third,

a double moment microphysics scheme of Thompson et al. (2008) was used instead of

the scheme by Morrison et al. (2009).

In all simulations, precipitation was continued until 10 hours of simulation time. Most

simulations were not continued after that time, except for the control simulation and

the simulation in which initial low-to-midtropospheric RH was decreased by 20 %.

Those simulations were continued for another 14 hours after precipitation stopped at
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10 hours (i.e. the total simulation time was 24 hours).

3.4.3 Comparison of radiosonde observations and reanalyses

In Paper III, the vertical structure of temperature and relative humidity in ERA5,

ERAI and IGRAv2 sounding observations were compared at the eight sounding stations

during the time period (Nov-Feb 1998-2014) also analysed in Paper I. The vertical

column at the grid point nearest to the sounding station was selected from ERA5 and

ERAI. The soundings were valid at 22-01 UTC (most often at 23-00 UTC) whereas the

reanalyses were valid at 00 UTC. Therefore, a small time gap may occur between the

soundings and reanalyses. Because the reanalyses and soundings were given at different

pressure levels and the pressure levels in IGRAv2 varied between the soundings, the

soundings were interpolated to the pressure levels in ERA5 and ERAI. The pressure

levels were at every 25 hPa in the 725-1000 hPa layer and at every 50 hPa in the 300-

700 hPa layer. Additional quality control was applied for the soundings to exclude ones

that had clearly erroneous values due to interpolation or measurement erros (see Paper

III for details). Due to this reason, and because the IGRAv2 dataset contained time

gaps, reanalyses were taken only from days in which a sounding existed. The number

of days was 1769 in Agana, 1716 in Cocos Island, 1458 in Willis Island, 1836 in Majuro,

1861 in Koror, 753 in Funafuti, 1838 in Pago Pago and 1066 in Momote. For each day

at every station, a vertical profile of temperature and RH difference between 1) ERA5

and ERAI, 2) ERA5 and IGRA and 3) ERAI and IGRA, was calculated. Lastly, the

mean and standard deviation of the differences was calculated.
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4 Overview of main results

4.1 Vertical temperature structures associated with precipi-

tation

4.1.1 Observations over tropical oceans

The observations analyzed in Paper I showed that precipitation was associated with

a complex vertical structure of temperature anomalies occurring after precipitation.

However, the vertical structure of the temperature anomalies was different at differ-

ent stations. Most notably, Figure 5a shows that after precipitation, warm anomalies

were observed in the ”precipitating groups” (PR1-PR5) with respect to the ”non-

precipitating” group (PR0) at ∼800-950 hPa (shown at the 850 hPa-level in Fig. 5a),

but only over stations with relatively small 500-700 hPa climatological RH. More specif-

ically, Figure 5a shows the temperature anomaly in all of the precipitation groups

(PR0-PR5) with respect to the piecewise mean. In this thesis, when referring to Pa-

per I, the term ”warm” (”cold”) anomaly is used for the temperature anomalies if the

temperatures increase (decrease) in at least quasi-regular manner from PR0 to PR5

(thus, even though the temperature anomaly in, e.g. Agana, at the 850 hPa-level was

negative in PR1-PR2, those groups and all the other precipitating groups were still

warmer than PR0). At relatively dry stations, the magnitude of the ∼800-950 hPa

warm anomaly depended on the precipitation amount, so that the anomaly was larger

with higher amounts of previous precipitation. The warm anomaly was not seen at the

moistest stations, even after large precipitation amounts (e.g. in PR5). At other lev-

els, the vertical temperature structures were generally characterised by warm anomalies

above the ∼500 hPa-level, cold anomalies at ∼500-700 hPa, and cold anomalies below

the ∼950 hPa-level. The aforementioned anomalies occurred at most stations and their

magnitudes were larger with higher amounts of previous precipitation. Interestingly,

unlike the ∼800-950 hPa warm anomaly, the magnitude of the ∼500-700 hPa cold

anomaly was not dependent on the station’s low-to-midtropospheric RH (shown at 600

hPa in Fig. 5b).

The processes in tropical precipitating systems that were most likely associated with

the temperature anomaly structures at different layers were discussed in Paper I.

The vertical structure of anomalies, especially 1) the warm anomalies above the ∼500
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Figure 5: The a) 850 hPa and b) 600 hPa temperature anomaly in the precipitation

groups (PR0-PR5) with respect to the piecewise mean at the eight sounding stations

as function of the 500-700 hPa climatological mean RH of the station. See text for

the definition of the term ”warm” and ”cold” anomaly in connection with this figure.

The letters correspond to the sounding stations, so that ’a’ is for Agana, ’c’ for Cocos

Island, ’w’ for Willis Island, ’ma’ for Majuro, ’k’ for Koror, ’f’ for Funafuti, ’p’ for Pago

Pago and ’mo’ for Momote. Adapted from Paper I.

hPa-level, 2) the ∼500-700 hPa cold anomalies and 3) the cold anomalies below the

∼950 hPa-level, showed very similar characteristics with the diabatic heating structures

observed in tropical MCSs. Thus, they were likely associated with 1) latent heating in

the anvils of MCSs above the ∼500 hPa-level, 2) cooling due to evaporation and melting

of stratiform precipitation below the ∼500 hPa-level and base of the stratiform anvil

clouds, and 3) cooling near the surface associated with convective-scale downdrafts,

respectively (Houze, 1982).

The formation mechanism of the ∼800-950 hPa warm anomaly is particularly inter-

esting as temperature in that layer can be of significant importance for the occurrence

of future convection. Namely, warm anomalies in the lower troposphere can increase

CIN and decrease the buoyancy of potentially rising air parcels (Sect. 2.1). Paper

I suggested that also the ∼800-950 hPa warm anomaly may have been connected to

the evaporation of stratiform precipitation, falling from the anvil clouds in MCSs, via

the adiabatic warming associated with subsidence of evaporatively cooled air. This

27



conclusion was supported by the facts that 1) the warm anomaly occurred below a

∼500-700 hPa cold anomaly and 2) its occurrence and magnitude depended on the

low-to-midtropospheric climatological RH and precipitation amount. The hypothe-

sized formation mechanism of the ∼500-700 hPa cold and ∼800-950 hPa warm anoma-

lies are illustrated in a simplified manner in Figure 6 and explained next. In a moist

atmosphere, relatively weak evaporation of stratiform precipitation, and associated rel-

atively weak subsidence, would occur in the whole lower troposphere below the anvil

cloud, resulting in a cold anomaly there. In a dry atmosphere, evaporation and cooling

just below the anvil cloud would be stronger than in a moist atmosphere. This would

lead to relatively strong subsidence, even below the layer with evaporation, and less

rain to evaporate lower down. Therefore, in a dry atmosphere a warm anomaly that

is associated with adiabatic warming of subsiding air overcompensating evaporative

cooling could form below the cold anomaly. The strong subsidence, even below evap-

oration, is driven by hydrostatic pressure changes and its formation mechanism was

explained in more detail, using basic laws of fluid dynamics, in Paper II (see e.g. Fig.

9 in Paper II). Melting of ice, which does not depend strongly on RH, in the stratiform

anvils near the melting level likely contributed to the ∼500-700 hPa cold anomaly and

may explain why it was not dependent on the climatological low-to-midtropospheric

RH.

Lastly, the sensitivity of the ∼800-950 hPa warm anomalies to variation in local sea

surface temperatures, the El Niño-Southern Oscillation, occurrence of convectively

coupled Kelvin waves and the MJO were also studied (see Paper I for analysis methods

and results) as these phenomena can affect temperature in the lower troposphere.

The analysis suggested that the warm anomaly and its dependence on the station’s

climatological low-to-midtropospheric RH was not produced by those phenomena.

4.1.2 Idealized simulations

In Paper I, the cold-over-warm layers seen after precipitation were suggested to be

associated with evaporation of stratiform precipitation. In Paper II, the tempera-

ture and moisture response to evaporation of stratiform-like precipitation and their

sensitivity to different factors, most importantly to low-to-midtropospheric RH, was

studied by conducting idealized simulations with the WRF model. The idealized sim-

ulations provided a useful tool to isolate the effects of stratiform-like precipitation and
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Figure 6: Schematic illustration of the likely formation mechanism of the cold (blue)

and warm (red) anomalies observed after precipitation in a) moist and b) dry stations.

The clouds denote the stratiform anvil clouds in MCSs and the droplets denote the

stratiform precipitation falling from those clouds (see Sect. 2.1). The base of the strat-

iform anvil cloud is typically near the melting level. The arrows denote the subsidence

driven by evaporation in the stratiform precipitation region so that the width of the

arrow corresponds to the relative strength of the subsidence. The blue area at the

bottom of the figure denotes tropical oceans. Adapted and modified from Paper I.

its evaporation and study temporal changes and causal relationships associated with it

in detail. The simulations reveal that after 2 hours of precipitation, strong evaporation

had led to a cold anomaly (with respect to initial temperature) at ∼560-750 hPa (see

Fig. 7 and text below) and resulted in subsidence of the evaporatively cooled air in

the whole cylinder containing rain. In this thesis when referring to Paper II, the term

”warm” (”cold”) anomaly is used when temperature at certain time is larger (smaller)

than in the initial state. At ∼750-900 hPa, adiabatic subsidence warming overcompen-

sated relatively weak evaporative cooling and resulted in a warm anomaly there. The

vertical profile of RH also changed as a response to precipitation. Namely, relatively

strong evaporation led to a moist anomaly at ∼560-700 hPa (roughly the same layer

where there was a cold anomaly). Below this, relatively weak evaporation co-located

with subsidence of air with smaller water vapor mixing ratio from above led to a dry

29



anomaly. After 10 hours, the cold anomaly was weaker and shallower and the warm

anomaly below it was stronger and deeper, than at 2 hours.

Figure 7 shows that the temperature, virtual temperature and relative humidity re-

sponse (horizontally averaged from a 100 km × 100 km area within the cylinder con-

taining rain, see Fig. 4a-b) to evaporation depended on the initial RH of air in which

the rain fell. Most notably, the ∼560-750 hPa cold and ∼750-900 hPa warm anomalies

(and ∼560-700 hPa moist and below the ∼700 hPa-level dry anomalies) were stronger

when rain fell to drier air (Fig. 7). This occurred as a result of stronger evaporative

cooling and resulting stronger subsidence warming in drier air. Moreover, the layer

containing a warm anomaly was roughly 50 hPa lower in the driest simulation than

in the moistest simulation. Positive and negative virtual temperature anomalies were

co-located roughly in the same layer as the warm and cold anomalies in terms of tem-

perature, respectively. However, the maximum magnitude of the virtual temperature

anomalies were slightly smaller due to the negative contributions of the ∼560-700 hPa

moist and below ∼700 hPa dry anomalies. More specifically, the maximum magnitude

of the warm anomaly was 0.7-1.5 K for temperature and 0.5-1 K for virtual tempera-

ture, with larger magnitude in the driest simulation.

Paper II also showed that the temperature anomalies, formed as a result of evapo-

ration of rain, propagated to the environment via gravity waves. After 10 hours, a

warm anomaly occupied a smaller area near the cylinder containing rain, whereas a

cold anomaly covered a larger area closer to the edges of the model domain. These

temperature anomalies resembled, with opposite signs, the temperature response to

a positive-only diabatic heating typical of tropical MCSs in idealized simulations of

Mapes (1998). In every simulation, precipitation was stopped at 10 hours of simulation

time but the control and driest simulation were continued until 24 hours. Interestingly,

the warm anomaly occurred also for many hours after precipitation stopped and far

away from the original cylinder containing rain.

Lastly, the cold-over-warm anomalies, that were roughly collocated with moist-over-dry

RH anomalies, also formed in the simulations in which the sensitivity to 1) QR and

QNR, 2) microphysical parameterization scheme and 3) the size of the precipitation

area was studied. However, the timing, vertical extent and magnitudes were somewhat

sensitive to the choices made in the aforementioned factors. More specifically, the

magnitude of warm anomaly was smaller with 1) smaller QR and QNR and 2) smaller

precipitation area. Moreover, the layer with a warm anomaly was located lower in the
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Figure 7: Vertical profile of horizontally averaged temperature (a-c), RH (d-f) and vir-

tual temperature (g-i) anomalies (with respect to initial values) in the cylinder contain-

ing precipitation in the idealized WRF simulations. The colours denote different simu-

lations: control simulation (blue) and simulation in which the low-to-midtropospheric

RH was increased by 10 % (gray) and decreased by 10 % (orange) and by 20 % (red).

The area from which horizontal averages were calculated are shown in Figure 4a-b.

Adapted from Paper II.
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simulation including the microphysical parameterization scheme by Thompson et al.

(2008) than that including the scheme by Morrison et al. (2009).

4.2 Comparison of ERA5, ERA-Interim and observations

In Paper III, the vertical profile of the mean temperature and RH difference between

ERA5, ERAI and soundings were studied at the eight sounding stations also inves-

tigated in Paper I. The comparison reveals that at many levels and stations, the

reanalyses deviated from observations, and from each other, but there was a lot of

variability in the magnitude and sign of the deviations at different levels and stations.

However, systematic characteristics were evident and some are shortly described below.

Robust temperature differences were seen in the low-to-midtroposphere between the

newer ERA5 and the older ERAI reanalyses, as illustrated by the yellow lines in Fig-

ure 8: ERA5 was colder than ERAI between ∼600-800 hPa in all stations and warmer

between ∼800-900 hPa in most stations. Paper III also showed that ERA5 was gener-

ally moister than ERAI at ∼600-800 hPa and drier at ∼800-900 hPa. Interestingly, the

aforementioned differences between ERA5 and ERAI resembled the temperature and

specific humidity changes, at 5-day forecast lead time, that resulted when the entrain-

ment formulation in the IFS convection parameterization was changed from moisture-

convergence-dependent to environmental RH-dependent (Hirons et al., 2013b).

The results from Paper III showed that changes made in the IFS model and assimi-

lation system between the release of ERAI and ERA5 have resulted in changes in the

temperature and RH structures over tropical oceans. In Paper III, the temperature

and RH structures in ERA5 and ERAI were also investigated in relation with observa-

tions to see whether those changes have resulted in ERA5 being closer to observations.

Somewhat surprisingly, the results revealed that in the low-to-midtroposphere, this

appears not to be the case. More specifically, Figure 8 reveals that in all stations,

ERA5 was on average colder than observations at ∼550-800 hPa (green lines), whereas

temperatures in ERAI (blue lines) were closer to observations in all stations in that

layer. Moreover, at ∼700-900 hPa, the vertical profile of mean temperature difference

between ERA5 and observations was characterised by large gradients in most stations.

Specifically, the difference between ERA5 and observations was larger at the ∼850

hPa-level than above and below that level. However, the gradients were not seen in the

difference of ERAI and observations. It is interesting that the gradients were largest
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Figure 8: Vertical profile of temperature difference between ERA5 and the IGRA

radiosonde observations (green), ERAI and observations (blue) and ERA5 and ERAI

(yellow) at the eight sounding stations over tropical oceans. The stations are in order

based on the observed climatological mean 500-700 hPa RH. Adapted from Paper III.

over the driest stations (in terms of the 500-700 hPa observed climatological RH, see

Paper I) and were smaller or absent in the most moist stations. Moreover, Paper

III also showed that in most stations, ERA5 was generally moister than observations

at ∼650-800 hPa (roughly in the same layer where it was colder), but RH in ERAI

was closer to observations there. Lastly, investigation into the standard deviations of

the differences between individual vertical profiles of temperature in ERA5, ERAI and

observations showed that large variability occurred in the differences. However, Paper

III suggested that because the vertical distribution of the standard deviations were

different from the mean differences, the case-to-case variability was not dominated by

the same factors affecting the mean differences.
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5 Discussion of results

In Paper I, lower tropospheric warm anomalies at ∼800-950 hPa were observed af-

ter precipitation but only over regions with relatively small climatological 500-700 hPa

RH. Evaporation of stratiform precipitation and subsidence below was the likely reason

for the warm anomalies. In the Tropics, changes in virtual temperature in the lower

troposphere can have large consequences for deep convection as they affect the buoy-

ancy of air parcels in the potential updrafts (Sect. 2.1). Namely, warming of air just

above the boundary layer increases CIN and can inhibit the formation of convection

(Wei et al., 1998; Raymond et al., 2003). Wei et al. observed that virtual temperatures

in cloud updrafts over tropical oceans were only 0.5 K larger than in the environment

at 850 hPa, which suggests that even small temperature increases can significantly

reduce buoyancy and inhibit deep convection. In Paper I, the virtual temperature

difference between the group with the largest amount of previous precipitation (PR5)

and the group with no precipitation (PR0) at 850 hPa was used to quantify the effect

of the observed lower tropospheric warm anomalies on the environmental virtual tem-

perature. As the virtual temperature differences at 850 hPa exceeded 0.5 K at many

stations (Paper I), the observed warm anomalies associated with precipitation were

likely large enough to provide a hostile environment for subsequent deep convection.

Thus, evaporation of stratiform precipitation may provide a novel mechanism for the

sensitivity of deep convection to low-to-midtropospheric moisture.

It should be noted that quantifying the temporal change in virtual temperature from

before to after precipitation, and resulting instantaneous vertical profile of virtual tem-

perature, would have provided a more accurate estimate of whether new convection

was possible. However, analysing instantaneous values and temporal changes in vir-

tual temperature associated with precipitation using only an observational dataset

would have been very complicated. This is because such changes and instantaneous

values would depend on the occurrence of both even earlier and remote precipitation,

and also because the radiosonde observations contained many time gaps. Even though

the virtual temperature difference between PR5 and PR0 is not equal to the temporal

change in virtual temperature, it could be used to estimate that the observed warm

anomalies after precipitation were large enough to potentially decrease buoyancy and

inhibit future convection. Moreover, the large time (24-hour) and spatial (5◦ × 5◦)

scales used for precipitation in the analyses accounted for the fact that temperature

at one location in the Tropics is affected not only by local precipitation but also by

34



remote precipitation, due to gravity waves. The results obtained by using the large

time and spatial scales for precipitation in the analyses also suggest that the warm

anomalies could last long enough to affect convection.

Idealized model simulations provided a useful tool to study the temporal changes and

causal relationships associated with stratiform precipitation and its evaporation in

more detail (Paper II). The low-to-midtropospheric temperature structures caused

by evaporation and resulting subsidence in the simulations qualitatively resembled

those seen after precipitation in the observations. Specifically, in the simulations, 1)

warm anomalies (with respect to initial temperature) formed in the lower troposphere,

2) they were below a layer with a cold anomaly, and 3) the magnitudes of the warm

anomalies were larger in drier air. The simulations also showed that evaporation of

stratiform precipitation alone could increase (virtual) temperature at 850 hPa up to (1

K) 1.5 K, which would likely be a sufficiently strong anomaly to prevent the formation

of new convection, if such warming would occur in nature. Moreover, it is known

that convection over tropical oceans is efficiently triggered at the edges of cold pools

associated with previous deep convection (e.g. Kingsmill and Houze, 1999, see also

Sect. 2.1 ) and that the cold pools can spread relatively far from the original convection.

The simulations showed that the warm anomalies propagated to the environment and

occurred also after precipitation stopped. It is possible that the warm anomalies can

also inhibit convection triggered at the edges of cold pools if the warm anomalies would

occur above them (Torri et al., 2015).

Notable differences, even qualitative, were also evident between the simulations (Paper

II) and observations (Paper I). For example, in the observations, no warm anomaly

occurred over the moistest stations, and the cold anomaly was not sensitive to the

station’s low-to-midtropospheric RH. However, in the idealized simulations, a warm

anomaly was seen also in the moistest simulation and the cold anomaly was smaller in

moister air. Paper II speculated that absence of other diabatic processes occurring

in MCSs, e.g. melting, freezing, condensation and deposition, in the simulations likely

explains these differences. Allowing melting of ice in the simulations would have likely

resulted in a deeper cold anomaly with weaker moisture sensitivity and thereby also

affected the strength and depth of the warm anomaly. Moreover, evaporation of liquid

water was parameterized using assumptions of an exponential drop size distribution in

the double moment bulk microphysics scheme (Morrison et al., 2009). Even though

the representation of evaporation was more sophisticated than if a single moment bulk
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scheme would have been used, it would be interesting to study the evaporation using

more realistic but computationally expensive spectral bin microphysics parameteriza-

tions. However, although the WRF simulations were highly idealized, they provide

useful qualitative estimates about the potential effects of evaporation of stratiform-like

precipitation on meteorological variables and its sensitivities to different factors.

The observational dataset in Paper I contained many types of precipitating convec-

tive systems, each associated with different vertical heating and resulting temperature

structures. However, the majority of precipitation in the Tropics, and therefore likely

in the observational dataset in Paper I, is due to MCSs (Rickenbach and Rutledge,

1998; Mohr et al., 1999; Nesbitt et al., 2006; Roca et al., 2014). Interestingly, the

low-to-midtropospheric temperature anomalies observed after precipitation in dry and

moist regions (Paper I) have notable similarities with the temperature structures seen

in previous studies of MCSs and of squall lines (Zipser, 1977; Johnson and Kriete, 1982;

Johnson, 1986; Mapes and Houze, 1995). These are discussed next.

In mature MCSs over tropical oceans, the vertical profile of diabatic heating is positive

at all altitudes with larger heating in the upper troposphere (e.g. Houze, 1982). The

resulting vertical temperature structure is more complex, due to gravity wave dynamics

(Mapes, 1993; Mapes and Houze, 1995), as illustrated by idealized simulations of Mapes

and Houze (1995). Specifically, Mapes and Houze studied the temperature response

near a diabatic heating source characteristic of MCSs observed in regions close to

the moist stations of Paper I. They showed that warm and cold anomalies formed

close to the heating source above and below ∼500 hPa, respectively. Interestingly,

the temperature structures close to the diabatic heating source resemble those seen

after precipitation over the moistest stations in Paper I. Over the driest stations in

Paper I, however, a warm anomaly below a cold anomaly occurred just above the

boundary layer, suggesting that the diabatic heating structure of MCSs is different

over dry regions. Differences in the vertical distribution of evaporation of stratiform

rain in dry and moist stations were suggested as the likely reason in Paper I.

Warm anomalies just above the boundary layer, similar to those seen over the dry

stations, have also been observed in association with squall line type MCSs in the

Tropics (Zipser, 1977; Johnson and Kriete, 1982). In those MCSs, convection is or-

ganized into quasi-two-dimensional lines with trailing stratiform precipitation regions.

Previous studies have hypothesized that the warm anomalies in squall lines form due to

mesoscale downdrafts (Zipser, 1969, 1977), overshooting of those downdrafts (Zipser,

36



1977, and references therein), or due to cold pools dynamically forcing the mesoscale

downdrafts above them (Miller and Betts, 1977). Mesoscale downdrafts are also central

to the findings in Paper I and II. However, because the cold pools in Paper I were

strongest over stations without the warm anomaly, the mechanism suggested by Miller

and Betts was not the likely reason for the warm anomalies. Moreover, in squall lines,

the evaporation responsible for the mesoscale downdrafts is enhanced by vertical wind

shear, system relative winds and rear inflow jets, which are not as abundant in other

types of MCSs. The occurrence of squall lines may explain why the warm anomaly in

Cocos Island was larger and an outlier in Figure 5. Namely, climatological 800-1000

hPa vertical wind shear, calculated from ERAI data, was relatively large in the region

near Cocos Island, suggesting that the environment there is relatively favourable for

the formation of squall lines (Paper I).

The moisture sensitivity of deep convection in the IFS model was improved when the

entrainment rate was changed from moisture-convergence-dependent to environmental

RH-dependent (Hirons et al., 2013b). Hirons et al. (2013b) conducted modeling stud-

ies in which the effect of the new entrainment formulation was isolated. They noted

that the new entrainment led to zonal-mean cooling and moistening in the low-to-

midtroposphere at ∼500-800 (at 5-day forecast lead time) in the Tropics and attributed

this to decreased amount of deep convective clouds and increased amount of congestus

clouds. Paper III showed that ERA5 was generally colder and moister than ERAI at

∼600-800 hPa. Because the underlying IFS version in ERA5 contained the new entrain-

ment but ERAI did not, Paper III speculated that the new entrainment contributed

strongly to the differences between ERA5 and ERAI. It could be that congestus clouds

are relatively more prominent in ERA5 than in ERAI. Paper III also showed that

ERAI was generally closer than ERA5 to observations in the low-to-midtroposphere

and that ERA5 was systematically colder at ∼550-800 hPa and moister at ∼650-800

hPa than observations. Therefore the differences between ERA5 and observations in

the low-to-midtroposphere also resembled the differences caused by the new entrain-

ment. This suggested that the new entrainment had resulted in somewhat unrealistic

vertical structure of temperature and RH over tropical oceans. It is possible that con-

gestus clouds are too prominent in the model version used in ERA5. However, as the

new entrainment formulation is only one among many differences in the model versions

and assimilation systems used in ERA5 and ERAI, more detailed analyses are needed

to determine the exact cause of the temperature and RH differences.
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6 Conclusions

This thesis seeks to add to the understanding of the mechanisms by which low-to-

midtropospheric moisture can control deep convection and point to potential topics

that require special attention in numerical models in order to produce more realistic

weather and climate predictions. Tropical observations and idealized simulations have

been used to study the possibility that evaporation of stratiform precipitation could

control subsequent deep convection and contribute to the moisture sensitivity of deep

convection over tropical oceans (Paper I and II). Two widely used reanalyses, that

have been generated using models versions that differ, among other things, in their rep-

resentation of the moisture sensitivity, have been compared with tropical observations

(Paper III).

Comparison of radiosonde observations made after different amounts of area-averaged

precipitation over tropical oceans revealed that over relatively moist regions, precipita-

tion was associated with vertical structures of temperature anomalies corresponding to

those produced by the diabatic heating structures in tropical MCSs (Paper I). Over

relatively dry regions, the vertical temperature structure in the lower troposphere was

different: warm anomalies at ∼800-950 hPa were observed in soundings after precip-

itation with respect to those after no precipitation. Because the warm anomalies 1)

were observed only in regions with relatively small low-to-midtropospheric climatolog-

ical RH, 2) occurred below a cold anomaly and 3) were larger in drier regions and with

higher amounts of preceding precipitation, they were suggested to be associated with

adiabatic subsidence warming below a layer with strong evaporation in the stratiform

precipitation area of MCSs.

Isolating the temperature response to different physical processes is not possible using

only observations and, therefore, idealized WRF simulations were conducted to study

the temperature structures associated with evaporation of stratiform-like precipitation

(Paper II). In the simulations, liquid water was added at ∼560 hPa, below which

the water fell freely and evaporated. According to the simulations, evaporation was

associated with temperature structures that were qualitatively similar to those seen

in the observations. Namely, evaporative cooling and resulting adiabatic subsidence

warming was associated with lower tropospheric warm anomalies that were stronger

when the precipitation evaporated in drier air.

In the Tropics, relatively small virtual temperature changes occurring just above the
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boundary layer can have large consequences for the development of deep convection

through their effects on the buoyancy of air parcels in the potential updrafts. In this

thesis, it has been concluded that evaporation of stratiform precipitation could, de-

pending on the amount of moisture in the low-to-midtroposphere, lead to warming

of air just above the boundary layer. Such lower tropospheric warming is potentially

strong enough to increase CIN and thereby provide a hostile environment for subse-

quent deep convection, especially if the warming occurs above the edges of cold pools

associated with previous deep convection. Evaporation of stratiform precipitation and

resulting subsidence could thereby provide a novel mechanism for the sensitivity of

deep convection to low-to-midtropospheric moisture. This does not, of course, rule out

the potential contribution of other mechanisms, such as that related to entrainment,

to the moisture sensitivity of deep convection.

Comparison of ERA5 and ERAI with radiosonde observations in Paper III revealed

that, surprisingly, the newer ERA5 differed from observations more than the older

ERAI in the low-to-midtroposphere over tropical oceans. Specifically, ERA5 was colder

and moister than observations in the low-to-midtroposphere. Implementation of an en-

vironmental RH-dependent entrainment formulation in the underlying model of ERA5

was speculated to contribute to the differences between both ERA5 and ERAI, and

ERA5 and observations, over tropical oceans. The implementation was speculated to

have also led to somewhat unrealistic tropical temperature and RH climatologies in

ERA5. It was concluded that the moisture sensitivity of deep convection, accounted

for by making entrainment depend on RH, in the IFS model version used in ERA5

may not be entirely correct. In this thesis, evaporation of stratiform precipitation in

pre-existing deep convective systems has been suggested to contribute to the moisture

sensitivity of deep convection in the real atmosphere.

This thesis has some limitations. A causal relationship is suggested to occur between

pre-existing convection, temperature and new deep convection. However, causal rela-

tionships or temporal changes have not been studied using observations (Paper I). For

example, climatological RH was used when drawing conclusions about the potential role

of evaporation in the formation of the lower tropospheric warm anomalies, whereas in

reality evaporation depends on instantaneous local humidity. Moreover, virtual temper-

atures after different amounts of precipitation were compared to estimate the effect of

the warm anomalies on buoyancy. Temporal changes of virtual temperature associated

with precipitation, and resulting instantaneous vertical profiles of virtual temperature,

39



would have provided a better estimate. However, drawing meaningful conclusions from

an analysis of instantaneous local humidities and virtual temperatures, and temporal

changes in virtual temperature, using an observational dataset would have been very

difficult. This is because such analyses should account for the facts that instantaneous

values and temporal changes could be strongly affected by even earlier and remote

precipitation. Therefore, as opposed with complicated analyses of temporal changes

and causality, Paper I has the advantage of presenting novel results utilizing relatively

simple but physically justified analysis methods. In the future, it would be interesting

to analyse the temperature structures associated with MCSs in fine-scale numerical

simulations in the absence of other complicating factors. In such simulations, the

contributions from different physical processes and their sensitivities to atmospheric

conditions can be quantified. Although the WRF simulations in Paper II provided

a useful tool to isolate the effects of evaporation of liquid water and to study causal

relationships, the simulations were highly idealized and can therefore only be used as

qualitative estimates about the potential effects of evaporation.

This thesis has many important implications for the development of NWP and climate

models and theories of convective phenomena. Previous studies have shown that mak-

ing deep convection more sensitive to environmental moisture improved the IFS model’s

representation of the tropical atmosphere (Hirons et al., 2013a,b), suggesting that real-

istic moisture sensitivity of deep convection is key to improved representation of tropical

weather and climate. Representation of convection in the Tropics also affects medium-

to-extended-range weather forecasts over Europe (Vitart and Molteni, 2010). This

thesis suggests that evaporation of tropical stratiform precipitation provides a novel

mechanism for the sensitivity of deep convection to low-to-midtropospheric moisture.

Stratiform precipitation and its evaporation should therefore be correctly represented

in NWP and climate models in order for deep convection to occur correctly in them

and to produce more realistic weather forecasts and climate predictions. Even as those

models reach convection-permitting horizontal resolutions, special attention should be

given for the representation of microphysical processes associated with tropical anvils

and stratiform precipitation, as these processes will still be parameterized. The ver-

tical resolution in the models should also be sufficient so that the shallow vertical

temperature structures associated with the precipitation can form. It is possible that

evaporation of stratiform precipitation and associated temperature structures may not

occur entirely correctly in the IFS model version used in ERA5 at least as ERA5 was

moister than observations at levels where some of the precipitation would evaporate.
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In the future, it would be useful to study whether the IFS or other NWP and climate

models can represent the suggested mechanism. Lastly, theories of convective phenom-

ena such as the MJO are often formed based on modeling studies. This thesis suggests

that evaporation of stratiform precipitation should be accounted for in those theories

and be correctly represented in the models used to study them.
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7 Review of papers and author’s contribution

Paper I investigates the possibility that evaporation of stratiform precipitation pro-

vides a novel mechanism for why deep convection over tropical oceans depends on

low-to-midtropospheric moisture. Temperature structures associated with precipita-

tion over tropical oceans were studied using radiosonde and satellite-based precipita-

tion observations. The author wrote the data analysis codes and produced almost all

of the figures, conducted the data analysis with co-authors and wrote the manuscript

with contributions from co-authors.

Paper II isolates and studies the temperature and moisture structures associated

with evaporation of stratiform-like precipitation, and their sensitivity to low-to-

midtropospheric humidity, using idealized WRF simulations. The author designed

the experiments with co-authors, conducted the simulations, produced the figures and

wrote the manuscript with contributions from co-authors.

Paper III compares the vertical temperature and relative humidity structures in the

ERA5 and ERA-Interim reanalyses with radiosonde observations over tropical oceans.

The author wrote the codes for data analysis, analysed the results together with co-

authors, produced the figures and wrote the manuscript with contributions from co-

authors.
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