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ABSTRACT OF THESIS

DIAGNOSING MONTHLY MEAN BOUNDARY LAY ER PROPERTIES FROM RE-
ANALY SIS DATA USING A MIXED-LAY ER MODEL

The mixed-layer approach to modeling the planetary boundary layer (PBL) is par-
ticularly well suited to inversion-topped PBLS, such as the stratocumulus-topped bound-
ary layer found off the continental American coasts in the subtropical Pacific ocean.
However, a strong temperature inversion near 850 hPa (the trade-wind inversion) is not
confined to the stratocumulus regimes, but has been observed over most parts of the sub-
tropical-tropical Pacific ocean. In this thesis, we test a simple mixed-layer model’s
(MLM) ability to diagnose PBL depth, entrainment velocity and cumulus mass flux ve-
locity from monthly mean re-analysis data. Part of this test involves a comparison be-
tween the Colorado State University’s General Circulation Model (CSU GCM) and the
MLM run with input data from the CSU GCM. The results are also compared to avail-
able observations. Then we examine the sensitivity of the MLM to changes in the formu-
lation of some of the input parameters.

The MLM succeeds in diagnosing positive PBL depths and entrainment velocities
on the order of hundreds of meters and mm s~ , respectively. Convective regions are
marked by deep PBLs in the MLM’s output, and entrainment is generally large where the
PBL is deep. The cumulus mass flux velocity isthe least reliable field of the model output

and is negative in some regions.



Observations with similar spatial and temporal coverage as the model output are
as yet unavailable. The available observations, in particular of PBL depth, are used as
guidelines for the evaluation and interpretation of the model output.

In the process of comparing the MLM to the GCM, some strengths and weakness-
es of the GCM are discussed. Among the strengths are very smooth monthly mean fields
for PBL depth, entrainment and cumulus mass flux velocities. The PBL depth is of com-
parable magnitude to available observations. Some of the weaknesses are a very moist
free atmosphere, a low surface sensible heat flux and negative entrainment velocities

along the continental coasts.
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Department of Atmospheric Science
Colorado State University

Fort Collins, CO 80523
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Chapter 1: Introduction and Literature Review

1-A: Theory

The atmosphere over the tropical and subtropical oceansis arich field for studies.
From the modeler’s perspective, it is an area of numerous challenges. So far, most general
circulation models (GCMs) fail to realistically reproduce subtropical and tropical features
such as the location of the intertropical convergence zone (ITCZ) and the transition
between regions of marine stratocumuli and shallow trade wind cumuli (e.g. Randall et
al., 1998, Kirtman et al., 2002). Marine stratocumulus clouds have been recognized as
important players in climate (Klein and Hartmann, 1995; Ma et al., 1996). Due to their
high albedo and strong long wave emission, they act to cool the Earth. The wide basin of
the tropical and subtropical Pacific accommodates a variety of distinctly different regimes:
The marine stratocumulus regime, the trade wind cumulus regime and the transition
between those two cloud types, the well defined band of deep convection (the ITCZ) and
the warm pool regime. Because of this diversity, the Pacific makes a good test bed for the

model that will be presented in thisthesis.

The concept of awell-mixed, slab-like boundary layer topped by a strong inversion
in the subtropical regions of subsidence has been well established for over half a century.

Early work on this subject was done by Bunker et al. (1949), Malkus (1958), Ball (1960)



and Lilly (1968). The large scale subsidence produced by the descending branch of the
Hadley cell creates awarm, dry mid and upper tropospheric air mass overlying arelatively
cool and moist turbulent boundary layer. The temperature inversion separating those two
air masses is particularly strong over the cold upwelling regions of the eastern ocean
basins. Evaporation from the sea surface and cool air temperatures under the inversion
lead to high relative humidities. Since the moisture is trapped under the inversion,
extensive marine stratocumulus clouds can develop over the cold ocean. Farther
equatorward, where the sea-surface temperatures increase and the strength of the inversion
decreases, the stratocumulus decks start to break up and shallow trade wind cumuli are

common (Randall et al., 1998).

Lilly’s original model concentrated on the stratocumulus-topped boundary layer
(STBL), which isavery persistent feature in the eastern ocean basins. Subsidence and low
level divergence in those areas work together to lower the temperature inversion. In order
to maintain the inversion against the subsidence, the warm, dry upper air must pass
through the boundary represented by the inversion. As the air is entrained into the
boundary layer it acquires the boundary layer’s properties by means of a moisture flux
convergence and radiative, as well as evaporative cooling at the boundary-layer top. If this

were not the case, there would be no distinct temperature inversion.

In most planetary boundary layer (PBL) models, including Lilly’s, the rate at
which this entrainment takes place must be parameterized. Lilly’s model can be run with

two alternative parameterizations: the ‘maximum entrainment condition” and ‘minimum



entrainment condition’.

Subsequent studies expanded on Lilly’s model. Schubert (1976) assumed that the
‘true’ entrainment rate lies somewhere between the maximum and the minimum cases
investigated by Lilly. Hence, he used an average of Lilly’s maximum and minimum
closure assumptions, weighted by an entrainment parameter. With those alterations,
Schubert then investigated the sensitivity of the model to changes in sea-surface
temperature, large-scale divergence and the entrainment parameter. He also introduced a
diurna cycle forced by a diurnally varying radiative flux. One of Lilly’s original insights
was the importance of aradiative cooling concentrated at the boundary-layer top. Schubert
et a. (1979) and Randall (1980 a) found that radiative cooling applied over athin layer at
the top of the PBL has a strong influence on the turbulent fluxes and entrainment, and thus

the PBL structure.

A major shortcoming of Lilly’s mixed-layer model is, ironically, also one of its
strengths: the model’s simplicity. More complex models have been devel oped that make it
possible to describe the vertical structure of the PBL in more detail, and that can deal with

horizontally and vertically inhomogeneous PBLSs.

In any set of equations that describes the statistics of turbulent flow, there are more
unknowns than equations. Introducing additional predictive equations to solve for those
unknowns (higher-order moments) only leads to additional unknowns. This is referred to
as the ‘closure problem’. In order to solve a set of equations (i.e. close the set of

equations), the number of equations must equal the number of unknowns.



Parameterization effectively adds to the number of equations without adding to the
number of unknowns by expressing higher-order moments in terms of the already existing
unknowns. The mixed-layer model, in this framework, is a turbulent boundary-layer
model of “simplified first-order closure” (Mellor and Yamada, 1974), or “half-order
closure” (using terminology from Stull, 1988). In a first-order closure model, the mean
guantities of the variables are predicted at each level. Fluxes are parameterized, the
simplest parameterization being down-gradient mixing. In the simplified first-order
closure model (mixed-layer model), the vertical profiles of the predicted variables (wind,

temperature etc.) are prescribed throughout the PBL, but their mean values are predicted.

Higher-order closure (HOC) models include predictive equations for higher-order
moments, e.g. the turbulent kinetic energy equation. The closure level of the model
indicates how many of the higher-order moments are predicted, the rest being
parameterized. First order turbulent PBL models with down-gradient mixing as closure
parameterization only communicate with the neighboring levels, and are referred to as
‘local’ closure models (Moeng and Wyngaard, 1989). Thisis appropriate for PBLs that are
dominated by local processes and small scale eddies, such shear-driven PBLs. These
models cannot describe convective PBLs in which large-scale eddies transport properties
of the air all the way from the surface to the top of the PBL (a ‘non-loca’ process). The
mixed-layer model predictsthe PBL properties from fluxes diagnosed at the surface and at

the PBL top, and therefore fallsinto the category of ‘non-local’ closure models.

In second- and third-order closure models, some of the transport terms are



predicted, but often the third- and fourth-order moments are still parameterized with
down-gradient mixing (Bougeault and Andre, 1986). In the framework of turbulent PBL
models, the weaknesses of the mixed-layer model are apparent. In regions where the PBL
is not well mixed, the model cannot be expected to perform well. The model is also non-
local. Mixed-layer models therefore won't perform well in regions where local processes
are important (e.g. shear-driven PBLS). These constraints on the mixed-layer model were
recognized some time ago, and an effort has been made to improve PBL models with
higher order closures that can describe local and non-local processes (e.g. Deardorff,
1966, Holtslag and Moeng, 1991) and that work for other than well-mixed PBLs (Stull,

1988).

Parallel to the development of more sophisticated HOC, the concept of mass flux
closure was introduced (Arakawa, 1969). The mass flux scheme, whose basic concept is
the parameterization of vertical fluxes as an updraft area fraction (cloud) multiplied by the
difference of updraft and downdraft properties, was originally introduced to describe deep
convective cumulus clouds. Later on, the mass flux concept was adapted to dry convection
in the PBL (Betts, 1976, Wang and Albrecht, 1990) and PBLs with shallow cumulus

clouds (Lappen and Randall, 2001)

Most closure schemes seem to work best for a particular PBL type or cloud type;
therefore the majority of research has been done on distinct regimes (e.g. stratocumulus,
shallow cumulus, deep convection, dry convection, shear-driven PBL etc.). More recently,

afocus has been to develop a PBL parameterization that works for at least several of those



regimes, if not al, (Lappen and Randall 2001) and/or includes both cloud
parameterization and PBL parameterization (Grenier and Bretherton, 2001, Bretherton et

al., submitted to M. Wea. Rev. 2003).

Despite these more recent developments, Lilly’s model continues to be widely
used. Even though it is not applicable to all types of PBL, it remains a very ssimple and
elegant description of the mixed, inversion-topped boundary layer and variations of it are
in fact part of GCMs currently in use. Its simplicity and low computational expense will

probably keep it in use for some time to come.

As Moeng (2000) points out, we have afairly good idea how e.g. radiative cooling
at the cloud top qualitatively influences the inversion height, but we know little about the
guantitative effect of the cooling on the inversion height. The extensive work with Lilly-
type mixed-layer models has greatly contributed to this qualitative understanding of the
processes involved in maintaining a STBL. As it is very difficult to obtain PBL
observations with large spatial and temporal coverage, out quantitative understanding of
the PBL, particularly of the vertical mass fluxes, is still limited. In most of the studies
mentioned above, entrainment and vertical mass fluxes are parameterized. Predicting these

fluxes from the model equations may improve our quantitative understanding.

1-B: Observations
Entrainment, unfortunately, is very hard to measure. Observational estimates of
this quantity are scarce. The depth of the boundary layer can be determined more easily

from radiosonde and dropsonde measurements. More recently, satellite products, such as

6



cloud-top pressure, can give an estimate of the inversion height in the STBL regions.
However, the Pacific is still a very remote region, and the data acquired during
measurement missions by no means provide complete spatial coverage. Furthermore, the

missions durations are usually limited to a few months.

Von Ficker (1936) and Neiburger (1961) were among the first to produce a map of
the inversion base height over the Atlantic and Pacific respectively. Their work, as well as
subsequent studies (for an overview, see Schubert et al. 1995), shows a picture of afairly
uniform inversion base pressure of about 800 to 850 hPa over the Pacific and Atlantic with

arather weak upslope of about 300 m height per1000 km distance towards the ITCZ.

Since then, measurement missions like the First GARP Globa Experiment
(FGGE; GARP: Globa Atmospheric Research Program) in 1979, the Tropical Ocean
Globa Atmosphere/Coupled Ocean-Atmosphere Response Experiment (TOGA/COARE)
in 1992/93 and the East Pacific Investigation of Climate (EPIC) in 2001 have provided us

with better coverage of the vertical atmospheric structure over the tropical Pacific.

Data obtained from FGGE corroborates Neiburger’s and von Ficker's observations
of afairly uniform inversion height of 850 to 800 hPa over the central and eastern Pacific
(160 W to 90W, 10S to 15N) (Firestone and Albrecht 1986, Kloesel and Albrecht 1989,
Yin and Albrecht 2000). Yin and Albrecht’s study observes in particular that, even though
only 30% of the soundingsin the ITCZ region show a stable boundary-layer structure, the

inversion height in those stable cases does not differ much from that outside the ITCZ.



— =2y

|
|
‘ | o

e g I [ e 1nee a8 ape [To [ Tar

Figure 1.1: Plot of inversion base height from 1952 cruises of the Horizon. Figure
taken from Neiburger (1961)



From a purely thermodynamic viewpoint that considers only local properties like
sea surface temperature and divergence, a significantly stronger upslope towardsthe ITCZ
would be expected. Schubert et al. (1995) argue that not only local subsidence and
entrainment determine the inversion height, but that advection of the inclined inversion
layer has an important influence as well. Thus, dynamical adjustment processes act to
extend the low-level inversion of the stable regions towards the ITCZ, leading to a slope

close to the observations.

Strong downdrafts in the vicinity of deep convection may also contribute to a
lower inversion height. Cool air penetrating the boundary layer in a strong downdraft and
spreading out along the surface could conceivably form a new mixed layer underlying the
old boundary layer, if mixing were constrained to the cool air mass of the downdraft. The

new mixed layer’s top would then be lower than the old on€e’s.

Observations from TOGA COARE show the common occurrence of an inversion

at about 800 hPa as well (Johnson et a. 1993, Johnson et al. 1996).

This study incorporates the very basic concepts of the mixed boundary layer into a
simplified two-layer slab model that predicts the boundary-layer depth as well as the
entrainment and cumulus mass fluxes across the boundary-layer top. The domain spans
the tropical Pacific (Fig. 1.2). Surface heat and moisture fluxes, radiative cooling, the wind
field and the properties of boundary-layer air as well as above-boundary-layer air are all
prescribed fields, taken from either a GCM run or from National Centers for

Environmental Prediction (NCEP) re-analysis data. The model results are then compared
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Figure 1.2: Domain covered by the mixed-layer model discussed in this thesis
to GCM output and direct measurements of the inverson from radiosondes and

dropsondes, as well as to a cloud-top pressure product.

1-C: The PBL in different regimes

Since the model described in this thesis predicts the PBL depth, it is aquantity that
will be mentioned alot. The question remains which part of the atmosphere can be termed
the PBL, and how it is defined in the observations, the models and the theoretical concepts
on which the models are based. The mixed-layer concept equates the mixed layer with the
PBL and the mixed-layer depth is identical to the PBL depth. In the real atmosphere, the
PBL can be defined as the part of the troposphere that is directly influenced by the
presence of the Earth’s surface and responds to surface forcings on rather short time

scales.

Several distinct regimes can be distinguished in the model domain. There are
transitional regions, and regions that cannot be classified into any of the regimes, but three

regimes mentioned below show some distinct PBL characteristics.
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The stratocumulus regime, located over the cold upwelling ocean on the eastern
boundaries of the Pacific basin, is characterized by a well-mixed PBL with a distinct top.
Here, the large scal e subtropical subsidence creates adry, warm free atmosphere overlying
acool and moist layer. Stratocumulus clouds form under the strong temperature inversion
(trade inversion) that separates the two air masses. Here, the distinction between the PBL
and the free atmospheric is quite obvious. the layer under the trade inversion is cold and
moist and therefore influenced by the underlying ocean, the free atmosphere above the
inversion is not. In the temperature soundings discussed in Chapter 5, we will assume that
the base of the temperature inversion is coincident with the PBL top. The PBL can be
further divided into subcloud and cloud layers. In the stratocumulus regime, several
conservative quantities (total water, equivalent potential temperature) are still well mixed
throughout the subcloud and the cloud layer, so the cloud layer is usually considered to be

part of the PBL.

The stratocumulus regime transitions into the trade cumulus regime over warmer
waters. The trade cumulus regime is characterized by a well mixed subcloud layer topped
by a weak inversion under shallow cumulus clouds capped by the trade inversion. While
the subcloud layer is still well mixed, the cloud layer is less so, and whether the PBL is
considered to include only the subcloud layer or both subcloud and cloud layer is a matter

of discussion.

In the deep convective regime in the warm pool and along the ITCZ and SPCZ, the

subcloud layer is still well mixed and capped by a weak inversion, but the cumulus clouds
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above it can rise all the way to the tropopause. Here, the subcloud layer is clearly
identified as the PBL. During times of suppressed convection, the situation in the warm
pool may resemble the trade cumulus regime (when only shallow convection exists) or
even the stratocumulus regime (without the clouds) when the trade inversion is dominant

and the air iswell mixed up to the trade inversion.

As we will see in Chapters 3 and 4, the Colorado State University (CSU) GCM
seems to place its PBL top at the top of the subcloud layer: the PBL depth is low in the
warm pool under the deep convective clouds and higher in the east Pacific in the
stratocumulus regime. The mixed-layer model discussed in this thesis, however, increases
the PBL depth towards the deep convective regime. This makes sense if the mixed-layer
model’s PBL top follows the trade inversion, which is lowest over stratocumulus and lifts
over shallow convection. In the convective regions where the trade inversion disappears, at
least during convective phases, it is not completely clear where the mixed-layer model

places the PBL top.

These regimes shift and change with the seasons, as well as interannually. In the
northern hemispheric summer, the ITCZ shifts northward, in the winter southward. Its
intensity is maximal during the northern hemisphere’s summer and fall. In March and
April, a southern-hemisphere ITCZ can sometimes be observed (e.g. Lietzke et al., 2001).
On an interannual time scale, the deep convection in the Pacific is influenced primarily by
the El Nifio- Southern Oscillation (ENSO). During the warm phase (El Nifio), the deep

convection shifts from the west Pacific toward the central Pacific, the upwelling off the

12



Chilean coast is suppressed and the sea-surface temperature (SST) in the eastern Pacific is
higher than normal. In the cold phase (La Nifa) the contrast in SST across the Pacific
basin is at its maximum, with very cold temperatures in the east Pacific and a very
pronounced cold tongue along the Equator. The deep convection is strongest in the far
west Pacific. A pronounced cold tongue favors the devel opment of a southern ITCZ in the
northern hemispheric spring (Waliser and Gautier, 1993). The year 2001, that the sample

monthsin this study are taken from, was predominantly a neutral ENSO year.

Chapter 2 describes the mixed-layer model used in this study, the data used as
model input as well as some observations. The results from the mixed-layer model runs
will be discussed in Chapters 3 and 4. In Chapter 5, those results will be compared to

observations, and a summary and conclusions will be presented in Chapter 6.
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Chapter 2. Moded Description and Data

2-A: Derivation of model equations

The boundary-layer model used in this work is based on three conservation
equations, one each for mass, water vapor mixing ratio and dry static energy. The mass
conservation equation is derived starting from the continuity equation in height

coordinates:

P - _y.
5 V- (pv). (2.1

Here, v denotes the three dimensional wind vector. Integrating (2.1) with respect to height

from the surface to the boundary-layer top H yields

H H
fg_fdz = [V (pv)d. (2.2)
0 0

Applying the Leibnitz rule to (2.2) leads to

H H
E) oH
—(pdz — = -V V)dz+p,V,, - VH 2.3
=[P4z = Py f(p)z PuVy (2.3)
0 0
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H H
0 oH _ 0
0 0
In (2.4), the horizontal and vertical derivatives on the right hand side have been separated.
The subscript /2 denotes a horizontal operator or vector. The density p,, throughout the
depth of the boundary layer is assumed to be constant. Defining the horizontal bulk wind

v,z of the boundary layer

H
_ 1
0
(2.4) can be written as
3 ol pw(H)
a—t(PH) —me = —poV), - (HV)p) — f d(pw) + pyVyy - Vi H . (2.6)
pw(0)

For purposes of this model, the sea surface is assumed to be flat and stationary, so that

w(0) =0 2.7)
and
H
%(pH)+p0Vh‘(thB) = pH@_t Vg Vil =wy) (2.8)
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Here, w,, isthe vertical velocity of an air particleat z = H. The right-hand-side of (2.8)

describes the net mass flow across the PBL top. We can substitute p,(wp—w,) for

oH -
PH(@ +V,, - V,H- wH> , where p,w . is the area-averaged upward cumulus mass flux

across the PBL top and p,w . isthe area-averaged entrainment mass flux across the PBL

top. Using this notation and averaging over time, equation (2.8) reducesto

PusH) * PoV, - (HV5) = py(wp =), (29)

QH9 S[—]

WE

S~ Y

—> H

Vs Vg C Vig " Vg

Vg Vg 1B °p Vg Vg
sea surface

EVP

Figure 2.1: Schematic of the processes accounted for in the non-precipitating model.
Notation as in the text.
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where the overbar denotes the time average. For simplicity, we will assume that the

covariances are negligible, i.e. that (2.9) isequal to
PocH + 0oV, (HV5) = 0wy =we). (210)
Dropping the overbars and assuming steady state for the PBL depth leads to

PV, (HV,p) = py(wp—we). (2.11)

Whether or not neglecting the covariances is a good approximation will be discussed in

Chapter 3.

The water-vapor equation can be derived in a similar manner. Starting from the

continuity equation and the moisture equation:

9P = _v . (pv) (2.12)
ot
%1 = _v-Vg+S. (2.13)

Here, ¢ is the water vapor mixing ratio and S are sources and sinks of water vapor.

Multiplying (2.12) by ¢ and (2.13) by p and adding the two leads to

a%(pq) = -V - (gpv) +Sp (2.14)
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Integration with respect to height and separation of horizontal and vertical derivatives

yields
0 " oH " " 0 !
Y f(qp)dz—pyq,@ = —fvh “(qpv,)dz — f&(wqp)dz + fSpdz (2.15)
0 0 0 0
] " oH
—_ dz — =
8tf(qp) z quHat
‘ (2.16)
H pgw(H) H
-V, ’f(Pth)dZ—PHqHVhH' V,H— f d(pgw) +fSPdZ
0 pgw(0) 0
H

Defining the bulk water vapor mixing retio g = I%I fqdz , and assuming that the horizontal
0

H
bulk water vapor transport can be expressed by p,q,V), 5z = Il{ quvhdz, equation (2.16)
0

can be rewritten as:

H

d OH
545HP) + V) - (HapVy500) = pH‘]H((:)—t +VhH-VhH—wH> +[Spdz. (217)
0

Under the same assumptions as for the mass equation (steady state, covariances neglected,

overbars dropped), and substituting for the right-hand-side bracket with w, and w, the

time averaged equation (2.17) simplifiesto (2.18):
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H
1
vV, (HqgV,p) = quH—quB+;fSpdz. (2.18)
0
0

Here, the assumption has been made that the densities of the boundary-layer air and of the

air mass above it are approximately the same:

Po = Py- (2.19)

This assumption is fairly good in the entrainment terms because the mass transported
across the PBL top hasin fact the density of just below A and just above H . For the case

of adiscontinuous PBL top, p, and p,, are very close.

Surface evaporation EVP and precipitation P are the moisture source and sink:

EVP-P

V,  (HqgV,p) = Wgqy—weqp+ 5 (2.20)
0
Analogously, the equation for dry static energy can be derived:
SH+L-.P—-RC
V,  (sgHV,p) = WpSy—wesg + (2.22)

Po

H
Here, s;= é fsdz is the bulk dry static energy, and L the latent heat of condensation.
0

The surface sensible heat flux is denoted by SH, L.P is the latent heat released in the

boundary layer through formation of cloud water (assuming all cloud water precipitates
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out), and RC stands for radiative cooling. RC is positive for cooling of the mixed layer,
SH is positive for heating of the mixed layer. Since radiative cooling of the boundary
layer depends on the height of the boundary-layer top, it is assumed to vary linearly with
the PBL height: RC = y - H, where y is aconstant. Thus, the dry static energy equation

becomes

SH+L.P-yH
Po

V,  (sgHV,p) = WpSy—wesp + (2.22)

The system of three equations (egns. (2.11), (2.20) and (2.22)) can be solved
analytically and leads to expressions for the three unknowns H (boundary-layer depth),

wy, (entrainment velocity) and w (cumulus mass flux velocity):

((SH"'LCP)/P())(‘IH_QB)_((EVP_P)/po)(SH_SB)

= 2.23

(VhB'VhSB)(qH_qB)_(VhB'thB)(SH_SB)_(CIH_QB)(V//)()) ( )

wp = (2.24)
Vig " Vsl ay—aqg) —(Vyp - V3qp) (s —sg)

This version of the model applies all precipitation in the PBL, which is a
reasonable assumption in regions where rain falls from PBL clouds such as marine
stratocumulus, or even shallow cumuli. In regions of deep convection, placing all

precipitation in the PBL is obviously wrong. The model has been tested with monthly
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mean precipitation rates from the Tropical Rain Measurement Mission (TRMM) 3B43
data set, but the results for these runs are not discussed in detail here. While of interest
when studying the behavior of the model, the results of these runs turn out to be so
unrealistic that we have concentrated on the non-precipitating version of the model for this

thesis.

Neglecting precipitation in the model equations |leads to:

(SH/ pg)(qy—qp) =(EVP/py)(sy—Sp)

= 2.26
(Vg Viusp)qy—ap) — (Vg - Vuqp)(sy—sg) —(qy—a5)(v/ py) ( )
. = ((SH—=YH)/ pg) (V" Vyag) —(EVP/py)(Vyp - VySp) (2.27)

£ Vig Visp)dg—ap) —=(Vyp - Vi) (s —sp) '
We = wp=V, - (V,zH). (2.28)

The processes accounted for by this non-precipitating version of the model are sketched in

Fig. 2.1.

From this point on, whenever the mixed-layer model (MLM) is mentioned, we

mean the non-precipitating version of the mixed-layer model described in this section.

2-B: Model input data
2-B-1 Run with NCEP re-analysis data

For the runs with NCEP re-analysis data, the model domain covers the Pacific from

120°E to 80°W and from 20°S to 20°N. The input data fields are provided on a
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2.5°x2.5° longitude-latitude grid (65x17 grid points). The gradients of dry static energy
and water vapor are approximated using centered differences on the same grid, using one

additional grid point at the edges of the domain.

The expression for the cumulus mass flux velocity w. includes a horizontal

gradient of the PBL depth H (see (2.28)). To avoid boundary layer issues, the w, field is

one grid point smaller at each boundary.

All input fields, except for precipitation, are from the monthly mean NCEP re-
analysis product (ds090.2) obtained from the Scientific Computing Division's Data
Support Section (DSS) at the National Center for Atmospheric Research (NCAR).

Geopotential height, relative humidity and temperature are provided on pressure levels
and on a 2.5°x2.5° longitude-latitude grid. The surface fields (sensible heat flux, latent
heat flux, net longwave flux, sea-surface temperature, 10m winds) came on a Gaussian
grid (T62, even grid spacing of 1.875° in longitudinal direction, and uneven spacing in
latitudinal direction of roughly 1.9°) and were remapped onto a regular longitude-latitude

grid with code provided by DSS. The longwave radiative heating rate used to calculate the

radiative cooling of the atmosphere is provided on the 26 sigma levels of the model
(o = P/ Pyfer where Pfe is the surface pressure), and on the Gaussian grid. Using the

relationship

dF,.
‘2—{ - i(ﬁ) , (2.29)
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Figure 2.2: Schematic of 0 levels and net longwave fluxes.

the net longwave-flux difference between the surface and the pressure at o = 0.7761 is

calculated from the longwave radiative heating rate:

W, = ) i =) oY rfe-Y]. e

Here, (AF,,,), isthe net longwave flux difference between the pressure levels o + % and

o-— % . (‘;—D is the longwave radiative heating rate on a sigma level as provided by the
O

NCEP re-analysis. The minus sign makes sure the radiative cooling factor y (defined

below) has the correct sign. We define

7
AF,e = 3 (AF

net

(2.31)

net)g
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as the net longwave flux difference between the pressure at o = 0.7761 and the surface.

v, the linear radiative cooling factor should be the longwave radiative cooling of the

boundary layer per height, not per pressure, and is therefore given by

y = A, &P ). (2.32)
Po=0.7761 ~Pstc

In order to keep the system of equations simple enough to solve analytically, the radiative
cooling depends only linearly on height. The choice of the factor y is somewhat arbitrary,

and alinear fit does not describe the height dependence of the radiative cooling accurately,

but this simple height dependence should be preferable to a prescribed constant.

The mixed-layer dry static energy, s, is calculated from temperature and

geopotential height on the 1000 hPa pressure surface. The bulk water vapor mixing ratio

qp isthe saturation mixing ratio at sea-surface temperature and sea-level pressure.

The dry static energy in Joules at a given pressure level (here e.g. 600 hPa) is

calculated as
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where s, is the dry static energy at 600 hPa, ¢, is the specific heat of air at constant

pressure, T, is the air temperature at 600 hPa in Kelvin, g is the gravitational

acceleration and GPH, is the geopotential height at 600 hPa. The water vapor mixing

ratioin kg kg_l at 600 hPais calculated as follows:

%

= 0.622—F— | -
A0 600hPa—V (2.34)
whereV is the vapor pressure at 600 hPain hPa:
Teoo—273.16
6.1078 exp(17.2693882 Tno ) )
(Typo —273.16 +237.3)
P o - (2.35)

100

RH, istherelative humidity at 600 hPain % as obtained from the NCEP re-analysis.

The dry static energy above the boundary-layer top increases close to linearly.

Since the observed trade wind inversion height frequently lies around 800 to 850 hPa, the

850 hPa pressure level is not a safe choice for the above-boundary-layer value s, . Instead,

the dry static energy is linearly extrapolated downward from the 600 hPa and 700 hPa

levelsto approximately 800 hPa. The sameis done for g, .

Since stratocumulus clouds tend to precipitate little (on the order of 1 mm day_l

or so), considering these clouds to be part of the PBL (as is implicitly done by the
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application of radiative cooling to the PBL, and not to a separate cloud layer) should be

acceptable.

The model is run for the months January, April, July and October of 2001. The
year is chosen to coincide with the East Pacific Investigation of Climate (EPIC,
September/ October 2001). April is the month with the most apparent double-ITCZ

structure, and January and July are typical test months.

2-B-2 Run with GCM output data

The output from the GCM that the MLM is compared to in Chapter 3 is remapped
from the geodesic grid onto a 1.125° x1.125° longitude-latitude grid. The geodesic grid is
created by subdividing an icosahedron’s triangular planes multiple times and projecting
the new vertices onto a sphere. Fig. 2.3 shows an icosahedron and the geodesic grid on a
sphere. The MLM has been adapted to this 1.125° x1.125° grid size for the runs with
GCM data input. Accordingly, the domain size is dlightly different, but the fields have
been plotted over the same domain asis used for the re-analysis runs. More information on

a) b)

Figure 2.3: a) Icosahedron and b) geodesic grid
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the GCM run and datais given in Chapter 3.

2-C: Observations
2-C-1 EPIC

During the East Pacific Investigation of Climate (EPIC), the Ronald H. Brown
traveled along the 95W meridian from 12N to the Galapagos Islands (see Fig. 2.4) on the
first leg of its cruise. During the first leg, a total of 124 radiosondes were launched. The
majority of these launches took place near 10° N, 95° W, where the ship remained more or

less stationary from September 12th through October 1st 2001.

On the second leg of the cruise, atotal of 116 radiosondes were launched from the
NOAA ship Ronald H. Brown between October 9th and 25th 2001. The sondes used were
Vaisala RS80 sondes utilizing GPS tracking to determine the winds. The cruise track is

shownin Fig. 2.5.

During the first leg of the cruise, the focus was on the temporal variation of the
atmosphere, whereas the second leg explored spatial variations aswell. Therefore, the data
obtained during the second leg of the Ronald H. Brown’s cruise is of more interest for this

study.

Over approximately the same time period as the radiosonde launches during the
first leg, the NSF C-130 aircraft released 181 dropsondes on fourteen days between 12° N

and the Equator. Eight of the flights traveled along the 95° W meridian from about 12° N

to the Equator, the others stayed further north in the ITCZ.
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Figure 2.4: Cruise track of the Ronald H. Brown, Leg 1

2-C-2 TOGA/COARE

The Tropica Ocean Global Atmosphere/Coupled Ocean Atmosphere Response

Experiment (TOGA/COARE) took place from 1 November 1992 through 28 February
1993 over the west Pacific (10° S to 10° N and 140° E to 180° E), and involved several

ships and aircraft and numerous island stations.
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Figure 2.5: Cruise rack of the Ronald H. Brown, Leg 2
The mixed PBL was not a focus of TOGA/COARE, and there has been little

evaluation of the data on this subject. Since data evaluation is not the primary objective of

this study either, radiosonde data from only one of the island stations (Thursday Island at
142.2° E, 10.6°S) is used in this thesis for a general overview of the lower atmospheric

conditions in the warm pool region (see Chapter 5).
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2-C-3 MODI S cloud-top pressure

The Moderate Resolution Imaging Spectroradiaometer (MODIYS) is one of five

instruments aboard the Terra Earth Observing System (EOS) platform. Among the cloud

top properties from the MODIS product is cloud-top pressure. It is inferred with a CO,

slicing technique discussed in detail by Menzel et al. (1983) and Wylie and Menzel (1999).
The cloud-height accuracy increases as the observed cloud signal (clear sky minus

measured radiance) increases. Unfortunately, for clouds lower than 700 hPa, the cloud

signa decreases and the CO, dlicing technique cannot be used. Instead, the cloud-top

temperature is determined from the 11—u m infrared band, assuming the cloud is optically
thick, and the cloud-top pressure is assigned by comparison to the NCEP Global Data
Assimilation System (GDAYS) temperature profile (Platnick et al., 2003). The cloud-top

pressure is provided as monthly mean or daily meanona1°x1° grid.

2-C-4 LITE and GLAS

Another way of measuring the PBL depth from space was explored during the
Lidar In-space Technology Experiment (LITE). A three-wavelength backscatter lidar
developed by the National Aeronautics and Space Administration’s (NASA) Langley
Research Center was mounted on a space shuttle collecting data for eleven days in
September 1994. For a comprehensive overview of the mission refer to Winker et al.

(1996).

The PBL top is frequently marked by a sharp gradient in aerosol concentration,
which can be detected by the lidar. The PBL depth can be determined by locating the
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surface and the aerosol gradient that marks the PBL top. This was done manually for 5337
points along the footprints from LITE (Mark Branson, personal communication).
Unfortunately, the temporal and spatial coverage of the data were very limited, and are of

little use here.

On January 26, 2003 the Ice, Cloud, and land Elevation (ICESat) satellite was
launched with the Geoscience Laser Altimeter System (GLAS) instrument aboard. This
instrument retrieves the PBL top in asimilar manner as was done in the LITE experiment,
using two lasers at wave lengths of 532 nm and 1064 nm. More information about
NASA's ICESat mission can be found in Goddard Space Flight Center publication
ICESat, Ice, Cloud, and land Elevation Satellite, September, 2002 (FS-2002-9-047-
GSFC). In October 2003, preliminary data became available. The project is still in its

beginning phase, though. More on this data can be found in Chapter 5.
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Chapter 3: Comparing the GCM and the ML M

The Colorado State University General Circulation Model (CSU GCM) uses a
mixed layer scheme very similar to the MLM described in Chapter 2. One might therefore
expect that, given the same initial conditions, both models would produce the same
monthly mean PBL depth, entrainment and cumulus mass flux velocities. As it turns out,
thisis not the case. The major difference between the modelsisthat the GCM predicts the
PBL properties on a very short time step, while the MLM diagnoses the PBL properties
from monthly mean fields. This chapter discusses the impact of neglecting the short
temporal variability in the MLM. Any weaknesses of the MLM discovered here may then
be of use when interpreting the results of the MLM runs using other input data, as in

Chapter 4.

3-A: ThePBL in the GCM

The version of the CSU GCM used here runs on a geodesic grid with 10242 cells
in the horizontal (this corresponds roughly to a 250 km grid spacing) and 17 levels of a
modified o coordinate from the surfaceto 1 hPa (Ringler et al. 2000). Except for radiation
and convection, which are calculated hourly, the time step is 200 s. The model uses the
Fowler-Randall-Rutledge microphysics (Fowler et a. 1996 a, b & ¢) and a modified

Arakawa-Schubert scheme for convection (Pan and Randall, 1998; Ding and Randall
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1998; Fowler and Randall, 2002). Radiation is included using the Harshvardhan scheme
(Harshvardhan et al. 1987). Land-surface processes are parameterized with the Simple
Biosphere Model Version Il (SiBII; Sellerset al. 1996 a & b, Randall et al. 1996). At the
lower boundary, seasonally varying SST, sea ice distribution and thickness, vegetation
types, surface albedo and roughness as well as realistic topography are applied. In thisrun,

the model uses the climatological SST for April.

The CSU GCM uses a time-dependent boundary-layer model that is otherwise
very similar to the one described in Chapter 2. However, the GCM uses potential
temperature instead of dry static energy for the third conservation equation. All

precipitation falls through the PBL without evaporating.

We will use results from arun in which the contributions to the mass, moisture and
potential temperature equations in advective form have been saved at every time step and
subsequently averaged over a month. The GCM guarantees that the three variables, mass,
potential temperature and water vapor mixing ratio, are truly conserved at every time step.
Hence, the monthly averages of those contributing terms in all three equations are

guaranteed to satisfy the monthly mean conservation equations exactly:

g_’;: —V () +E-M

d
7w lap) = — (w5 Vap) + E(gy—qp) + EVP (31)

70(0) = (7,5 VO,) + E(6,,~6,) + SH-RC
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The GCM uses pressure thickness = = Ap/g asameasure of the PBL mass. £ = wyp

and M = wp are the entrainment mass flux and the cumulus mass flux respectively. In

contrast to the set of equations (3.2), (3.1) includes all tempora covariances for the
transport terms, the entrainment terms and the time-rate-of-change terms. The GCM aso

has a varying density.

This is an important difference from the MLM, in which we assume that the

monthly mean variables approximately satisfy the conservation equations:

0 = =poV), - (HV,5) + Powp = PoWc
0= —p,V, - (HqgV,5) + DoWpdy—PoWedp + EVP (3.2)

0 = =pgV,, - (HspVyp) + Powgsy—Powesg + (SH—TH)

As an example, compare the entrainment terms of the moisture equation: We see
that in the GCM, the moisture entrainment is calculated at every time step and the
complete term then averaged over the month: pw,(q;—gz). In the MLM, the
entrainment velocity and the water vapor mixing ratios are first averaged over the month,

then the moisture entrainment is calculated: p,wq,;—PoWq5- This way of calculating

the terms does not account for temporal covariances, as discussed below, and so may be

too simplistic to describe reality.

Fig. 3.1 to Fig. 3.16 show the monthly mean fields of the GCM run for a

climatological April.
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The moisture and potential temperature fields as shown in Fig. 3.1 through Fig. 3.4
show moist, warm air over the west Pacific and in the equatorial region in the central and
east Pacific. The air becomes drier and cooler towards the poles, both in the mixed layer
and above it. It is particularly cool and dry off the Chilean and Californian coasts, as

would be expected in regions of subsidence over the cold ocean. The average value for the

water vapor mixing ratio above the PBL top lies around 13 g kg_l . Measurements (e.g.

radiosonde profiles) suggest that this value should be in the single digits. The domain

averaged water vapor mixing ratio jump over the PBL top is only about 4.2 g kg_l , and

the domain averaged potential temperature jump about 3 K.

The surface evaporation (Fig. 3.5) has a pronounced maximum of about 10 mm/

day just off the Mexican coast. The evaporation is particularly low along the Chilean coast

and the cold tongue (~3 mm day_l ). Over therest of the domain it lies roughly between 4
and 7 mm/day with larger values in the central north Pacific and along the SPCZ, lower

values in the north-west and south-east of the domain.

The monthly mean surface sensible heat flux (Fig. 3.6) is rather small over most of

the domain, ranging between -10 W m™ and10 Wm . Itis negative in large portions of
the domain, including the west and south-central part of the domain, as well as along the
Equator from the date line to the American coasts and along the coaststo 20° N and 20° S.

The sensible heat flux is largest in the central Pacific around 20° N with values up to 50

Wm?>.
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The radiative cooling (Fig. 3.7) is strongest (~60 W m_z) in the south-east quarter

of the domain where we would expect extensive stratus decks, and it is smallest (~10

W m_z) in regions where we would expect deep convection: the warm pool, the SPCZ and
off the Mexican coast. When divided by the depth of the PBL to calculate the radiative

cooling factor y (Fig. 3.8), the field retains its maximum in the eastern subtropical Pacific,

but the center of the warm pool shows up as another maximum (~0.06 W m_3). Thisis

due to the low PBL depth over the warm pool. The rest of the domain has a relatively

uniform radiative cooling factor of 2to 3 W m”.

The only significant stratiform rain, as classified by the GCM’s precipitation
scheme, (Fig. 3.10) falls along 5° N from 150° W to the American coast and around the
Hawaiian Islands with maximum values of about 7 mm/day. The mgjority of rain falls
from convective systems in the warm pool, along the south Pacific convergence zone
(SPCZ) and off the Mexican coast and, to a lesser amount, along the ITCZ. It should be
noted that the SPCZ is oriented amost parallel to the Equator, with only a small tilt
towards the south. Nature does show a tendency towards a double ITCZ in the northern
spring, but the SPCZ’s orientation may also be due, at least in part, to a tendency in the

GCM to produce an unredlistic double ITCZ.

The incidence of PBL stratus clouds (Fig. 3.11) as recognized by the GCM is high

in the north-east and south-east parts of the domain, as well as over the cold tongue. The

incidence is somewhat lower along 10° Sin thisarea. There is aminimum off the Mexican
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coast where the convective rain has a maximum. The incidence of PBL stratus clouds in
the western half of the domain is small. The areas of stratiform clouds do not match up
very well with the regions of dtratiform precipitation. As mentioned before, all
precipitation in the GCM originates above the PBL. Hence, it should not be surprising,

that the incidence of PBL clouds does not match the (above PBL) stratiform precipitation.
The divergence of the 10 m wind shows convergence in the ITCZ, SPCZ and in
part of the warm pool area. The strongest divergence occurs off the Chilean coast. Over

most of the domain, the divergence ranges between -1 and 1 x10757"

The cumulus mass flux (Fig. 3.13) very closely follows the structure of the

convective precipitation with maximum velocities around 1 cm s”'. Convective

precipitation and cumulus mass flux velocity scae almost linearly with 10 mm/day

precipitation corresponding to 1 cm s”' cumulus mass flux vel ocity. A close relationship

between those two properties should be expected, of course.

The entrainment velocity (Fig. 3.14) has maxima around 2.5 cm s in the
stratocumulus regions. off the south American and Californian coasts. In the warm pool

region and along parts of the SPCZ, the entrainment velocity is close to zero. Right along

the coasts, it is negative (~ -0.4 cm s ), resulting in a net upward velocity. This means, as
the PBL collapses, the PBL top “falls’ through the air, and boundary layer air is crossing

the PBL top into the free atmosphere. Since the GCM uses an upstream scheme, the air
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rising out of the PBL has PBL properties. The MLM does not use the upstream scheme.
Hence, a negative entrainment velocity in the MLM would transport air out of the PBL
that has the properties of above-PBL air. Since this case is non-physical anyway, and
indicates that the MLM does not work properly in this particular region, we are not too
concerned with the characteristics of the air transported by such negative entrainment. The
entrainment velocity in the GCM should never be negative either. A short discussion of a

possible explanation for this behavior follows in Chapter (4-C).

The monthly mean PBL depth (Fig. 3.16) is low over the warm pool and along the
SPCZ, as well as along the South American coast and off Mexico. Since al rain fallsfrom
above the PBL, the PBL corresponds most closely to the subcloud layer in those regions.
The central and south-east Pacific area has a uniform PBL depth of about 1200 m. Thereis

no indication of the ITCZ in the PBL depth field.

3-A-1 Summary

Two fields that don’t agree with general observations very well are the above-PBL -
top water vapor mixing ratio (too moist), and the surface sensible heat flux, which is
negative over large areas of the domain. The GCM does produce a very nice and smooth
PBL depth of reasonable magnitude and structure. It is alittle surprising that, even though
most fields clearly show a signature of the ITCZ, thereis no indication of the ITCZ in the
PBL depth. Although the GCM isrun for April, a month in which a southern hemispheric

ITCZ can often be observed in the eastern Pacific, there is no indication of adouble ITCZ

east of 120°W in any of the fields. However, the SPCZ is rather parallel to the Equator.
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The entrainment velocity is largest in the stratocumulus regions and small in deep

convective regions. Unfortunately, it is negative close to the continental coasts.

Overal, the GCM seems to do a good job of describing the PBL over the tropical
Pacific. Thisisfortunate, as, lacking large coverage observational data, we want to use the

GCM output for comparison with the more simplified MLM.

The monthly mean of the GCM fields for sensible heat, evaporation, radiative
cooling, water vapor mixing ratio and dry static energy calculated from the GCM potential
temperature will be used as input for the MLM in the next section. These fields will be
referred to as ‘GCM data input’ for the MLM run. They are not, however, input for the

GCM run, but are output from the GCM run.

3-B: MLM resultswith GCM data input
Fig. 3.16 to Fig. 3.19 show the PBL depth, entrainment and cumulus mass flux
velocities of the MLM run with the monthly mean GCM fields for sensible heat,

evaporation, radiative cooling, water vapor mixing ratio and dry static energy calculated

PEL Depth from MLM, Run with GCM Input

L
0.0 300.0 BC0.0 a00.0

I
12C00.0 1500.0 1800.0 2100.0 2400.0 2700.C 3000.0

Figure 3.16: PBL depth calculated by MLM from GCM input. White
areas (other than continents) indicate above-scale values.
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Entrainment Velocity from MLM, GCM input

—-1.28 —0.86 —C.43 0.0 .43 0.88 1.28 1.71 214 257 3.00
Figure 3.17: Entrainment velocity calculated by MLM from GCM
input. White areas (other than continents) indicate above-scale
values. Same scale as in Fig. 3.14.

Entrainment Velocity from MLM, GCM input

Figure 3.18: Same entrainment velocity as in Fig. 3.17, but on a
different scale to show more detail.

Cumulus Mass Flux Velocity from MLM, GCM Input

[em/s]

L I
—0.33 —0.00 0.33 0.67 1.00 1.3% 1.87 200 2.33 287 3.00

Figure 3.19: Cumulus massflux as calculated by the MLM from GCM
input fields. White areas (other than continents) indicate above-
scale values.

44



from the GCM potential temperature.

Comparing the PBL depth as predicted by the GCM (Fig. 3.15) to the PBL depth
calculated by the MLM (Fig. 3.16) reveals some important differences. Right along the
American coast line, the PBL depth calculated by the MLM has several local maxima. In
the central and south-east Pacific, the PBL depth lies around 900 m rather than the 1200 m
predicted by the GCM. Most importantly, the MLM produces a pronounced ridge along

the ITCZ that is absent in the GCM.

The MLM produces an all positive entrainment velocity with a maximum along
the ITCZ and minima in the west and north-west areas of the domain. The magnitude of
the entrainment in the MLM is more uniform over the domain than that of the GCM, asis

illustrated in Fig. 3.17. The entrainment velocity in the MLM ranges mostly between 0.4

and 1.3 cms ', compared to a range of -0.8 to 2.5 ¢cm s™' in the GCM. The spatial
distribution of maxima and minima has not changed much (compare Fig. 3.14 to Fig.
3.18), with the exception of large entrainment velocities along the ITCZ in the MLM
coincident with large PBL depths in the MLM. It should be noted that the radiative
cooling used to calculate the entrainment velocity in the MLM depends linearly on the
PBL depth. A deeper PBL leads to stronger radiative cooling, which in turn leads to
stronger entrainment. This relationship is consistent with the theory that radiative cooling
at the top of the PBL drives more vigorous turbulence in the PBL, which in turn enhances
entrainment and deepens the PBL. Building this linear dependence into the model

eguations was essential for the MLM to produce positive entrainment velocities.
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Most, but not all, of the structure in the cumulus mass flux velocity plot (Fig. 3.13)
from the GCM has been lost in the MLM (Fig. 3.19). The cumulus mass flux velocity is
largest along the ITCZ and off the coast of Mexico, with a secondary maxima along the

SPCZ and in the warm pool. The maximum values are approximately double those of the

GCM cumulus mass flux velocity (3 cm s vs 15 cms ). While in the GCM, areas
without convective precipitation correspond to areas without cumulus mass flux, thisis not
the case in the MLM. Here, the cumulus mass flux is small, but positive in areas without
convective precipitation. This may be interpreted to mean that shallow convection without
significant precipitation is occurring. The noise, including the small areas of negative
cumulus mass flux velocitiesin Fig. 3.19, are presumably aresult of the finite differencing
scheme used to calculate the cumulus mass flux velocity in the MLM. As discussed in
Chapter 2, the cumulus mass flux velocity is calculated last from the mass conservation

equation, using the PBL depth and entrainment velocity that were just diagnosed:
The horizontal gradient is approximated by a centered difference:

ug(i+ 1, /))H(i+1,j)—ug(i—1,j)H(i—1,)
2Ax(j)

VB(i,j+ 1)H(i,j + l)—vB(i,j—l)H(i,j—l)

2Ay

WC(laj) = WE(Z’]) -
(3.4)
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w, iscalculated on a domain one grid point smaller at each boundary to avoid boundary

conditions. A very steep gradient in PBL depth (as along the ITCZ, for example) in
combination with alow entrainment velocity will therefore lead to negative cumulus mass
flux velocities. Also, any small-scale variability in the PBL depth will lead to a highly

varying (“noisy”) mass flux velocity.

3-B-1 Summary

One of the MLM’s improvements over the GCM’s output is the all-positive
entrainment velocity. This is due to the introduction of a linear dependence of radiative
cooling on PBL depth in the MLM. Prior to the introduction of this functionality, both

PBL depth and entrainment velocity were negative over parts of the domain.

Surprisingly, the MLM’s PBL depth agrees best with the GCM’s PBL depth in the
warm pool region. Overall, the MLM tends to underestimate the PBL depth over most of
the domain, the exception being the ITCZ, where the PBL depth is extremely large. The
weakest field out of the MLM output is the cumulus mass flux velocity field. It is strongly
influenced by noise from the finite-difference scheme. On the positive side, the cumulus
mass flux velocity is negative over only very small regions for the MLM run with GCM
datainput. As discussed later, thisis not aways the case when the MLM is run with NCEP

re-analysisinput.

The next section will explore the influence of the steady state assumption made in

the MLM on the differences between the PBL properties (depth, entrainment and cumulus
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mass flux velocity) of the GCM run and the MLM run with GCM datainput.

3-C: Sengitivity of the MLM to the steady state assumption

The MLM from Chapter 2 is based on the assumption that the time-rate-of-change
terms disappear, and that al covariances are zero. It replaces al variables in the three
conservation eguations by monthly means and assumes steady state. Comparison with the
GCM gives us a chance to assess how good these assumptions are. As Fig. 3.16 to Fig.
3.19 show, the MLM does not perform all that well when applied to the monthly mean
GCM data. This section will further explore which assumptions and simplifications are

primarily responsible for these differences.

The residuals of the full monthly mean terms as they appear in equation (3.1) and
the corresponding terms calculated from time-averaged variables have been given names
(see Table (3.1)) and, when included in the PBL model equations as corrective constants,

reproduce the *perfect’ set of equations (3.1):

GCM PBL depth — MLM PBL depth

I L
—2000. —1682, —1385. —1077. —76%. —482. —154. 154, 462, Teg. 1077 13BE. 1892, 20000

Figure 3.20: Difference plot: GCM PBL depth minus MLM PBL
depth. Black indicates areas of below-scale values.
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ml = =V (V) —m2+E—M

gl = —(av, - Vqz) —q2 +E(q,;—qp) + g3 + EVP

01 = —(7V,, " VO,)—02 + E(6,— 0,) + 63 + SH—RC

Table 3.1: Correcti ve terms: covariances and time-rate-of-change terms

(3.5)

E(6;,—05) —E(8— )

direct effect Comments
if term >0
ml a_ﬂ increases / | disappearsfor alongterm
at average
m2 V- (aV, ) -V (7V,5) reduces H small
gl 6( ) moistens ‘
Tords zn’<_B>' small
91 PBL ;)
q2 (—WhB Vap) —(ﬁVZ; ) V_qB) dries PBL
q3 o o N F(a moistens
E(qH_qB)_E(qH_qB)
PBL
01 9 warms PBL
7 108) - (27 smal
62 (V5 VOg) —(7V, 5 VOg) cools PBL
03 warms PBL

By setting the residua terms to zero, singly or in combination, we can test the

sensitivity of the MLM to those terms. Neglecting all terms leads to a low PBL depth in



regions where little or no convection is expected, and to an excessively deep PBL in
regions of convection (Fig. 3.16), as described in the previous section. Fig. 3.20 is a

difference plot of GCM and MLM PBL depths.

Looking at the individual terms that contribute to this result, we find that the terms
from the mass equation, m1 and m2 , do not contribute much (on the order of meters) and
can be neglected. The time-rate-of-change terms ¢1 and 61 are completely neglected in

the MLM. Using Reynolds averaging, it becomes more apparent that neglecting these

termsreally corresponds to a combination of two assumptions.

gl = 7153 + ﬁ(%’ﬂ' (3.6)
01 = J"ra_?g + w(%fB)' (3.7)

We assume that the time-rates-of-change of ¢, and s, are small in the monthly mean and

that the covariance of PBL depth & and the time-rate-of-change is small. In fact, the

covariance terms dominate the expressions for 81 and ¢ 1. Knowing that the PBL depth
has a well developed diurna cycle, especially over land, is an indication that the

covariances are probably not negligible.

Asit turns out, when both g1 and 61 are neglected in the MLM, their effects on

the PBL depth tend to cancel each other in most areas of the model domain. The most
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GCM PBL depth — MLM FPBL depth without th2 and g2

I
—1GC0. —848. —-682. -53B. -3B5. —-231. -7V 77, 231, 385, 538, 892, 848, 1GCO0.

Figure 3.29: Difference plot of GCM PBL depth minus MLM PBL
depth from model equations including all corrective terms except

g2 and 02 .Black indicates areas of below-scale values. The black
solid line is the zero contour.

notable exception isthe ITCZ, where neglecting the both of the terms leads to a deepening
of the PBL on the order of several hundred meters (Fig. 3.21 to Fig. 3.23). This suggests a

high temporal variability in this region.

Similarly, the effect on the PBL depth of neglecting terms ¢3 and 63 tend to
cancel each other (Fig. 3.26), with a net effect of deepening the PBL by about 100 m over
most of the domain, and strongly deepening the PBL along the ITCZ. However, the
separate contributions from ¢3 and 03 arevery large, if of opposite sign (Fig. 3.24 and

Fig. 3.25). ¢3 is negative over most of the domain, and positive in the stratocumulus

regions, 63 positive most of the domain and negative in the stratocumulus regions. The
exceptions are the warm pool and the SPCZ, where both terms are close to zero. This
means that larger than normal entrainment fluxes coincide with smaller than normal jumps
of moisture and potential temperature across the top of the PBL in the stratocumulus
regions, and larger than normal entrainment fluxes coinciding with larger than normal

jumps of moisture and potential temperature over the rest of the domain, in particular over
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and near the continents.

In Fig. 3.30 a) and b), theterms ¢3 and 63 are plotted against the monthly mean
entrainment velocity for al ocean grid points. The figures show a linear relationship

between the covariances and the monthly mean entrainment velocity. In the GCM’s

entrainment parameterization, a small (large) PBL top jump in 6 favors large (small)

entrainment. It is harder, so to speak, to entrain air through a very stable PBL top marked
by alarge PBL top jump. In Fig. 3.30, large entrainment coincides with large positive ¢3

and large negative 63 , small entrainment coincides with large negative ¢3 and small

negative 63 . Thisillustrates the fact that the terms w (g, —q5) and wy (0, —05) vary

less over the domain than w (6, — 05) and wy(q,;—q5) . A theory asto why thisis the

caseisasfollows:

In the stratocumulus regime, the general setup of the circulation, consistent with

a) b)

Scatterplot of term g3 ws, monthl¥ meaan Scatterplot of term th3 vs. mont‘hlg mean
entrainment velocity, ccean peints only entrainment velecity, ccean peints only
NPT T g
E .

o
¥

th3, 183+[K+m 5]

s ] ST PETRTRTI P

il i
-1 0 1 2 3 -1
manthly mean entrainment velocity, [em/s] monthly mean entrainment, [em/s]

Figure 3.30: Scatterplots of a) g3 vs. the monthly mean entrainment velocity and b) 63
vs. the monthly mean entrainment velocity, only grid points over the ocean are included
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the monthly mean fields, is such that large entrainment through a PBL top with large

jumps in potential temperature and moisture is balanced by strong divergence in the PBL.
The covariances in this region act to restore balance in this system: when the jumpsin ¢

and 0 arelarger than average, smaller-than-average entrainment is sufficient to supply the
PBL with sufficient dry and warm air to maintain balance. When the jump across the PBL
top is smaller than average, larger entrainment is needed to maintain balance. In regions
with low monthly mean entrainment, the majority of the entrainment has to occur through

“eddies’, i.e. the time-varying part of the entrainment. Thisis most effective when alarge

entrainment velocity coincides with large jumpsin ¢ and 6 across the PBL top.

Thistheory may answer the question of why the covariances have opposite signsin
regions with large entrainment vs. regions with small entrainment, but it does not answer
the question of why same-type covariances for ¢ and 6 have opposite effects on PBL

depth.

Looking at the MLM equations, we see that the mixed-layer values ¢ and 6, are

fixed input parameters. The combination larger-than-average PBL top jump and smaller-
than-average entrainment effectively moistens and cools the PBL compared to the case
without covariances. In the potential temperature equation, this is straight-forward: The
PBL cools and entrainment is reduced, hence the PBL becomes shallower. In the moisture
equation however, things are not as simple. Even though entrainment decreases here as

well, the PBL deepens. Thisistheresult of the fixed mixed-layer water vapor mixing ratio.
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Since the PBL also becomes moister, and the mixing ratio cannot change, the PBL depth
has to increase. The fact that the effectsof ¢3 and 63 cancel in this particular setup isa
direct result of the MLM’s formulation and has no true physical interpretation. In the
GCM, where changes in the water vapor mixing ratio are possible at every time step, this

should not be the case.

The corrections to the advective terms (g2 and 62), i.e, the time-varying
advections, seem to account for most of the discrepancy between the GCM’s PBL depth
and the MLM model’s output in the non-convective regions. Taken separately, their effect
on the PBL depth is not as striking asthat of ¢3 and 63 , but g2 and 62 both act in the
same direction, and neglecting them decreases the PBL top significantly over the non-
convective regions, and increases it over the convective regions, particularly along the
ITCZ (Fig. 3.28). Bothterms ¢g2 and 62 are positiveinthe I TCZ, SPCZ and warm pool,
and negative in the non-convective regions. The zero contours are virtually identical with
the ones in Fig. 3.27 and Fig. 3.28, but the colors are reversed. The terms ¢2 and 62
have the effect of cooling and drying the PBL in the convective regions, and moistening
and warming the PBL in the non-convective regions. As discussed above, a moistening of
the PBL, all other things being equal, leads to an increase in the PBL depth due to the
fixed PBL water vapor mixing ratio. Similarly, a warming of the PBL increases the PBL
depth. Hence, both terms g2 and 62 act to deepen the PBL in the non-convective

regions, and reduce the PBL depth in the convective regions.
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FBL Depth from MLM,
gq—term_2 and th_term_2 are the only corrective terms

L
0.0 300.0 BC0.0 a00.0

I
12C00.0 1500.0 1800.0 2100.0 2400.0 2700.C 3000.0

Figure 3.35: MLM PBL depth, only corrective terms in model
equations are g_term_2 and th_term_2.

A closer look at g2 and 62 reveals that those two terms are actually made up of

several covariances.

g2 = (nv, 5 - Vqg)— (7,5 Vq,) =

t t 1
q_ erm_O_ E erm_ (3.9)
(JTCVhBl * Vun) + (ﬂ:lvhBl * VqB) + (VhB ° ﬂ:lqu') + (n'VhBIVqB')
g_term_2 q_term_3 g_term_4 q_term_5
02 = (nv, - VOg)—(7V, 5 VO,) =
h h 1
th_term_0 th_term_ (3.9)

(TV,5 - VO) + (V5 - VOg) + (V- TVOS) + (T, 5'VO,)

th_term_2 th_term_3 th term_4 th _term_5

Not al of these covariances contribute equally to ¢2 and 62 . Including q term 2 and
th_term_2 together as only corrective terms can improve the PBL depth significantly

(compare Fig. 3.35to Fig. 3.16). In particular, the PBL depth in the non-convective region
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is now reasonably deep. Since all the covariances contribute strongly to the PBL depth
along the convergence line, it appears that fluctuations on shorter time scales than a month

in all variables become important.

3-C-1 Summary

It appears that the steady state assumption is not so bad, but neglecting the
covariances, especialy g term_2 and th_term_2, can influence the PBL depth rather
drastically, at least for this particular version of the GCM, and for this sample month.
Including these two covariance terms increases the PBL depth by several hundred meters
and brings the MLM’s PBL depth closer to the GCM’s PBL depth. Since entrainment and
the cumulus mass flux velocity are calculated using the PBL depth, they improve also
when the covariances are included. Whether this is a characteristic of the MLM that is
independent of the input data, or an attribute of the GCM data input, will be addressed in

Chapter 4.
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Chapter 4. The MLM Run with NCEP Re-analysis Data

4-A: NCEP re-analysisinput vs. GCM input

In Chapter 3, the monthly mean fields from the GCM run were used as input for
the MLM run. In this chapter, the MLM is run with four months of monthly mean NCEP
re-analysis input data, which is shown in Fig. 4.1 through Fig. 4.10. The output fields for
PBL depth, cumulus mass flux velocity and entrainment velocity are shown in Fig. 4.11 to

Fig. 4.13.

The GCM input fields are the result of a GCM run for prescribed climatological
SST of the month April. This GCM input is therefore expected to differ from the NCEP re-
analysis input for the months January, April, July and October of 2001, and a direct
comparison of the MLM output from the GCM input run with the output from the NCEP
re-analysis April 2001 run should be approached very cautiously. Rather, what we have
learned about the characteristics of the MLM in comparison to the GCM in Chapter 3
should be used when interpreting the MLM runs with NCEP re-analysis input. This
section discusses the NCEP re-analysis input, in particular how the GCM input differs
from the NCEP April 2001 input, and will attempt to put those differences in perspective

to differences in the PBL properties diagnosed by the MLM.
The monthly mean surface evaporation for April 2001 compares relatively well to
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the GCM’s climatological April evaporation in magnitude as well asin the basic structure:
Low evaporation over the cold tongue in the upwelling regions off the coast of South
America, higher evaporation to the north and the south. The north-south gradient of

evaporation is somewhat steeper in January and April than in July and October.

While the surface sensible heat flux of the GCM is negative over approximately a
third of the domain, it is positive aimost everywhere in the NCEP re-analysis, the

exception being very small regions over the cold tongue and off the coast of Chile. The
GCM'’s sensible heat flux ranged primarily between -10 Wm™ and 10 Wm ™. In the

NCEP re-analysis data, it ranges mostly between 0 and 15 W m™>. The highest fluxes can
be found in the central north and south-east regions of the domain. Again, the north-south

gradient of the flux is somewhat steeper for January and April than for July and October.

The choice of the radiative cooling factor y works out rather well when compared

to the GCM. The overall range of magnitude of y isthe same in the GCM and the NCEP
re-analysis data. The distribution of gamma s also very similar, with the highest valuesin

regions where we expect extensive areas of low clouds: off the South American and
Californian coasts. In contrast to the GCM'’s y, there is no maximum in the warm pool.
Rather, y isvery low in thisregion. Intuitively, this makes more sense than a high v, since

the cirrus clouds associated with deep convection generally reduce the radiative cooling of

the atmosphere.
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The 10 m wind divergence ranges mostly between values of 1x10°s™"  and

—1x10°s™" in all four sample months. Rather broad bands and regions of convergence
mark the ITCZ and SPCZ, aswell as the warm pool. In April, the data show a pronounced
double ITCZ with only sightly stronger convergence in the northern hemisphere. Thereis
a weaker southern convergence zone from 90W to 120W, roughly along 7S in all three
other sample months. The 10 m winds are weak in the warm pool and stronger in the
eastern half of the basin. Compared to the GCM’s mixed layer wind divergence, the 10m
wind divergence from the NCEP re-analysis is overal somewhat weaker and the
convergence lines are broad, more like wide bands. Note the GCM’s mixed layer winds
are not the exact equivalent of the 10 m winds as in the NCEP data. Also, thereis no clear

indication of a southern hemispheric convergence zone in the GCM.

The mixed layer water vapor mixing ratio from the NCEP re-analysis data is about

5¢g kg_l higher over the warm ocean regions than in the GCM, but is approximately the
same over the cold ocean regions. The north-south moisture gradient is a little steeper in

the GCM.

Above the inversion, the GCM’s water vapor mixing ratio is an amost uniform 13

g kg_l . In the NCEP re-analysis, it isin the single digits aimost everywhere, with larger

values over the cold tongue and the warm pool.

The dry static energy calculated from NCEP re-analysis data follow the sea-
surface temperature’s structure very closely. It is high over warm ocean and low over the
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cold ocean. The dry static energy per specific heat varies by ~10 K over the domain in all
four sample months. The strong double ITCZ signature is reflected in the April dry static

energy.

Above the PBL top, the dry static energy per specific heat is much more spatially
uniform. It varies only by 5 to 6 K over the whole domain, in all four months. The clear
warm-ocean signature has been lost, and while the western half of the domain has
generaly higher dry static energies than the eastern, there is very little indication of an

I TCZ-like feature in the eastern half.

4-A-1 Summary

One of the main differences between the GCM data input and the NCEP re-
analysis for April 2001 is that the jumps across the PBL top for water vapor mixing ratio
and potential temperature/ dry static energy are larger in the NCEP data than in the GCM
data. Also, the energy that the PBL gains through the surface sensible heat flux is
significantly larger in the re-analysis data than in the GCM data. To compensate for the
smaller PBL top jumps and less energy supplied at the surface, we should expect the
entrainment velocity to be larger in the GCM data, all other things being equal, in
particular in those areas where the surface sensible heat flux in the GCM datais very low
compared to the re-analysis sensible heat flux (roughly along the equator in the eastern
half of the domain). On the other hand, an upward sensible heat flux strengthens the

turbulence which in turn favors stronger entrainment.

The situation over in the warm pool is similar, except for the radiative cooling
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factor y. While y issimilar in the east Pacific for the GCM and NCEP data, thisis not the

case in the warm pool. Here, the GCM y isamost three times aslarge asin the NCEP y.
This means that the radiative cooling is stronger in the GCM for a given PBL depth, or,
following the MLM’s order of solving the model equations, a shallower PBL depth is
sufficient in the GCM to produce the radiative cooling needed to balance the conservation
equations. This may indicate that the GCM does not produce sufficient cirrus cloudsin the

deep convective regions.

Another difference between GCM data and NCEP re-analysis data is the lack of a
double ITCZ feature in the east Pacific in any of the GCM data fields. Hence, we should
not expect to see any double ITCZ features in the MLM run with GCM data input. The
double ITCZ isevident in most of the NCEP re-analysis fields for April 2001, in particular
in the 10 m wind divergence field, the radiative cooling factor and the mixed-layer dry
static energy. In fact, the 10 m winds converge south of the equator in the east Pacificin all

sample months.

4-B: Model resultswith NCEP re-analysis input

The MLM produces a PBL depth around 800 m over most of the domainin all four
sample months. The PBL depth typically has a pronounced maximum aong the ITCZ and
SPCZ, where depths of 1500 m to more than 3000 m can be reached. On the other hand,
there is a minimum over the cold tongue and extending along the equator, where the PBL
depth can be as small as 300 m. The PBL shows a strong double ITCZ signature in April,

marked by two bands of deep PBL depths, to the point where the southern hemisphere's
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ITCZ appears to be stronger than the northern hemisphere’s. Since the double ITCZ is

evident in most of the April input data, we should expect it to be present in the output
fields also. In the month of January, adouble ITCZ east of 120° W isevident aswell. In all

four months, the SPCZ is rather parallel to the equator, extending to 120°W at 20° S.
Overdl, the variability of the PBL in the NCEP re-analysis data as interpreted by the

MLM islarger than for the CSU GCM.

To an extent, the entrainment co-varies with the PBL depth: it is small over the
cold tongue and along the equator, and larger towards the poles. Inthe MLM, thisis due at
least in part, to the radiative cooling varying linearly with PBL depth. Since entrainment
introduces more mass into the PBL, strong entrainment should make the PBL deeper,
unless mass is removed from the PBL another way (wind divergence, cumulus mass flux).
Apart from the basic structure of low entrainment over the cold tongue/equator and large
entrainment away from it, the field is rather unstructured. The entrainment velocity is
positive and its magnitude lies roughly in the range of up to half a centimeter per second.
This is a significantly smaller entrainment rate than the one found in the GCM. We
anticipated a somewhat smaller entrainment velocity based on the NCEP re-analysis input

data.

The cumulus massflux velocity is very noisy and often negative. Thisisbad, asitis

defined in such away asto be positive in convective regions and zero elsewhere. w . isthe

last of the parameters to be diagnosed and is calculated as w, = wy =V, - (v, zH). We
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have seen that w isfairly small, and that the PBL depth’s spatial variability islarger than

we would expect from the GCM or observations (for discussion of observations, see
Chapter 5). The large gradient of the PBL depth and the weak entrainment together lead to
areas of negative cumulus massflux velocity. With the strong noise, it is hard to say

anything about an underlying structure. Contrasting the months October and April, one

might say that for the month of October, w - islarger along the ITCZ and SPCZ than over

the south-east part of the domain. In April, where other fields show a southern ITCZ as

strong as the northern ITCZ, w. is larger between 10N and 10S in the east Pacific than

polewards of those latitudes.

4-B-1 Summary

Overdl, the MLM does a good job predicting the sign of both the PBL depth and
the entrainment velocity. The magnitude of these two properties is also reasonable,
although the PBL depth tends to be very small over the cold tongue, and very large in
other regions, mostly where we'd expect convection. The PBL depth generally increases
towards the warm pool and ITCZ, which isin contrast to the GCM’s PBL depth, which is
smallest over the warm pool. The entrainment velocity has a minimum over the cold
tongue as well. Since there are fewer observations of the entrainment velocity available, it

is hard to say how well the MLM compares to reality, as we observe it.

A look at the moisture and dry static energy equations may explain why the PBL is

deep in the convective regions:
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EVP

0= _(HVhB'thB)+WE(qH_qB)+T (4.1)
0
H—yH
0= —(thB-vhsB)+wE(sH—sB)+S—pY— 4.2)
0

In the stable regions, for example, where subsidence and surface divergence are
dominant, moisture and dry static energy are advected out of the region, i.e. the advective
terms in (4.1) and (4.2) are positive (negative including the minus sign). Evaporation is
positive over al of the domain and radiative cooling, particularly in the stratocumulus
regions, is large. Hence, in the moisture equation, evaporation will largely balance the

drying due to moisture advection out of the region and the entrainment velocity (for a
fixed PBL-top jump g, —g5) must be small. In the dry static energy equation, both
advection and radiative cooling reduce the PBL dry static energy. To maintain balance,
entrainment (for afixed PBL-top jump s, —s, ) must belarge. To illustrate this argument,

we have calculated the entrainment velocity from the moisture and dry static energy

eguation separately, assuming a uniform PBL depth of 1000m over the domain:

1000 m(V,, ;- vhqB)—Epﬂ’

4 - 0 4.3
e (9y—4p) 43)

1000 m(V, - V,55) — 2= yfomoo m)
K 0

(SH_SB)

3
by
I

(4.4)
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MLM Entrainment velocity from NCEF input, OctD1
frem g eqn” for H=1000m

o 180 =150 —120 —ac

[em/s]

0.00 oG 0.20 0.30 G40 050 0.60 Q.70 G.EBO 0.49c 1.C0

Figure 4.14: W% calculated from the moisture equation only,
assuming uniform PBL depth of 1000 m.

MLM Entrainment velocity from NCEF input, OctO1
from s egn for H=1000m

ol L [
120 150 180 =150 —120 —ac

[em/s]

0.00 oG 0.20 0.30 G40 050 0.60 Q.70 G.EBO 0.49c 1.C0

Figure 4.15: w% calculated from the dry static energy equation only,
assuming uniform PBL depth of 1000 m.

Fig. 4.14 and Fig. 4.15 show the two entrainment velocities. As expected, wi. is

small in the non-convective regions (particularly along the Equator). sz on the other hand

is large in the non-convective regions.

The diagnosed entrainment velocity must satisfy both equations, but only the dry

static energy eguation has the ability to adjust through the variable radiative cooling term.

The moisture equation “wins’ and determines w, in the MLM (compare Fig. 4.14 and

Fig. 4.12 d), observe the different color scales). Since w, is small in the non-convective
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regions, the dry static energy equation adjusts by making the radiative cooling (and
therefore H) very small in order for the warming from the surface sensible heat flux to

balance the cooling due to advection. This results in a very low PBL depth in the

stratocumul us region.

The opposite is the case in the convective regions. Here, moisture and dry static

energy are advected into the convective regions. In the moisture equation, alarge w, must

bal ance the moistening through advection and evaporation. The dry static energy balanced

this additional heating of the PBL through entrainment by increasing the radiative cooling
(and therefore H). As it turns out, the moisture equation determines the entrainment

velocity, and the dry static energy determines the PBL depth.

A solution to this problem would be a modification of the model equations such
that both equations can reconcile their requirements for entrainment without adjusting the
radiative cooling, and with it the PBL depth, in such a drastic way. Adjustable PBL-top
jumps in ¢ and s would alow a modification of the heating and drying through
entrainment by increasing or decreasing the dry static energy and water vapor mixing ratio
of the entrained air rather than the entrainment rate itself. A more physical modification
could be achieved by letting the cumulus mass flux help dry the PBL in the convective
regions by lifting air out of the PBL that is moister than the regular PBL water vapor
mixing ratio. However, both of these approaches complicate the model formulation and

may make it impossible to solve the set of equations analytically.
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Figure 4.18: Locations of the radiosonde observations

The NCEP re-analysis boundary layer scheme is a local-Richardson number
based diffusion scheme. In theory, the PBL can extend through all 28 o layers of the
model, but typically only the five levels closest to the surface are effected (up to
o = 0.856). The model’s shallow convection scheme requires the cloud base of shallow
convective clouds to liein either layer two (o = 0.981) or layer three (o = 0.960). 1. e.
the subcloud layer’s top cannot be higher than o = 0.960, which corresponds roughly to
450 m. The top of the shallow convection cannot extend above layer six (o = 0.884,
~1000 m). This constrains the PBL top, though not an explicit parameter in the re-
analysis, to fairly low atmospheric layers in regions with shallow convection. That being
the case, he low PBL depths produced by the MLM may in fact do a fairly good job at

reproducing the re-analysis PBL depth. The parameterization for deep convection is a

simplified Arakawa-Schubert scheme.

The cumulus mass flux is the variable that the MLM has the most trouble

diagnosing. The absolute magnitude of the cumulus mass flux velocity is on the order of 1
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ems”, which agrees with the GCM’s cumulus mass flux velocity. The noise in the field

and the negative velocities are a problem, though.

In Chapter 3, when the MLM was run with the GCM input data, the diagnosed
variables improved significantly (compared to the GCM’s PBL depth, entrainment
velocity and cumulus mass flux velocity) when temporal covariances were taken into
account. The next section will look at the role of covariances for the NCEP re-analysis run

of the MLM.

4-C:. The steady state assumption, covariances and variability
When the PBL model is used with NCEP re-analysis data, the entrainment

velocity, cumulus mass flux velocity and PBL depth are truly unknown, and we cannot

calculate the covariances that involve those three variables as was done for the GCM in

Chapter 3. The only covariances that can be calculated from the four-times daily re-

analysis product are v, 5'Vg,' and v, ;'Vs,'. The corresponding terms in the GCM where

the ones mainly responsible for increasing the PBL depth over the non-convective regions
to reasonable values. However, compared to the same covariances from the GCM run,
these terms are small and have little effect on the PBL depth when included in the model

equations (Fig. 4.16 a) to Fig. 4.17 b)).

It should be noted that the covariances calculated from the four times daily NCEP
re-analysis data can at best capture fluctuations on the time scales of the diurnal cycle,

while the GCM has a time step on the order of minutes and captures variances on time
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scales from minutes to weeks. Could it be that the variabilities on time scales shorter than

the diurnal cycle are important in the GCM?

To provide a partial answer to this question, we have made an attempt to assess
how well the GCM and the NCEP re-analysis capture the variability of the atmosphere as
measured by radiosondes. Frequent radiosonde measurements are rare and often limited to
short time periods. We have picked eleven points in the domain for which radiosonde
measurements exist. Most of those measurements were made in the wrong season (i.e. fall
or winter instead of April) and the number of samplesislimited. Therefore, the variability
obtained from those measurements should be considered to be only avery loose constraint

on what we can expect from the models.

As ameasure of variability, the standard deviation (X, to avoid confusion with the
vertical coordinate o) of the mixed layer water vapor mixing ratio ¢, dry static energy per

specific heat s/ ¢, and wind speed |v| has been calculated at the thirteen sample points:

s = W(x-x) (4.5)

Table (4.1) lists the latitude and longitude, time period and number of radiosondes of each

location. To obtain a somewhat representative mixed layer valuefor ¢, s/ ¢, and |v| from

the soundings, all measurements between 100 m and 500 m above ground are included in
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the sample. The actua number of measurements from all soundings for each of the
variables is also listed in Table (4.1). Since some of those measurements are from

neighboring layers of the same sounding, not all of the measurements are independent.

The mixed layer dry static energy for the NCEP re-analysis is calculated from

temperature and geopotential height at 1000 hPa. The 10 m winds are taken as mixed layer
winds. For the water vapor mixing ratio, both ¢ calculated from relative humidity and
temperature at 1000 hPa and the saturation mixing ratio at SST are considered. They are

denoted by g,,,, and g*ssr respectively. Since the NCEP re-analysis data is saved every

six hours, there are 120 measurements per variable and location. The GCM saved the

variables every hour, so the sample sizeis 720 for each variable and location.

During the East Pacific Investigation of Climate (EPIC), the ship Ronald H. Brown
stayed for about aweek at (95° W, 10° N) and then traveled along the 95° W median south
to the Galapagos Islands (Leg 1). At the same time, radiosondes where dropped from an
aircraft along the 95° W median from the equator to 10° N. All sondes, ship-launched and
dropped from the aircraft, were divided into two-degree latitude bins and compared to
closest GCM cellsat 0°N, 2°N, 4°N, 6°N, 8°N and 10° N. The re-analysis data comes
ona25°x 2.5° grid, so the points at 0° N, 2.5°N, 5°N, 7.5°N and 10° N were picked

for the NCEP data.

Both models have too coarse a resolution to resolve small scale disturbances, such

as gust fronts. Therefore, we should expect the sonde variability to be somewhat larger
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than the models’ variability. Considering the uncertainties in the observations, both

models do fairly well.

The largest variability of ¢ can be found at San Cristobal for all soundings
spanning over two years. This should not be surprising, since the soundings range over

seasons and years. The subset for April 1999 and 2000 varies only half as much. g,
from the NCEP re-analysis has slightly lower ratio of standard deviation to mean than the

observations. ¢*g¢r vVariesalot inthe ITCZ (EPIC Legl), but is otherwise rather quiet.

The standard deviation of s/c, is in the same range for the GCM and the

observations. The NCEP re-analysis gives slightly smaller values, again. All locations

have similar variabilities.

Comparing wind speeds from sondes, the GCM and the re-analysisis problematic.
The wind can change significantly over short vertical distancesin the PBL, and the winds
compared here are not necessarily representative of the actual mixed layer winds. For the
re-analysis, the 10 m winds were used, the GCM gives us the mixed-layer winds as
calculated by its own routines, and the winds from the radiosonde measurements contain

all winds between 100 m and 500, above ground. Keeping this caveat in mind, the mean
wind speeds of the GCM and the observations lie mostly between 5 m s and9ms .
The re-analysis mean wind speeds range primarily between 2 m s and7 ms . The

standard deviation is largest for the observations (above 2 m s at amogt all locations)
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and smallest for the re-analysis (around 1.5 m s ) with the GCM in the middle (around

1.8 m s_l).

Overal, the re-analysis seems to slightly underestimate the variability of all three
fields compared to both the observations and the GCM. However, as mentioned above,
we'd expect the models to have somewhat lower variabilities than can be found in the
observations. The GCM, having variabilities comparable to the observations, might
therefore have a tendency for too large variability. On the other hand, the GCM can
capture more variability on short time periods than the re-analysis. Spectral analysis can

help determine at what time scales most of the variability lies.

The power spectra (not shown) show that most of the variables (water vapor
mixing ratio and potential temperature in the mixed layer and above the PBL top, mixed
layer wind speed, PBL depth, entrainment velocity) have generally high power at low
frequencies (time periods longer than six hours) and low power at high frequencies. There
are no systematicaly preferred frequencies (i.e. peaks). The exception is the cumulus
mass flux, which shows significant spectral peaks around 7.2 hours, 5.2 hours and 3.5
hours in most of the locations in convective regions. This may well have to do with the
convective scheme’stime scale. Overall it appears as though the GCM’s power lies mostly
in time scales that can be resolved in the NCEP re-analysis data. Therefore, the larger
variabilities of the GCM compared to the re-analysis are likely not due to the differencein

time resolution.
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A look at the actual time series of entrainment velocity, cumulus mass flux velocity
and PBL depth shows a lot of variability in al three variables. Fig. 4.19 and Fig. 4.20
show the Galapagos and Chuuk locations, Fig. 4.21 alocation at a GCM grid cell center
one cell removed from the south American coast at 81.1° W, 2.8° S. The Galapagos and
Chuuk plots are good representatives of all non-convective and convective locations,
respectively. The third location is chosen in an area with negative entrainment velocity.
The GCM predicts the PBL top, i.e. the top of the turbulent layer. We should keep in mind
that the definition used to determine the PBL top from soundings, where the base of the
temperature inversion is taken to be the top of the PBL, is different. The PBL depth at the
Galapagos location shows large variations on time scales of a day or so. A distinct
signature of adiurnal cycle can only be found for some days and is not prevalent over the
whole month. The PBL depth varies by as much as 1300 min 12 hours. Thisis much more
than can be found in the soundings of the EPIC cruise, Leg 2. Here, the PBL depth varies
by approximately 300 m over the same time period (see Chapter 5). However, it ispossible
that the turbulent mixing might collapse while the temperature inversion persists. This
would not show up in the PBL depth as analyzed from the soundings, but the GCM would

respond with a collapse of the PBL.

The cumulus mass flux is overall small at the Galapagos islands, as should be
expected. There are four larger convective events over the sample month. While the PBL
depth tends to be shalow during those events, the PBL is also shallow during periods

without convection.
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The entrainment velocity varies alot and is frequently negative, up to -6 cm A
possible explanation for this behavior is the following: When warm, moist air is advected
over the cold ocean, the surface buoyancy flux becomes smaller or even negative and the
turbulence in the PBL collapses to whatever turbulence the wind shear can support. Since
the PBL top in the GCM is defined as the top of the turbulent layer, the PBL has to become
shallower. If no convection takes place, the cumulus mass flux is unable to remove mass
from the PBL. The entrainment mass flux facilitates the deflation of the PBL. At the
Galapagos location, the surface buoyancy flux is close to zero most of the time, and
frequently negative. The larger negative peaks in the buoyancy flux always coincide with
large negative entrainment velocities. This supports the mechanism outlined above.
However, the entrainment velocity is strongly negative also in some cases where the

surface buoyancy flux is close to zero.

At the Chuuk location, the PBL is overall shallower. The cumulus mass flux
velocity is larger, mostly up to 3 cm s™' . The entrainment vel ocity is rather small, around

1cms ', but positive most of the time. Overall, the mass flux velocities seem to be more
physically representative in the convective regions. Here, convection takes place almost all
the time and the cumulus mass flux deflates the PBL whenever necessary. The entrainment
is mostly positive and therefore describes actual entrainment, not a collapse of the PBL.
The one large negative peak in entrainment velocity around hour 275 coincides with a

large negative surface buoyancy flux.
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At the coastal location (81.1° W, 2.8°S), the PBL depth often hits the upper and
lower limits set by the GCM’s PBL scheme. Almost no convection takes place, hence the
entrainment mass flux deflates the PBL. In the timeseries, every major collapse of the PBL
is accompanied by a significantly negative entrainment velocity. There are time periods
however, when the entrainment mass flux keeps deflating the PBL even though the PBL
top is very low (e.g. hours 336 through 384). The surface buoyancy flux is aso negative
and very large throughout most of the month and can be loosely linked, as in the
Galapagos location, with a collapse of the PBL. It seems the surface buoyancy flux is the
more important problem here. The PBL scheme can hardly be expected to work properly

when the surface buoyancy flux is strongly negative.

cloudy layer

I -
- - -
1

subcloud layer

water vapor mixing ratio [g/kg]
dry static energy per specific heat [K]

0 10 20 999 300 310

Figure 4.22: Schematic of water vapor mixing ratio (green) and dry static energy per
specific heat (red) profiles for a stratocumulus topped PBL. Dashed lines indicate the
profiles for the mixed layer assumption. Solid lines show actual profile.

101



4-C-1 Summary

The comparison of the mixed layer scheme as implemented in the GCM with the
application of the MLM to monthly mean re-analysis data shows that the monthly mean
and steady state assumptions certainly contribute to the discrepancies between PBL
properties of the GCM and the MLM, but are likely not the only factors responsible. While
covariances contribute significantly to the PBL properties in the GCM, particularly along
the ITCZ, covariances in the NCEP re-analysis runs are rather small and have little impact
on the PBL properties. The only dlightly larger variabilities in the GCM don’'t seem to be
significant enough to account for the strong impact that the covariances have in the GCM

compared to the MLM.

4-D: Senditivity to the formulation of the dry static energy and
water vapor mixing ratio jump at the top of the PBL

What other factors impact the performance of the mixed layer scheme, and how
could the MLM be further improved? The MLM assumes that dry static energy and water
vapor mixing ratio are well mixed throughout the boundary layer. In fact, those two

variables are not truly conserved in a stratocumulus-topped boundary layer.

While moist static energy and total water vapor mixing ratio are conserved in the
subcloud as well as the cloud layer of the PBL, the dry static energy increases in the cloud
layer due to the formation of cloud water droplets. The water vapor mixing ratio decreases
for the same reason (Fig. 4.21). The model originally proved to be rather insensitive to the

exact choice of pressure levels on which dry static energy and water vapor mixing ratio
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cloudy lay:

subcloud layer
dry static energy per specific heat [K]

[l s e = = S s
290 300 310

Figure 4.29: Schematic dry static energy profile for cloudy layers and PBL tops at different
heights. Green: shallow PBL, red: medium PBL, blue: deep PBL

above and in the PBL were defined. However, when choosing the pressure levels, the

mixed layer values ¢, and s, aways changed in the same direction (i.e. picking a lower
atmospheric level increased ¢, aswell as s, picking a higher level decreased both), not

in opposite directions (i.e. decreasing ¢, but at the same time increasing s ). The four

NCEP months were re-run with amixed layer water vapor mixing ratio reduced by 10% in

the entrainment terms. |. e. the term
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wi(dp—ap) (4.6)

changes into

wi(qy—0.9 - qp) 4.7)

The dry static energy in the entrainment terms is increased by the corresponding

latent heat release, i.e. the expression

We(sy—sp) (4.8

becomes
welsy—(sg+L(0.1-g5))]. (4.9

This effectively changes the jumps in s and ¢ across the PBL top in the
entrainment terms. The model results show a significantly reduced PBL depth in areas of
convection, and dlight increases in the PBL depth off the Chilean coast in October.
Perhaps the most significant improvement is the reduction of spots with far too deep PBL
(> 3000 m) in the convective regions. The PBL depth is now more uniform over the
domain and somewhat smaller than in the original runs (on the order of 600 m over most

of the domain).

The entrainment velocity increases fairly uniformly by about half a mm s over

the whole domain. The exceptions are those grid points where the PBL was very deep
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(>3000 m) initialy. Here, the entrainment velocity is reduced. This tends to even out the

spots with very large entrainment velocities that coincide with very large PBL depths.

The increase in entrainment velocity combined with a smoother PBL depth field
lead to a noise reduction for the cumulus mass flux velocity. The areas with negative
cumulus mass flux velocities are smaller in all months. The cumulus mass flux velocity
still does not clearly mark areas or bands of deep convection, but in October, there is a
tendency for lower velocities in the south-east Pacific, and higher values north of the

eguator and in the west Pacific.

Switching the reduced g, back to the original value of g, but retaining the

increase in s, shows that most of these improvements are due to the change in dry static

energy, not moisture.

The choice of a 10% water vapor mixing ratio decrease is somewhat arbitrary. A

less arbitrary way of looking at the magnitude of the jump across the PBL top is as a
function of PBL depth. Since changesin ¢ have little effect on the PBL depth, only the

changesin s are considered from here on. As Fig. 4.29 illustrates, the jump in dry static
energy increases for deeper PBLs. Due to the small influence of the Coriolis force in the
tropics, large horizontal pressure and temperature gradients cannot be supported. The
temperature (and therefore also the dry static energy) of the free atmosphere is primarily
determined by the saturated moist adiabate in deep convective regions and is horizontally

fairly uniform all over the domain. Assuming a well mixed boundary layer, a deeper PBL
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will result in an effectively larger dry static energy jump across the PBL top (blue). A

shallower PBL would tend to have a smaller jump (green).

In order to account for this functionality, the model was re-run with a dry static
energy jump linearly depending on height. Three ways of implementing this dependency

were tested: 1) s, alinear function of height with fixed s5; 2) s, alinear function of
height with fixed s,; 3) s, —s, alinear function of height. The results for methods 1) and
2) are very similar to each other and to the results for a 10% reduction (increase) in g,

(s ). Method 3) is more problematic because very low PBL depths can lead to negative

jumps at the PBL top. Method 2) works somewhat better than method 1); when calculated
iteratively, it converges faster and is more effective at reducing the spots with

unreasonably large PBL depths.

The original choice of pressure levels for s; and s, assumed that the PBL top

would be located somewhere between 1000 m and 1500 m, based on EPIC soundings and
general observations of a temperature inversion around 850 hPa in subtropical regions.

Dry static energy profiles calculated from EPIC radiosonde measurements show an

increase in s/cp of ~2K per 500 m above the PBL top. In Method 2), s, is defined as

follows:

sp = So+ @, H (4.10)
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0.01 - s,
2000

where ¢, = and s, isthe original mixed layer value for dry static energy. The

linear factor ¢, effectively adds 1% of the origina mixed layer value

(A(sy/cp)=2-3K)tos, ataPBL depth of 2000 m. The results are not very sensitive to

the exact choice of thisfactor. Thislinear dependency leads to a quadratic equation in PBL

depth 4 when solving the system of equations. Solving the equation analytically produces

two solutions for H:

lus _ _4 4 2_
H™ = 2 (2) B (10
and
inus _ _4_ 4 2_
H" = -7 <2> B (4.12)
where
4 = (95 —498)Vyp - Vsp) = (s —55) (V- Vgp) —EVP - @+ y(91;—4q5) (4.13)
®(Vyp Vqp)
and
_ EVP(sy—sp) —SH(q;—qp) (4.14)

In those cases where only one of the solutions is positive, the positive solution is
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picked as the one with physical meaning. In cases where both A7 and H™™ are
positive, H”"™ is dways significantly larger than H™™ (often on the order of 10 km).

Therefore, the smaller solution (2" is picked in this case.

Solving the quadratic equation iteratively with the unchanged s, and s, asfirst

guesses leads to the same solution in approximately five iterations at the majority of grid

points. In the exceptions, the iteration converges to the negative solution.

Since the results from method 2) are so similar to Fig. 4.23 through Fig. 4.28, only
the results for the sample month October are shown in Fig. 4.30 &) through c). For the

plots, the solutions from the analytically solved equation are used.

Considering the very first version of the MLM with fixed radiative cooling and dry
static energy, the dependency of these two parameters on PBL depth is essentia for the
diagnosis of a finite, positive PBL depth, entrainment velocity and mass flux velocity of
reasonable magnitude. Even as simple a relationship as a linear function improves the

model significantly.

4-D-1 Summary

The MLM shows a sensitivity to the jump of dry static energy and water vapor
mixing ratio across the PBL top. Following the concept depicted in Fig. 4.29, deeper
mixed layers should have larger jJumps across the PBL top. Implementing a simple linear

functionality to that effect improves the MLM output such that the PBL depth field and
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entrainment velocity field are smoother, and the areas of negative cumulus mass flux
velocity are reduced. The cumulus mass flux velocity field starts showing the pattern of a

southern ITCZ in the east Pacific, however, and the PBL depth is becomes very low.
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Chapter 5: Comparison to Available Observations

In this chapter, we present some of the available observations on PBL depth over

the tropical Pacific and compare them to the MLM’s output.

5-A: Observations from soundings

The advantages of sounding data are their high vertical resolution and, in some
cases, good temporal resolution (~3 hours). The disadvantages are that there are very few
permanent sounding sites in the domain discussed in this thesis, and measurement
missions usually have a limited duration (weeks to months). Therefore, a comparison

between sounding data and global (or domain) coverage monthly mean datais difficult.

5-A-1 EPIC

During the East Pacific Investigation of Climate (EPIC), the ship Ronald H. Brown
traveled from approximately 95°W, 12°N along the 95th meridian to the Galapagos
Islands and from there to Arica, Chile, releasing radiosondes every 6 hours (see cruise
track figuresin Chapter 2: Fig. 2.4 and Fig. 2.5). Over roughly the same period of time, the
NSF C-130 aircraft flew over the same genera area as the fist leg of the Ronald H.
Brown’s cruise track, dropping 181 sondes every degree latitude between the equator and

~12° N.
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Figure 5.1: Temperature profiles and location of those profiles from the eight out of 14
flights the C-130 plane did from the equator northward during EPIC. Under each plot with

the temperature profiles are the locations of the dropsondes. Only profiles south of 6.5° N
are plotted. The first dropsonde was deployed near the equator, usually between 18:00
UTC and 20:00, then roughly every 20 min one degree further north.
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5-A-1-a: Dropsonde soundings from the National Science Foundation
(NSF) C-130 aircraft

Only in eight out of the 14 flights did the plane actualy fly all the way to the
eguator. In the other six cases, the plane stayed further north in the ITCZ. The eight flights
on September 7,14, 19, 23, 25 and October 2, 9 and 10 2001 all show a clear temperature
inversion near the equator that lifts and weakens as the plane progresses towards the north
and into the ITCZ. Fig. 5.1 shows the temperature profiles and release locations of the
southernmost dropsondes of those eight flights. The base of the temperature inversion in

the profiles closest to the equator lies for most flights around 700 m. The inversion base
height lifts to between 1100 m and 1250 m in most cases before it disappears. At 6° N, the

profiles don't show a clear inversion anymore, so the profiles plotted are limited to
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Figure 5.2: Temperature profiles from select Ronald H. Brown EPIC (Leg 1) radiosondes.
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|atitudes between 0° and 6.5° N.

5-A-1-b: Radiosonde soundings from the Ronald H. Brown’sleg 1 of the
cruise

During the first leg of the Ronald H. Brown's EPIC cruise, the ship spent the
majority of its time at a buoy location in the ITCZ at 95°W, 12° N (September 12 to
October 1 2001). Then it traveled on aong the 95th meridian towards the Galapagos
Islands before continuing on to Leg 2. Only 14 out of the 140 sondes released during Leg
1 were released on the trip south towards the Galapagos Islands. The soundings from the
ITCZ buoy are of less interest for this study because they are more concerned with the
temporal variability of the atmosphere at a fixed location rather than large spatial
coverage. Also, few of those soundings show a clear indication of atemperature inversion
and therefore they are of little help in defining a distinct PBL top. Fig. 5.2 shows the six
southernmost temperature profiles. Though all of the profiles have weak inversions at
some height or another, the inversions are not as distinct as in the profiles from the
dropsondes, and the inversions appear at very different heights.

5-A-1-c. Radiosonde soundings from the Ronald H. Brown’sleg 2 of the
cruise

The Ronald H. Brown cruised the south east Pacific ocean from October 9Sth to

October 25th 2001. During this leg of the cruise, the ship traveled from the Galapagos
islands (90.3°W, 1.2° S) to IMET mooring site at (85.0° W, 20.0° S), where it stayed for

six days and then continued on to Arica, Chile (70.3°W, 18.3°S). 54 of atotal of 116

soundings were taken at the mooring, the rest along the ship track. Fig. 5.2 shows
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temperature profiles sorted into longitude-latitude bins as designated in the title of each
plot. The ship track is shown in the last plot. The strong temperature inversion in al
soundings is obvious. The inversion is stronger and more distinct in the soundings closer
to the Chilean coast (blue). In the soundings closer to the equator (red), the inversion
becomes weaker and less distinct. Using an algorithm that picks out the slope reversal in
the temperature soundings, we determine the inversion base height. The algorithm works
well for most soundings. One sounding has too much missing data, and for eight more
soundings the algorithm failed to find the inversion base height. In these cases, the
inversion base height was determined subjectively by looking at the particular sounding.
The vertical resolution of the soundings is 10 m. Fig. 5.3 is a plot of the inversion base
height along the ship track against the Julian day of the year 2001. If we consider the
inversion base height as a measure of PBL depth, this plot shows an average PBL depth of
~1190 m. During part of the timeseries, adiurnal cycleis evident (Julian days 289 to 296)
with deeper PBLs in the middle of the Julian day (this corresponds to the early morning
local time). The overall variability of the inversion base height is on the order of several
hundred meters. Thisistrue for the diurnal variability as well as for the spatial variability
along the ship track. Note that the ship was stationary from Julian day 288 to 294, and that
the temporal variability over this time period is approximately the same as the spatial
variability from the Chilean coast to the Galapagos Islands. It is therefore impossible to
tell if, in the time average, the inversion base height slopes up away from Chilean coast, as
is the case off the Californian coast. During the cruise, the inversion base was never lower

than 780 m or higher than 1430 m, and the change in inversion base height from one
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sounding to the next never exceeded 260 m.

5-A-1-d: Summary

The variability of the PBL depth as derived from the inversion base height of the
EPIC soundings is much smaller than what the timeseries from the GCM (presented in
Chapter 4) shows. The average PBL depth is close to 1200 m away from equator, and

somewhat |ower over the cold tongue, as derived from the dropsonde profiles.

The picture that emerges from all of the EPIC soundings isthat of universal, strong
temperature inversions in the east Pacific between equator and 20° S, with an average
inversion base height of ~1200 m and an overall variability of 200-300 m. Close to the
equator and just north of it, the temperature inversion is weaker and not always as distinct
as south of the equator (Ronald H. Brown Leg 1). The inversion base height seems to be

lower there (700 m to 900 m), increasing and weakening northward until the inversion

disappears at 5° to 6° N. Comparing this to the October 2001 MLM run (Fig. 4.11 d), the

Thursday Island soundings
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Figure 5.5: Inversion base height at Thursday Island, black diamonds indicate the lowest
detected inversion base, red diamonds a secondary inversion base.
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MLM’s PBL depth is several hundred meters too low. It varies from ~700 m at (80° W,

20° S) to less than 300 m over the cold tongue and then increases northward to ~1200 min
the ITCZ. The MLM model captures the shallower depths over the cold tongue and the
increase into the ITCZ, but the MLM’s overall variability in the EPIC areais larger than
observed. In the modified run shown in Fig. 4.30, the PBL depth is even smaller, but the

variability issmaller aswell.

5-A-2 TOGA/COARE
The Tropica Ocean Global Atmosphere/Coupled Ocean Atmosphere Response

Experiment (TOGA/COARE) set out to investigate the coupled ocean-atmosphere in the
warm pool. Little attention has been paid to non-convective phases where an inversion-
topped mixed layer similar to the EPIC cases develops. That this is the case has been

observed, among, others by Johnson et al. (1996) and Johnson and Lin (1997), though

Thursday Island, 1992-11-01, 23:13 UTC Thursday Island, 1992-11-0%, 11:05 UTC
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Figure 5.6: Sample profiles from Thursday Island, the stars mark the inversion base as
detected by the algorithm mentioned in the text.
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more as an aside. Similarly, Yin and Albrecht (2000), for example, found that during the
First GARP Global Experiment (FGGE) temperature inversions around 800 hPa were not
unusual in the central equatorial Pacific. Fig. 5.5 shows a plot of inversion base height at
the sounding location Thursday Island (142.2°E, 10.6°S) as determined through an
algorithm that searches for an increase in potential temperature with height that exceeds a
certain threshold. This agorithm is not very discriminating and tends to miss very weak
inversions and inversions with a more gradual rather than sharp increase in potential
temperature. Nevertheless, there is a distinction in Fig. 5.5 between the first month of
observations (November 1992, Julian days 305 to 334) and the following three months. In
November, the inversion base height lies around 900 hPa, with a secondary inversion
around 700 hPa and few inversions detected between those levels. In addition, Fig. 5.5
illustrates how noisy conditions are at Thursday Island. Two sample profiles from
November are shown in Fig. 5.6, the inversion bases marked with a star. The upper
inversion is the tropical inversion near the 0° C level described by Johnson et al. (1996).
The inversion base in November 1992, when detected at all, ranges between 500 m and
1300 m. Theisland sits off the northernmost tip of Australia and south of New Guinea, and

would therefore be influenced by the continents.

5-A-2-a. Summary
The soundings from the TOGA/COARE experiment show that the mixed-layer
approach is not only applicable to the mixed subcloud layer in situations with deep

convection, but is also be viable during non-convective phases. Traditionally, the mixed-
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layer approach has been associated more with the stratocumulus-topped PBL. It seems it
may do areasonable job describing the PBL even in the warm pool area. In Chapter 3, the

MLM with GCM input performed best in the warm pool area and the SPCZ.

5-B: Observations with global coverage

More recently, methods have been developed to retrieve the PBL depth from
satellite data. Two products are cloud top pressure from the Moderate Resolution Imaging
Spectroradiometer (MODIS) aboard the Terra Earth Observing System platform, and
Geoscience Laser Altimeter System data from the Ice, Cloud, and land Elevation (ICESat)

satellite launched in February 2003.

5-B-1 MODI S cloud-top pressure

Fig. 5.7 a) through d) show the monthly mean cloud-top pressure for the four 2001
sample monthson a1°x1° grid. In the averaging process, clear-sky pixels are neglected,
i.e. one pixel per 1°x1° grid box per month is enough to make that grid non-missing. No
pixel count screening is done. As mentioned in Chapter 2, the CO, slicing method used in
this retrieval works only for pressures lower than ~700 hPa because the signal strength is
too weak in the lower atmosphere. For the lower atmosphere, the cloud-top temperature is
determined from the 11—u m infrared band, assuming the cloud is optically thick, and the
cloud-top pressure is assigned by comparison to the NCEP Global Data Assimilation
System (GDAYS) temperature profile. Therefore, the cloud-top pressure is most inaccurate
for the low clouds of interest here. Surprisingly, this data set indicates that the monthly

mean cloud top just off the Chilean coast lies around 750 hPa and that the cloud-top
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pressure increases off shore to about 890 hPa. This seems contrary to, for example, the

EPIC observations in this region. This maybe the result of the limited applicability of the

CO, dicing method, as mentioned above.

Comparing Fig. 4.11 &) through d) to Fig. 5.7 a) through d) we see that the MLM
does afairly good job of picking out the areas of high and low cloud tops as observed by
MODIS. If the cloud-top pressures of the MODIS retrieval can be trusted, the lowest
observed cloud tops in the south-central Pacific roughly correspond to 1000 m PBL depth.
Compared to this number, the MLM’s PBL depths in the low hundreds of meters are too
low. Interestingly, those spots of above-scale PBL depth in Fig. 4.11 a) through d) roughly

correspond to those areas with lowest cloud-top pressure in the MODI S figures.

topography from GLAS
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FPBL depth from GLAS
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Figure 5.9: PBL depth as detected by GLAS, preliminary data set

5-B-2 GLAS

Shortly after its release in October 2003, we obtained the preliminary PBL data
from the GLAS (Geoscience Laser Altimeter System, see section 2-C-4 on page 30)
instrument. The PBL depth is determined at a 4 s sampling rate from the 532 nm channel
only. The PBL is the lowest distinct layer of aerosols that can be resolved by the
instrument. The retrieval is given a confidence rating based on the ratio of the average
signal within the PBL to the signal above the PBL and is flagged for clear or cloudy
conditions. The PBL thickness (top minus ground height) cannot exceed 6 km. If the layer
top is greater than 6 km above the local ground height, it is not identified as the PBL top.
The PBL top is first searched by using a 4 s average profile. If the top is found at that
resolution, then the PBL top is located from each of the 20 (5 Hz) shots that make up that

4 sec period.
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The preliminary data shows that the retrieval does a good job at detecting the
topography, but the PBL depth is 6 km almost everywhere, indicating that no PBL top
could be identified. Obviously, work still has to be done, or perhaps unreported work
already has been done, on the PBL depth retrieval. For purposes of this thesis, the GLAS

datais unfortunately of little help.

5-C: Observations of entrainment velocity

One of the foci of the Dynamics and Chemistry of Marine Stratocumulus
(DYCOMSHII) Experiment in 2001 was to measure entrainment of the stratocumulus
topped boundary layer off the Californian coast. The evaluation of data obtained on this

field experiment has just begun. Early results place the measured nighttime entrainment

velocity between 0.3 and 0.7 cm s (Faloona et a. submitted). The MLM’s entrainment

velocity lies at the low end of this range.

5-D: Summary

Due to the lack of observations of similar coverage as the model’s input data
(global, gridded, monthly mean) it is hard to directly compare the model output with
observations. Comparing the MLM’s PBL depth to what observations are available, the
MLM performs well when it comes to distinguishing between non-convective and
convective regions, but the magnitude of the PBL depth is comparatively low. The spatial
variability of the PBL depth over the domain is a little higher than that of the EPIC
observations. The MLM’s entrainment velocity falls into the general range of the observed

entrainment velocities. Until more observational data is available, we cannot say whether
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the MLM’s entrainment velocity distribution over the domain is correct or not.

One cannot help but notice that the various observations mentioned in this chapter
do not agree very well with each other. The upward slope of the trade inversion off the
Californian coast is a well observed phenomenon. Similar observations off the Chilean
coast are fewer and not as conclusive. The map created by Neburger (1961) from ship
based radiosonde observations over half a century ago (Fig. 1.1) does show an upward
slope of the inversion base height. The EPIC cruise however does not show a significant
slope in the statistical sense. The sample size is simply too small. While the MODIS
monthly mean cloud-top pressure does a good job distinguishing between deep convective
regions and stable regions, the cloud-top pressure is rather low (around 750 hPa) off the
coast of Chilewith agradua downslope towards the west. The pixel-level MODI S product
as presented by Platnick et al. (2003) also shows a rather low cloud-top pressure of about
720 hPa off the Chilean coast for July 18, 2001 at 15:30 UTC. The highest cloud-top
pressures can be found in the central south Pacific. Thisis rather contrary to surface based
observations, which place either shallow convection with cloud top pressures similar to or
lower than the stratocumulus’, or clear sky in this area. Since no pixel screening is done
during the averaging process, we cannot know how robust the monthly mean is over the
south central Pacific. As mentioned before, the cloud-top retrieval does not work as well
for low clouds as it does for mid level and high clouds. The retrieval method may also
work better for one type of low clouds compared to another (shallow cumulus vs. marine

stratocumulus).
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So far, the lidar-based PBL depth products are of little use for comparison with
global-coverage, time-averaged model output. In the future, a more comprehensive set of

lidar datawill be invaluable for model validation and other large scale applications.
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Chapter 6. Conclusions

6-A:. Summary and Conclusion

This thesis set out to assess the mixed-layer model’s ability to diagnose the three
PBL parameters PBL depth, entrainment velocity and cumulus mass flux velocity from
monthly mean data over the tropical Pacific. This assessment was done through
comparison with existing observational data and a month-long run from the CSU GCM,

which uses a time-dependent but otherwise similar mixed-layer scheme.

This study differs from previous work (e.g., Stevens et a., 2002; Stevens, 2002,
Wood and Bretherton, submitted) in that it purposefully applies the mixed layer concept to
the whole domain. While some GCMs use the mixed-layer scheme on a global scale, this
isusually done because of the scheme's ssimplicity and low computational expense, not so
much to assess its applicability for different types of PBL. In-depth studies involving the
mixed-layer concept are usually confined to the stratocumulus regime. Last but not least,
the MLM discussed here diagnoses PBL depth, entrainment and cumulus mass flux
velocity rather than parameterizing these variables and predicting PBL properties such as

temperature, moisture and surface fluxes.

6-A-1 Conclusions about nature

Ignoring for a moment the many uncertainties concerning the MLM’s
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performance, its output can tell us something about the spatial and seasonal distribution of

PBL depth, entrainment velocity and cumulus mass flux velocity.

The PBL depth is generally lowest over the cold tongue and along the Equator and
increases polewards. It can be as shallow as 300 m at its minima, and increases to over
1500 m in the convective regions (ITCZ, SPCZ and warm pool, as well as the southern
ITCZ in April and January), occasionally even exceeding 3000 m. In the non-convective
areas, the PBL depth averages at about 800 m. Overall, the SPCZ, marked by a band of
deep PBL, is fairly paralle to the Equator, and there is evidence of a southern ITCZ in
April, and to alesser extent in January. The horizontal gradients of the PBL depth can be

very large.

The entrainment rate is smallest over the cold tongue and aong the Equator and
increases poleward. Other than this general pattern, thereislittle additional structurein the
fields that might be consistent with, e.g., cloud regimes. The largest entrainment velocities

generally occur where the PBL is deep. Over most of the domain, the entrainment velocity

varies between 1.5 mm s~ and 3 mm's . For the runs with reduced ¢ » and increased

S, the entrainment velocity is0.5 mm 7! larger (Fig. 4.26 a) through d)).

The cumulus mass flux velocities from the original NCEP re-analysis runs are so

obviously dominated by noise that any deduction from the model output to the actual state

of the atmosphere seems unjustified. The results from the run with reduced ¢, and

increased sz look somewhat better. Here, the model results indicate the largest cumulus
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mass flux velocities, as well as largest horizontal gradientsin w -, inthe ITCZ and SPCZ,

and in case of April and January, the southern hemisphere’s I TCZ. Thisis most apparent in

October and probably April. The magnitude of cumulus mass flux velocity ranges between

25 mms ' and 5 mms ' over most of the domain. Velocities above 2 cms ' are

usually confined to small areas and negative velocities, where they appear, are generally

small.

We are aware that the MLM is only amodel and any conclusions drawn from the

model’s output have to carefully weighed by the model’s performance.

Of the three PBL parameters, the PBL depth is the one we know most about. It
appears that the PBL depth from the MLM is generaly lower, and horizontal gradients

larger, than suggested by the available observations. In a north-south cross section at

100° W for the month of April, the PBL depth increases by 1600 m over one grid box
(2.5°), for example, which is the equivalent of a gradient of 57x10° mm . Thisisone

order of magnitude larger than observed (300 m per 1000 km, or 3x10 " mm™ , See

Chapter 1). The same gradient is reduced by afactor of three in the runs with reduced g,

and increased sz (Fig. 4.24 b). Firestone and Albrecht (1986) also remark on how
relatively invariant the trade wind inversion height is across the Pacific ocean. If we take
the inversion height as a measure for the PBL depth, this suggests that the MLM seriously
overestimates the horizontal gradients in PBL depth. The EPIC data shows a PBL depth
around 1100 m with relatively low temporal and spatial variability in the eastern Pacific, a
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PBL several hundred meters deeper than the one diagnosed by the MLM. Those same
observations also suggest generally lower PBL depths over the cold tongue, a pattern that

the MLM does capture.

We know less about the entrainment and cumulus mass flux velocities. The MLM
suggests that entrainment velocities of several cm s , asin the GCM, are too large and

that the entrainment velocity should not exceed 1 cm s Thisis in agreement with
preliminary results from DYCOMS-II. The MLM also diagnoses large entrainment in
areas with a deep PBL, and small entrainment in areas of shallow PBL depths. This is
consistent with the concept that strong entrainment leads to deeper PBLS. We have even
fewer constraints for the cumulus mass flux velocity. From the model formulation, the
cumulus mass flux velocity should be maximal in areas of strong convection, and be close
to zero in areas without convection. It should never be negative. The MLM fails on the last
point, and can barely distinguish between convective and non-convective regions. The

MLM results for this quantity are therefore, at best, unreliable.

6-A-2 Conclusions about the method

Comparing the MLM to the GCM shows that the steady state assumption
introduces errors by neglecting the time-dependent part of the fluxes across the PBL top.
Leaving out those fluxes leads to unreadlistically low PBL depths, as well as unreasonably
large PBL depths in some convective areas. Thisis, however, aresult based on input data
generated by the GCM, which are not necessarily without errors themselves. This is

particularly apparent in the GCM surface buoyancy flux near the continental coasts, as
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well asin avery moist free atmosphere of the GCM. Also, this result cannot be reproduced
when the MLM isrun with NCEP re-analysis data. Here, the time-dependent fluxes, such
as can be determined from the re-analysis data, do not have a significant impact on the

MLM'’sresults.

In the MLM run with GCM input data, the model performs best in the warm pool -
SPCZ area, and worst along the ITCZ. For the NCEP re-analysis runs, weak spots in the
model output (i.e. PBL depth larger than 3 km) usually occur in areas of deep convection.
Without more reliable observations, we cannot say that the MLM performs best in any one
particular area of the domain. With the general upslope of the PBL top towards the
convective regions, the MLM’s PBL top appearsto be most in line with the trade inversion
level, which has been observed to gradually slope up into the ITCZ. It is not quite clear,
then, where the MLM places the PBL top in the deep convective zones. The PBL depthis
largest there, but in the real atmosphere, the mixed layer in those regions consists of the
mixed subcloud layer, whose top (i.e. the cloud base) is usualy lower than the average

trade inversion.

The MLM succeeds in diagnosing a positive PBL depth and entrainment velocity
of reasonable magnitude. This result depends critically on the linear-with-height
formulation of radiative cooling. For a fixed radiative cooling, all three diagnosed

parameters show large areas with negative values. The MLM’s formulation is also
sensitive to the PBL top jumpsin ¢ and 6 (or s), but less so to the absolute magnitude of

gg, 05 (sg), g5 and 0, (s) (i.e. the pressure level chosen to represent mixed-layer
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values and above-PBL values). Thisis not surprising, considering the formulation of the
model equations. The above-PBL values enter the equations only in form of the PBL top
jump in the entrainment terms. The mixed-layer values, in addition to their contribution in
the entrainment terms, show up only as gradients in the advective terms. A linear
dependence of the PBL top jumps on height reduces the horizontal gradients of the
diagnosed parameters and increases the entrainment velocity, with the result of increasing
the areas with positive cumulus massflux velocities over the domain. Unfortunately, it also

|leads to an overall even shallower PBL.

The fixed PBL water vapor mixing ratio results in a somewhat counterintuitive
behavior of the model when the PBL is moistened by a reduction in entrainment: Even
though less air is entrained into the mixed layer, the model tends to increase the PBL depth

to maintain a constant mixing ratio.

6-A-3 Conclusions about the GCM

This study has shed light on some of the characteristics of the GCM’s boundary
layer scheme. The monthly mean PBL properties in the warm pool and in the SPCZ are
well described by the steady component of the input fields, hence the good agreement in
this region between the full GCM run and the MLM with its steady state assumption. The
ITCZ is the area where the time-varying component of all the input fields is essential for
the GCM’s results. It is curious that, despite this, there is no indication of the ITCZ in the

monthly mean PBL depth field.

Timeseries of the PBL properties at various grid points elucidate the boundary
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layer scheme's behavior: The PBL depth in the GCM is constrained between ~ 200 m and
~1500 m. If the PBL depth wants to exceed the upper limit, or collapses due to a decrease
in turbulence (triggered, e.g., by a decrease in surface buoyancy flux), the model responds
by removing air from the PBL through the cumulus mass flux, in case of existing
convection, or through negative entrainment velocities, in the case where no convection is
present. Since the GCM uses an upstream scheme, the air removed from the PBL by either

flux always carries PBL properties.

On the positive side, the monthly mean PBL depth is very smooth and its
magnitude is in good agreement with observations, particularly in the non-convective
areas. The spatial distribution of the monthly mean entrainment and cumulus mass flux
velocities are good as well: Entrainment is largest in the stratocumulus regions, and the
cumulus mass flux velocity has its maxima right where the model’s convective
precipitation is largest. Some of the timeseries even show indications of adiurnal cyclein

the cumulus mass flux velocity.

On the negative side, the GCM’s monthly mean entrainment velocity is actually
negative along the coast lines. In addition, the ITCZ is absent in the monthly mean PBL
depth, but the SPCZ is well developed and maybe a little too parallel to the Equator.
Timeseries of all three PBL parameters show that, although the monthly mean fields are
nice and smooth, the parameters change rapidly from hour to hour. Thisis not the case in
the EPIC observations, for example. In some parts of the domain, the PBL depth swings

rapidly between the maximum and minimum PBL depth allowed by the GCMs boundary

140



layer scheme. In non-convective regions, a deflation of the PBL isfrequently facilitated by
negative entrainment velocities. Along the continental coasts, where the monthly mean
entrainment velocity is negative, the surface buoyancy flux is very large and negative,
obviously a shortcoming of the GCM. Also, the surface sensible heat flux is negative over

large parts of the domain, and the air above the PBL top appears to be too moist.

6-A-4 General Conclusion

Concluding, we can state that it is possible to diagnose PBL depth, entrainment
velocity and, to a point, cumulus mass flux vel ocity from available monthly mean data and
produce results that lie inside the general bounds derived from observations. Data is too
scarce, at this point, for a case-by-case comparison of diagnosed quantities with observed
guantities (, which of course was one of the reasons to diagnose those PBL quantitiesin
the first place). The model shows some weaknesses, e.g., a tendency for an overall low
PBL depth, spots with very high PBL depth in the convective regions, and negative

cumulus mass flux velocities.

6-B: Outlook

There is «ill room for improvement in the MLM’s formulation. A more
“interactive” model, i.e. one that involves more realistic functionalities with height, for
example, than a linear relationship, is likely to further improve the model’s performance.
This would, however, dter the setup from a linear set of equations that can be solved
analytically to one that needs to be solved iteratively in some manner. This would move

the MLM from a ssimple diagnostic tool to a more complicated prognostic model whose
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behavior may be harder to interpret and understand. An expansion of the model to include
precipitation in amore realistic way than was briefly described in Chapter 2, might also be
interesting. The noise in the cumulus mass flux velocity field that isin part responsible for
the occasiona negative values might be reduced by an improved finite difference scheme,

or asmoothing of the PBL depth field prior to the differencing.

In order to better evaluate the model results, satellite-based observations of the
PBL depth will be invaluable. It is unlikely that there will be global observations of
entrainment and cumulus mass flux velocities anytime soon, if ever. With reliable
observations of PBL depth, the model could be better constrained. In fact, if the now
diagnosed PBL depth could be replaced by observations, the presumably smoother field

might well solve the problem of the negative mass flux velocities.
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