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ABSTRACT

This paper tackles synergistic mixed-layer height (MLH) estimation via a combination of microwave
radiometer (MWR) and lidar ceilometer (LC)-based estimates. While MLH-MWR estimates rely on

potential temperature retrievals, MLH-LC estimates rely on aerosol gradients. The pros and cons of
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MLH retrievals obtained from MWR via the parcel method and from LC via an extended Kalman filter
(EKF)-based method are used to motivate the synergistic algorithm. The synergistic algorithm is introduced
as a maximum-likelihood combination of MLH-MWR and MLH-LC. Two case examples from the 2013
HOPE campaign at Jiilich, Germany, are used to show the robustness of the synergistic method and the
effect of surface temperature measurement error. Doppler wind lidar retrievals and radiosonde reference

MLH estimates are used for validation.

Index Terms— Mixed-layer height, lidar, microwave radiometer, atmospheric boundary layer

1. INTRODUCTION

The atmospheric boundary layer is the most turbulent part of the troposphere, and is directly affected by
the earth’s surface characteristics. During the day, the warm air near the earth’s surface produces vertical
plumes (thermals) that create convective circulations, producing the so-called mixed layer (ML). Different
kinds of ground-based remote-sensing instruments such as lidar, radar, sodar and microwave radiometer
(MWR) are employed to monitor atmospheric parameters, namely, aerosol concentration, temperature, or
vertical wind velocity, in which characteristic structures are used as tracers of the ML height (MLH) [1].
Such MLH estimates derived from remote-sensing technologies are often validated using MLLH estimates
from radiosonde (RS) observations, which are usually taken as the standard reference [2].

The MWR is a passive remote sensing instrument whose spatial resolution becomes coarser with
height, thus inserting uncertainty to its measurements. Collaud Coen at al. [|[1]] and de Arruda Moreira et
al. [2] have shown successful results when comparing MLH estimations from MWR- and RS-retrieved
potential-temperature profiles by applying the parcel method [3] over both. In contrast to the MWR, the lidar
ceilometer (LC) is able to retrieve aerosol-backscatter profiles with high and constant spatial resolution (15
or 30 m). The MLH retrieval by means of an extended Kalman filter (EKF) applied to aerosol-backscatter
profiles from the LC (hereafter, MLH-LC-EKF) has proven to be an extremely reliable method. Lange et
al. [4] showed that, when the BL is convective due to insolation (e.g., in the afternoon), MLH-LC-EKF
produced more accurate results than classical MLH retrieval approaches such as the threshold and gradient
methods [3]]. However, outside the convective regime, the MLH-LC-EKF usually tracked the top of the
non-convective residual layer (RL).

In this context, the present work aims to disseminate a synergistic method by [5], combining the
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MLH-MWR and MLH-LC-EKF, and illustrate it by means of two case examples. This synergistic method
is aimed at combining the best MLH estimates from MWR and LC using a maximum likelihood criterion,
in order to provide a more robust MLH estimate at all times of the day. Radiosonde and Doppler wind lidar

(DWL)-derived MLH estimates will be used as references.

2. INSTRUMENTS AND METHODS

2.1. Instruments

The measurement data is part of the HD(CP)? Observational Prototype Experiment (HOPE) campaign (April
2013 - May 2013) carried out at Jiilich ObservatorY for Cloud Evolution (JOYCE) in Forschungszentrum,
Jiilich, Germany (50°54'31” N, 6°24’49” E, 111 m MSL). One of the principal aims of HOPE was to
characterize the evolution of the boundary layer over JOYCE for forecasting applications [6]. Relevant

JOYCE instruments used here are listed in Table [Tl

2.2. Stand-alone MLH retrieval methods

MLH estimation from ceilometer data -. The MLH-LC-EKF estimation method [4] was applied over
measurements obtained by the Jenoptik CHM-15k ceilometer[I} The EKF is a time-adaptive method based
on Kalman filtering that uses time-successive LC attenuated-backscatter profiles to track the sharp aerosol
gradient occurring in the ML-to-free troposphere (FT) transition. As a result, the EKF provided an MLH
estimate with the same time resolution as the LC data (15 s).

Estimation from MWR and RS data -. The parcel method (PM) [3] was used to estimate the MLH from
both the MWR and the RS. Physical temperature profiles, 7'(z), retrieved from these instruments were
converted into potential temperature profiles, §(z). The MLH was estimated as the lowest point in a given
temperature profile for which, 0(z) > 6(0), where 6(0) is the surface potential temperature. Because the
PM is very sensitive to the surface temperature, we used temperature observations from the JOYCE tower
at 2 m as reference. The MLH estimation uncertainty was estimated by perturbing the surface temperature
by +0.5 K [1].

MLH estimation from DWL data -. First, as a proxy of turbulence, vertical velocity standard deviation
(VVSTD) profiles were obtained as described in [[7]. Then, the MLH was estimated as the first height at
which the VVSTD fell below a predetermined threshold V'V ST D,;, = 0.4 m/s [7]. The MLH uncertainty
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Table 1: Main specifications of the instruments from the HOPE campaign.

Jenoptik Vaisala DWL
Parameter CIHSII\(/I_ CT25K ng:;; HATPRO
. ceilome- ., . MWR®
ceilome- ter Line
ter XR)
Measured Vc?rtlcal Brightness
Attenuated air ve- tem-
parame- .
. backscatter locity  pera-
[units] [m~tsr!] [m ture
s [°C]
Soundin 350- 60- 15- 0-
& 15000 7500 10000 10000
range
m m m m
6~5
Wave- 1064 905 1500 mm
length mm mm nm (V-
band)
Raw
patal s 30m 30m ol
resolu- m
tion
Raw
tempo-
ral 15s 15s 2s ~21
min
resolu-
tion

Notes: () HATPRO stands for Humidity And Temperature PROfiler. (?) 50 m adjacent to the surface, 500
m above 5000 m.

was computed by varying the nominal threshold by 25% (i.e., 0.4 m/s & 0.1 m/s) [8]. MLH estimates below
120 m AGL were rejected as unreliable [7].

2.3. MLH synergistic-retrieval method

The synergistic method (hereafter, SYN) combines MLH-MWR and MLH-LC-EKF and their related
uncertainties by using Maximum Likelihood (MaxL) weights along with convective daytime information to
derive the synergistic MLH estimates. The procedure can be summarised as follows [5]:

(1) The MLH-SYN is computed as the MaxLL between MLH-MWR and MLH-LC-EKF when any of
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these two conditions hold: (a) their respective uncertainty intervals overlap at least partially, or (b)
time ¢, falls in the strongly convective interval I = [1000 — 1400] UTC at the JOYCE site. The MLH
via MaxL and its uncertainty are computed as

MLHx (ty) MLHy (ty)

_|_
o2 (tn) o2 (tn)
MLHgyn(t),) = —X Y (1
sy Un) = 1702 (6 102 ()

osyn(ty) = \/1/ (tn) + 1oy (tn)), ()

where M LH;,7 = X,Y, is the 30-min-average MLH estimate around time ¢ and o; is the associated
uncertainty. Subscripts “X” and “Y” stand for LC-EKF and MWR, respectively. Values o; are

computed from the covariance outputs of these algorithms [5]].

(i) Out of conditions (i.a) and (i.b) above, we impose the estimated M L Hgy  to be the MWR estimate,
i.e., MLHSYN (th) = MLHMWR(th) and, therefore, O'SYN(th) = O']y[WR(th).

2.4. Bias and bias variability

In the following section, bias and bias variability of the different MLLH estimates by the different methods
will be compared with reference to the RS in 30-minute intervals. The bias between two instruments, X

and Y = RS, is computed as
bZ'CLSXVRs(th) = MLHx(th) — MLHRs(th), (3)

and the bias variability as

ox.rs(th) = \/UX (th)? + ors(tn)?. 4)

3. DISCUSSION OF RESULTS

Figure 1| shows the MLH estimates by each method (Sect. for a typical clear day. On one hand, the
MLH-MWR coarsely tracked the whole ML daily cycle, from ML development in the morning to its decay
in the afternoon, in agreement with the MLH-RS estimates. However, MLH-MWR estimates have much

larger uncertainty than MLH-LC-EKF. On the other hand, MLH-LC-EKF estimates were in agreement
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with MLH-RS estimates from 0900 to 1500 UTC. Outside of this interval, the MLH-LC-EKF misleadingly
followed the residual layer. Notably, from 1200-1500 UTC, MLH-DWL deviates from the other MLH

estimates by —500——1000 m. The cause of this deviation is not known.

From 0800 to 1600 UTC (Figure [Ib), MLH-LC-EKF and MLH-MWR estimates had partially overlap-
ping uncertainty bars and, therefore, the MLH-SYN estimates were computed as the MaxL between these
two MLH estimates (Sect. (1)). Because the MLH-LC-EKF comparatively had much lower uncertainty,
it assumed greater weight in the MaxL computation of Eq.(1) and, thus, it became the “tracking reference”
for the MLH-SYN method. Outside of this time interval, the MLH-SYN follows the MLH-MWR (Sect. [2.3|
(i1)), avoiding the MLH-LC-EKF RL attribution error.

Figure [ shows the 30-min MLH bias relative to the MLH-RS reference. The MLH-LC-EKF yielded
lower bias magnitude than the MLH-MWR at 0900, 1100, and 1500 UTC, but with lower bias variability
(Tld). At 0700 and 1700 UTC the MLH-SYN followed the MLH-MWR and yielded much lower bias
than the MLH-LC-EKEF, which became stranded in the RL. From 1000-1400 UTC, the MLH-LC-EKF
had a much lower bias variability than all other methods (Figure [Id). Accordingly, one would opt for
MLH-LC-EKF over MLH-MWR in spite of the latter’s slightly larger bias magnitude. The MLH-DWL

bias magnitude was the smallest from 0900-1500 UTC; however, it also had the highest bias variability.
(Figure[IJd).

The second case example (Figure [2) illustrates a multi-layer scenario and the effects of surface tem-
perature errors on PM-based MLH. Because the PM is critically dependent on the representativeness of
the input surface temperature, the bulk Richardson number (bR) method, using RS temperature and wind

measurements [3[], was used for verification.

Surface temperature errors, as exemplified in Figure [2a from 1000-1700 UTC, manifest in MLH-MWR
as MLH estimates with positive bias. An advantage of the SYN algorithm is that these errors do not
propagate into the MLH-SYN, because MLH-SYN favors MLH-LC-EKF (which is responsive to aerosol

concentration gradients instead of temperature) during most of this time interval.

Correlating 30-min MLH-MWR to MLH-RSp); estimates for convective periods (1000-1400 UTC)
during the 31-day HOPE campaign (28 samples) yielded a correlation coefficient of p = 0.67 when the
surface temperature measured by each instrument was the respective PM input. This value increased to

p = 0.84 when using the JOYCE tower temperature.
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Fig. 1: Case example 05 May 2013, clear day. (a) Color plot of the Jenoptik CHM-15 LC-derived attenuated
backscatter. Colored dots: MLH-LC-EKEF (pink, EKF label), MLH-MWR (white), MLH-DWL (green),
MLH-RS (blue), and estimated cloud base height (CBH; yellow) from the Vaisala CT25K ceilometer. The
black-solid line denotes DWL minimum reliable measurement height (120 m). (b) Same as in (a) but
resampled to 30-min time resolution [5]], and with MLH-SYN (red crosses) added. (c) MLH bias with
reference to the RS. (d) Bias variability [5]]. Labels (A), (B), and (C) denote the morning-transition, strongly
convective, and evening-transition time intervals, respectively.
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Fig. 2: Case example 04 May 2013. Effects of surface temperature errors on PM-based MLH-MWR. Same
format as in Figure[Ip. In panel (a), MWR-, RSpy-, and RS,r-MLHs were computed by inputting JOYCE
tower surface temperature and, in panel (b), when the surface temperature measured by each instrument
was the respective PM or bR input.

4. CONCLUSIONS

A synergistic method for MLH retrieval (SYN) combining MWR and LC-based estimates was presented in
the context of previous work [5], along with two case examples from the HOPE campaign [[6]. The SYN
method used a maximum likelihood algorithm to combine the MLH-MWR and MLH-LC-EKF methods in
order to come up with new estimate (MLH-SYN) that overcame the inherent weaknesses of the these two
methods in isolation. In isolation, the MLH-MWR suffered from vertical resolution that became coarser
with height. Typically, MLH-MWR was greater than that of MLH-LC-EKF, and had an uncertainty given by
inherent error in the MWR-retrieved temperature and parcel method surface temperature error. Nevertheless,

because a MWR essentially measures radiative emission, and therefore, atmospheric temperature, the

8



MLH-MWR was able to track the whole ML daily cycle. In contrast, MLH-LC-EKF only tracked the ML

top accurately under a strongly convective regime, becoming stranded in the RL after the afternoon-evening

transition, when convection died down. MLH-LC relies on atmospheric aerosol gradients (which are not

directly dependent on temperature). In summary, our SYN algorithm makes the most of the fine spatial

resolution of the MLH-LC-EKF in the convective time interval, and falls back on the MLH-MWR outside

of this interval. In this way, MLH can be tracked automatically and reliably, around the clock.
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