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A single-photon lidar observes
atmospheric clouds at decimeter scales:
resolving droplet activation within
cloud base
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Clouds, crucial for understanding climate, begin with droplet formation from aerosols, but
observations of this fleeting activation step are lacking in the atmosphere. Here we use a time-gated
time-correlated single-photon counting lidar to observe cloud base structures at decimeter scales.
Results show that the air–cloud interface is not a perfect boundary but rather a transition zone where
the transformation of aerosol particles into cloud droplets occurs. The observed distributions of first-
arriving photons within the transition zone reflect vertical development of a cloud, including droplet
activation and condensational growth. Further, the highly resolved vertical profile of backscattered
photons above the cloud base enables remote estimation of droplet concentration, an elusive but
critical property to understanding aerosol–cloud interactions. Our results show the feasibility of
remotely monitoring cloud properties at submeter scales, thus providing much-needed insights into
the impacts of atmospheric pollution on clouds and aerosol-cloud interactions that influence climate.

Droplets formed from aerosol particles are the fundamental building
blocks of atmospheric clouds, with subsequent climate effects on pre-
cipitation and the Earth’s radiative energy budget1–3. The response of
cloud properties to changes in aerosol loading from anthropogenic or
natural emissions, known as aerosol-cloud interaction, is one of the
largest uncertainties in future climate projections4–7. One key micro-
physical process related to aerosol-cloud interaction is the activation of
aerosol particles through condensation to form cloud droplets at the
cloud base where droplet concentration is initialized; namely, what
happens at the cloud base influences the microphysical properties
throughout the cloud8. For example, increasing aerosol number con-
centration can increase cloud droplet number concentration and
decrease droplet size for the same liquid water content; this would
increase cloud albedo and lead to cooling that can compensate for
greenhouse warming9,10. Cloud droplet number concentration varies
greatly, ranging from ~10 cm−3 in ultra-clean clouds to over 103 cm−3 in
polluted clouds, depending on aerosol concentration11, composition12,13,
size14, updraft15, and turbulence16.

Despite their importance, detailedmeasurements of droplet formation
at cloud bases remain challenging. In-situ observations require airborne
platforms that are costly and limited in their spatiotemporal range, sampling
volume, and detection efficiency of small droplets17. Ground-based remote
sensing instruments with high temporal resolution have the advantage of
continuously observing clouds at a much lower cost. In particular, atmo-
spheric lidars firing visible and/or near-infrared laser pulses into the
atmosphere are well-suited for the detection of micron-sized cloud droplets
due to strong backscatter18. However, existing atmospheric lidarswith range
resolutions on the order of ten meters cannot resolve droplet formation
processes19. Another fundamental challenge for cloud retrievals is that
separationof dropletnumber fromparticle sizeusingbackscatteredpower is
very difficult20–22 or even impossible, as lidar backscatter is proportional to
ndr

2, where nd is droplet number concentration and r is the mean droplet
radius. Hence, remote sensing has not yet delivered detailed observations of
cloud microphysical properties and processes (e.g., droplet formation and
growth) in the real atmosphere needed to fundamentally constrain aerosol-
cloud interactions.
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To address this observational gap, we developed a time-gated time-
correlated single-photon counting lidar (hereafter referred to as T2 lidar)
that can probe clouds with a vertical resolution that is two orders of mag-
nitude finer than instruments commonly used—enhancing the resolution
from 10mdown to 10 cm. This capability opens the door to remote sensing
of droplet formation and subsequent growth within the cloud base. The
technical details about the T2 lidar are described in ref. 19 and reviewed in
the following section, while this study focuses on the scientific capabilities.

Results
T2 lidar technology overview
The ground-based, vertically pointing T2 lidar fires 532-nm wavelength
laser pulses with a pulse width of 650 ps and a repetition rate of 20.6 kHz.
The radiation emitted by the laser (hereafter referred to simply as “light”) is
expanded and collimated to a beam with a diameter of 90 mm to comply
with eye safety requirements before it enters the atmosphere. The back-
scattered light is collected by a biaxial telescope with a diameter of 200mm.
Theminimumoverlap height between the laser-illuminatedvolume and the
field of view of the telescope is about 750m. The backscattered light goes
through three optical filters before being measured by a single-photon-
counting detector. The detector is synchronized with the most recent laser
pulse, and the arrival time of each observed photon is recorded with an
accuracy of 45 ps based on the time-correlated single photon counting
technique23. The range resolution of the T2 lidar is processed afterward, and
it is limited by the laser pulse width (650 ps), corresponding to about 10 cm.
For comparison, other atmospheric lidars equipped with single-photon
avalanche diode photon detectors usually use the multichannel scaler
method to record photon counts, in which the range resolution is preset24.

One feature of the T2 lidar is the application of a time-gating
technique19. In the time-gated mode, the detector can receive photons only
within a narrow time-gated window—this advanced observational cap-
ability allowsus to zoomintoa regionof interest for cloudobservations19,25,26.
Adigital delaypulse generator accepts a triggerpulse fromthe laserheadand
generates anoutput pulse. Thedigital delay generator is user-programmable
for delay (0–10 s) and width (0–85 ns) with a 10 ps resolution to trigger the
single-photon-counting detector to only receive backscattered photons
within a specific time-gated window. For example, if we set a delay of 10 μs
(corresponding to 1500m) and awidthof 85 ns (corresponding to 12.75m),
we expect to only receive backscattered photons between 1500m and
1512.75m. Because the dead time of the detector is about 50 ns, it is unlikely
to receive more than one photon within the time-gated window after firing
one laser pulse.

There are two advantages of the T2 lidar when operated in the time-
gated mode. First, the detector can efficiently block photons outside the
time-gated window, significantly increasing the signal-to-noise ratio. Sec-
ond, T2 is unlikely to receive more than one photon within the time-gated
window after firing a single laser pulse because of the detector’s dead time,
the latter comparable to window duration. Therefore, for nighttime
observations (like in this study), most photons received by the T2 lidar are
first-arriving backscattered photonswithin the time-gatedwindow; in other
words, the T2 lidar can do first-photon imaging of clouds27. In this manner,
the T2 lidar achieves cloud observations at a decimeter resolution (~10 cm).
We will also show later that the first-arriving photon statistics can provide
valuable information on cloud microphysical properties.

T2 lidar observations of cloud base structure and droplet
activation
Aboundary layer stratiform cloud used in our analysis was observed on July
5, 2022 at the Brookhaven National Laboratory Center for Multiscale
Applied Sensing observational site (40.8656 N,−72.8815 W, https://www.
bnl.gov/cmas/). All observationswere done after sunset, around 20:30 (local
time, LT), to avoid confusionwith sunlight. The cloud base heightmeasured
by a Vaisala ceilometer was about 1.7 km, and the cloud base region was
scanned by the co-located T2 lidar around the same time (see Supple-
mentary Fig. 1). By progressively delaying the time to open the time-gated

windowwe can scan upwards through the cloud in the following way: First,
we open an 85-ns time-gated window (corresponding to 12.75m) at about
1.65 km and observe for 1 s. Then, the time-gated observation window is
shifted upwardby1.5 m(corresponding to a 10 ns delay in time) for another
1-s observation, and so forth, until it reaches about 1.8 km.The arrival times
of the backscattered photons in each time-gated window are binned to 1 ns,
corresponding to a 15 cm range resolution.

The distributions of observed photons within the time-gated window
exhibit distinct sub-meter features at different locations near the cloud base
(Fig. 1a). Below the cloud, backscattered photons are randomly distributed
within the 12.75-m time-gated window, and the photon rate is below
50 per second per 15-cm range sample. Transitioning into the cloud base,
the backscattered photon rate increases significantly towards the end of the
time-gatedwindow, from less than 50 to about 250 per second, due to larger
lidar backscatter by comparatively large cloud droplets, thereby instru-
mentally resolving the cloud base. Just above the cloud base, the photon rate
peaks in the front of the window, but then the slope flattens farther above
due to light extinction.These features canbe clearly seen from the fractionof
observed photons in each 15-cm range sample in four chosen time-gated
windows (i.e., ratio of observed photons in each 15-cm range sample to the
total observed photons in the time-gated window) (Fig. 1b). The fully
resolved cloud bottom shows that the air-cloud interface is not a perfect
boundary but, rather, is a transition zone, reminiscent of the “twilight zone”
near cloud edges28. Thus, cloud base is a nebulous notion, yet its texture is
used later to retrieve droplet concentration.

The T2 lidar can also observe highly resolved profiles of backscatter
intensity. This is because the observed first-arriving backscattered photon
rate in the front of a time-gated window is directly proportional to back-
scatter intensity. Figure 1c shows the profile of the observed photon rate
within the first 1.5m of each time-gated window. The slight increase in
photon rate from1.65 to 1.67 km implies thehygroscopic growthof aqueous
solution droplets (commonly known as haze particles) toward cloud base29,
while the sharp increase in photon rate between 1.67 and 1.70 km indicates
the activation and early growth of cloud droplets from the haze particles by
condensation. T2 resolves the droplet activation zone near the cloud base
and it can remotely measure the depth of the droplet activation layer. The
activation layer is a few tens of meters in this case, which is supported by
early observations of a stratiform cloud froma slowly ascending aircraft (see
Figs. 8 and 9 in ref. 30). The decrease in photon rate above 1.70 km is a result
of the extinction of backscatter intensity by the intervening cloud. These
features presented in Fig. 1 are representative of other cloud observations by
the T2 lidar (Supplementary Fig. 2). Next, we develop twominimal models
to relate the observed first-arriving photons to cloud microphysical prop-
erties, serving as benchmarks for understanding T2 lidar observations.

Minimal models
Atmospheric lidarsmiss photon counts during the detector’s dead time, and
correction is needed to obtain the lidar backscattering profile31. In contrast
(and perhaps paradoxically), our T2 lidar takes advantage of the relatively
long detector’s dead time to filter within the time-gated window, thereby
disentangling first-arriving photons from the rest. Therefore, for a single
laser pulse fired, the photon count takes on only two possible values: 0 or 1.
Based on this binary character of arriving photons, below we develop a
closed-form expression (see Eq. (2)) to quantify the distributions of detected
photons via the fraction of these photons, originating from a given layer i
and denoted by F(i) as shown in Fig. 1b. We further develop an analytical
formula to estimate droplet number concentration (see Eq. (11) below)
based on the highly resolved profile of observed backscattered photons
above the cloud (Fig. 1c).

First-arriving photon statistics. We now derive a minimal model that
captures the dependence of the fraction of the first-arriving photons,
denoted by F(i), on the scattering by particles from the (sub)layer i
observed within the time-gated window (e.g., Fig. 1b). Although in a
single pulse (experiment), the location of the observed first-arriving
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backscattered photon originating in a time-gated window is a random
variable (i.e., i), after 20k trials, the average profile is readily discernible.
Figure 2 illustrates the theory of the statistics of first-arriving back-
scattered photons in a time-gated window.

Specifically, consider a time-gated window corresponding to a thick-
nessH, divided into equalm sublayers, each of thickness l, the latter possibly
as small as the lidar’s range resolution (e.g., l ~ 15 cm in our case). Within a
sublayer i (where i = 1 represents the first sublayer at the front of the time-
gated window), there are ni particles (e.g., aerosol, haze, or cloud droplets)
responsible for the lidar backscatter. Particle j within sublayer i has a
probability pi,j to generate one backscattered photon observed by the
detector after firing a single laser pulse.We define an auxiliary variable, Ii, as
the probability to generate one detectable backscattered photon from sub-
layer i. Then one obtains Ii ¼ 1�Qni

k¼1ð1� pi;kÞ.
Because at most one photon is expected to be observed in the time-

gated window after a single laser pulse due to the detector’s deadtime, for
nighttime observations, as in this study, the observed photons are first-
arriving backscattered photons. The detection of one backscattered photon
from sublayer i in response to a single pulse implies that no detection
occurred from any other sublayers. Therefore, the probability of observing a
first-arriving backscattered photon from thefirst sublayer is unityminus the
probability of not detecting backscattered photons from any particle within
the first sublayer, P1 ¼ 1�Qn1

k¼1ð1� p1;kÞ. Note that P1 is not affected by

other sublayers because of the “first of the first” principle: first-arriving
photons from the lowest sublayer travel least (see Fig. 2 middle panel). For
i > 1, the probability of observing a first-arriving photon from sublayer i is
the product of not receiving any photon below sublyaer i and receiving a
photon at sublayer i,

Pi ¼
Yi�1

s¼1

Yns
t¼1

1� ps;t

� �" #
1�

Yni
k¼1

1� pi;k

� �" #
: ð1Þ

Here,ns is the total number of particle in the sublayer s. The interior product
in the first bracket (

Qns
t¼1 . . .) represents the probability of not receiving

backscattered photons from a single sublayer, and the exterior product in
the first bracket (

Qi�1
s¼1 . . .) represents the probability of not receiving

backscattered photons from sublayers 1 to i− 1. The second square bracket
represents the probability of receiving backscattered photons from sub-
layer i.

The fraction of the first-arriving photons in sublayer i within a time-
gated window (containing m sublayers) is FðiÞ ¼ Pi=

Pm
j¼1 Pj ¼ μi=Pm

j¼1 μj, where μi is the expected first-arriving photon counts from a sub-
layer i. Thus, by the law of large numbers, the fraction of observed average
photoncounts froma sublayer iwithin thewindow(e.g., Fig. 1b) approaches
F(i) for a large number of trials (20k pulses). For uniformly distributed
droplets of a single size within a time-gatedwindow, the fraction of the first-
arriving photons reduces to (derived in Methods),

FðiÞ ≈� 2q
2m�m2 qþmq iþ

2þ2q
2m�m2 qþmq

¼ Aiþ B
ð2Þ

The slope and intercept of the linear function, A and B, are linked to the
physics via an experimentally based parameter, q≡ np1+ δ, where n is the
total number of particles in a single sublayer, and p1 is the probability of
receiving one backscattered photon from one particle in the first sublayer
afterfiring a single laser pulse.Note that p1,jhas been reduced to p1 in Eq. (2)
because all particles are identical (i.e., independent of the subscript j). Also,
note that np1 is analogous to the lidar backscattering coefficient32, and the
range-extinction parameter, δ≡ 2(σl+ l/d), depends on the volume lidar
extinction coefficient (σ, sum of the product of particle cross-section and
extinction efficiency per unit volume), the thickness of the sublayer (l), and
distance of the time-gated window from the lidar (d). The extinction
efficiency canbe calculatedusing aMie code,while it is taken as a constant of
2 when deriving analytical models, which is the standard value used to
calculate the optical properties of clouds in minimal models33.

The approximate Eq. (2) captures the main features of T2 lidar
observations, such as the blue, red, and yellow lines in Fig. 1b. The scattering
of the T2 pulse below the cloud base is dominated by the weakly scattering
haze/aerosol particles. Consequently, np1≪ 1 and all terms containing q in
Eq. (2) can be neglected, and F(i) collapses to 1/m, i.e., a uniform dis-
tribution. Indeed, the blue line is close to the theoretical value of 0.012 (1/m
withm = 85 sublayers). Right above cloud base, because of strong scattering
by clouddroplets, p1 increases sharply, causing anegative slope fromEq. (2).
This aligns with the observations that the photon rate peaks in front of the
time-gatedwindow (red line in Fig. 1b). Thereafter, because of extinction, p1
decreases farther into the cloud, resulting in a flattening of the F(i) profile
(yellow line in Fig. 1b).Departures from linearity predicted by Eq. (2)would
imply non-uniformities in microphysical properties within the time-gated
window, such as gradients in droplet sizes (e.g., droplets grow sharply at the
cloud base due to activation) and/or variations in concentration (e.g., dro-
plet clustering due to turbulence, entrainment and mixing).

Highly resolved attenuation profile linked to droplet concentration.
Next, we show that the high-resolution profile of backscattered photons
observed by the T2 lidar (e.g., Fig. 1c) can be used to estimate cloud
droplet number concentration (nd). First, we expect that near the bottom
of a boundary layer stratiform cloud where entrainment is negligible,

Fig. 1 | Observation of cloud vertical structure via scanning by the T2 lidar. The
cloud was observed around 20:35 LT after sunset on July 5, 2022 at the Brookhaven
National Laboratory Center forMultiscale Applied Sensing observational site. aThe
colored region shows the distribution of observed photons within a 12.75-m time-
gated window (height of the insets) per second. The time-gated window starts below
cloud base and shifts upwards by 1.5 m every second. Four inset plots show the
distribution of observed photons at a 15-cm resolution within selected time-gated
windows, namely below cloud base (CB), at CB, right above CB, and farther above
CB. b Fraction F(i) of observed photons within each sublayer i observed for the four
selected time-gated windows in (a). The 12.75-m time-gated window is divided into
85 sublayers, each of thickness 15 cm. The thick lines show 20-point moving
averages; the blue, red, and yellow lines are approximately linear, whose slopes are
explained by the minimal model of first-arriving photons (see main text). c The
profile of observed photon rate within thefirst 1.5 mof each time-gatedwindow. The
coloring of the dots in a–c corresponds to the four selected time-gated windows: blue
for the haze region, purple marking the beginning of the haze-cloud transition, and
red and yellow are both within the cloud. The relative backscatter (χ) of the yellow
point is 11%, defined as the ratio of the observed photon rate at that level to its peak
value in the profile.

https://doi.org/10.1038/s41612-024-00644-y Article

npj Climate and Atmospheric Science |            (2024) 7:92 3



cloud liquid water content (LWC) increases linearly with height as is
commonly observed34,35,

4
3
πρlndr

3 ¼ Γadz; ð3Þ

where r is droplet radius, which increases with height due to condensational
growth, and z is the height above the cloud base. Γad = Γad(T, P) is the rate of
increase of LWCwithheight in an adiabatic cloudparcel,which is a function
of temperature and pressure (see Eq. A1 in ref. 35). Here, LWC is the cloud
mass density with units of gm−3 and it scales with the product of droplet
concentration (nd) which we assume to be constant above cloud base36, and
droplet volume (4/3πr3).

Now consider a height z above the cloud base. The cloud optical depth
between the cloud base (i.e., z = 0) and z is

R z
0 2πndr

2dz. Given that LWC
increases linearly with height, differentiation of Eq. (3) yields
4πρlndr

2dr = Γaddz, and thus,

Z z

0
2πndr

2dz ¼
Z rðzÞ

0
2πndr

2 4πρlndr
2

Γad
dr ¼ 8π2ρln

2
drðzÞ5

5Γad
; ð4Þ

where nd and r(z) here are droplet number concentration and size at z.
Another fact we rely on is how backscattered light is attenuated inside

the cloud, which can provide another relationship between nd and r other
thanEq. (4). Theobservedphoton rate at the front of the time-gatedwindow
does not suffer the detector’s dead time, and thus it is proportional to the
observed backscattered light intensity, or the observed backscattering
coefficient (βobs). βobs(z) at z above cloud base can be expressed as33,

βobsðzÞ ¼ βtrueðzÞ exp �2
Z z

0
σdz

� �
; ð5Þ

where βtrue(z) is the true backscattering coefficient at z, and σ is the volume
extinction coefficient. For the scattering of visible light by clouddroplets, it is
reasonable to assume βtrue = σ/S and σ ≈ 2πndr

2, where S is the lidar ratio
(extinction to backscatter ratio) and the extinction efficiency for light
scattering by cloud droplets is taken as a constant of 233. The contribution of
multiple scattering to backscatter can be neglected because the phase
function is sharply peaked in the forward direction, and the telescope of the
T2 lidar has a narrow field of view (FOV~ 0.5mrad = 0.06°)19,37,38.

Above the cloud base, βobsfirst increaseswith height due to strong light
backscattering by increasingly larger cloud droplets and then decreaseswith

height due to light extinction (Fig. 1c).We define zp as the height where βobs
reaches its peak value. By solving dβobs/dz = 0 and combining with Eq. (4),
we obtain,

8π2ρln
2
dr

5
p ¼ Γad; ð6Þ

where rp is the droplet radius at zp.
Now we introduce a threshold value χ as the ratio of the observed

backscattered light intensity at a higher level zχ to its peak value at zp (i.e.,
zχ > zp),

χ �
βobsðzχÞ
βobsðzpÞ

; ð7Þ

βobs(zχ) can be set as low as the noise level. Thus,

ndr
2
χ expð�2

R zχ
0 2πndr

2dzÞ
ndr2p expð�2

R zp
0 2πndr2dzÞ

¼ χ; ð8Þ

where rp and rχ are the droplet radius at zp and zχ, respectively. The height zχ
is an essential notion to developments below, and, for sufficiently small χ
(say 1% or β at the top down to 1% of its peak value), it can be regarded as a
lidar detectable range within the cloud.

Wenowshowthatnd canbe estimated forany τχ and zχpairswithin the
quasi-steady growth region. To that end, let the droplet radius at zχ be k
times larger than that at zp, rχ = krp(k > 1). Combining Eqs. (4) and (8) leads
to an equation for k,

k2 exp � 2
5
ðk5 � 1Þ

� �
¼ χ: ð9Þ

For a given χ, we can find the unique root k satisfying Eq. (9) for k > 1.
Combining Eqs. (4) and (6), the cloud optical depth between the cloud base
and zχ can then be solved analytically,

τχ ¼
8π2ρln

2
dr

5
χ

5Γad
¼ k5

5
; ð10Þ

which only depends on k. For example, if χ = 1%, the solution of Eq. (9) is
k ≈ 1.724, and the cloud optical depth at zχ is about 3 (Eq. (10)). Therefore,
for a given χ, we can get the relationship between nd and rχ at zχ from

Fig. 2 | Schematic figure illustrating the theory of the statistics of first-arriving
backscattered photons from a time-gated window. The left subplot shows a time-
gated window divided tom sublayers, each contains ni particles responsible for light
scattering where i is the sublayer number. The zoom-in sublayer i in the middle
indicates that each particle therein has a probability pi,j to generate a detectable
backscattered photon in response to a single pulse, where i and j are sublayer and
particle indices. The intermediate variable, Ii, represents the probability to generate a
detectable backscattered photon from sublayer i, while Pi defined in Eq. (1) is the

probability of observing a first-arriving backscattered photon from sublayer i. Pi is
the product of the probability of not receiving backscattered photons before sub-
layer i and the probability of receiving backscattered photons at sublayer i. Pi can
also be interpreted geometrically in the right subplot as the ratio of the hatched area
to the whole bar area (i.e., light yellow+ hatched blue+ light blue). The fraction of
the yellow area represents the probability of receiving first-arriving photons before
that sublayer, i.e.,

Pi�1
k¼1 Pk .
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Eq. (10). Solving for nd based on Eqs. (3) and (10) results in,

nd ¼
2ρ2l k

15

243πΓ2adz
5
χ

: ð11Þ

Combining Eqs. (10) and (11), we arrive at an analytic expression for
nd as,

nd ¼
250l2ad
243π

τ3χ
z5χ

≈
l2ad
3

� �
τ3χ
z5χ

; ð12Þ

where we introduce lad = ρl/Γad, a length scale given by the ratio of water
density (ρl with a unit of kg m−3) to the adiabatic rate of increase in LWC
with height (Γad with a unit of kgm−3 m−1). zχ and τχ are the geometric
thickness and the associated cloud optical depth, respectively. These two
variables are pinned to values with a specific relative backscatter (χ), e.g.,
χ = 11% yields z0.11 and τ0.11 corresponding to the yellow dot in Fig. 1c.

The beauty of the nd estimate via Eq. (12) is that so little is required
other than the actual T2 observations. Namely, χ and zχ can be read off
directly and with high accuracy from the profiles of backscattered intensity
(Fig. 1c). Furthermore, τχ can be calculated analytically (Eq. (10)). Finally,
owing to the relative nature of χ, no absolute calibration of the lidar back-
scatter coefficient (β) is required to retrieve nd, in contrast to traditional
lidar-based retrievals22,39. Equation (12) allows any zχ and τχ data pair to be
used for estimating nd.

To convey an intuitive appreciation of themagnitudes involved, we set
χ = 1% and obtain τχ=1% = 3 by solving Eqs. (9) and (10). From there, we
obtain Eq. (12): nd ≈ 9:2l2ad=z

5
χ . The dimensions on both sides now are

manifestly (droplet) counts per volume. Because lad ~ 5 × 108 m and
zχ ~ 102 m, respectively, Eq. (12) yields a reasonable estimate of hundreds of
droplets per cubic cm for nd. A numerical cloud-resolving parcel model is
used in the next section (see also Fig. 3) to provide detailed cloud profiles
(e.g., LWC, nd, χ) and confirm the derivation of Eq. (12).

Another remarkable feature of Eq. (12) is that τ ~ z5/3 for constant nd.
The nonlinear scaling arises fromquasi-steady growth of the droplets above
cloud base, where droplet radius r obeys dr/dt ~ sqs/r and quasi-steady
supersaturation sqs ~w/(ndr), wherew is the vertical velocity40–42. Integrating
the droplet growth equation and using wdt = dz yields ndr

3 ~ z, showing a

linear LWC increase with height. Because τ ~ ndr
2z, we obtain τ3 ~ z5 (nd

held constant).
Note that the scaling relationship of ndwith zχ and τ fromEq. (12) also

holds when the entire cloud layer is treated as a whole, i.e., z is cloud
thickness (Hc) and τ is the total cloud optical depth. This is consistent with
previous studies,nd ¼ CðT; PÞτ3dLWP�2:5 (Eq. (2) in ref. 43),where τd is the
cloud optical depth and LWP is the liquid water path (i.e., height integral of
LWC). Here, because LWC∝ z, therefore LWP / H2

c and, thus,
nd / LWP�2:5 / H�5

c , consistent with Eq. (12).

Quantifying droplet concentration nd
Because nd scaleswith z�5

χ , accuratemeasurements of cloud base height and
zχ are key to reliable nd retrieval. However, the transition region near cloud
base raises the question ofwhere the cloud base boundary is. To answer this,
a cloud-resolving model and a lidar simulator are employed to understand
the T2 observations.

The cloudmodel simulates detailed cloudmicrophysical processes in a
rising parcel, including hygroscopic growth of haze particles, cloud droplet
activation, and growth of cloud droplets by condensation. The cloudmodel
was originally developed by ref. 44 and has been applied to explore
aerosol–cloud interactions under various environmental conditions45,46. A
lognormal size distribution of dry ammonium sulfate aerosol particles is
discretized and represented by 100 Lagrangian particles, which serve as
model input. These dry aerosols first become haze particles through deli-
quescence at the beginning of the simulation and then grow in size by
condensation in a rising adiabatic cloud parcel. The growth of haze particles
and cloud droplets as well as the activation of cloud droplets from haze
particles are resolved explicitly. To cover a wide range of atmospheric cloud
conditions,we conduct16 simulationswith various combinations of vertical
velocity (0.1 or 1.0 m s−1), aerosol number concentration (50 or 1000 cm−3),
aerosol geometric mean radius (50 or 120 nm), and logarithmic radius (1.4
or 1.8). Model setups for each case are listed in Supplementary Table 1.
Cloudmicrophysical properties are output every 10 cm tomatch the highest
range resolution of the T2 lidar. Results show that cloud droplet number
concentration depends on both vertical velocity (w) and aerosol properties
consistent with previous studies15. nd varies from less than 40 cm−3 in
relatively clean conditions to 1000 cm−3 in relatively polluted conditions,
covering a wide dynamic range observed in atmospheric clouds (Supple-
mentary Fig. 3).

Fig. 3 | On the notion of cloud base: thermodynamic vs. kinetic. Results from a
parcel model and a T2 lidar simulator. The case setup is detailed in themain text and
Supplementary Table 1. a Profiles of air saturation ratio (red), liquid water content
(LWC, blue), and droplet number concentration (nd, black) for a rising cloud parcel.
The horizontal dashed line denotes the thermodynamically defined sharp cloud
base height (lifting condensation level, zlcl), whereas the increase in nd is continuous
near zlcl. Quasi-steady state growth is observed above 640 m where the LWC

increases linearly with height, while nd and the saturation ratio stay constant.
b Simulated T2 lidar backscatter profile scaled by its peak value (χ, black). The
horizontal dashed line denotes the T2-estimated zlcl where the χ rate of increase is
maximal. The scaled ratio χ peaks a few tens of meters above zlcl, arising from the
competition between the increasing scattering by larger droplets (i.e., extinction
coefficient, σ) and the decreasing lidar intensity due to extinction (i.e., light trans-
mission above the starting location of the parcel, expð� R z

0 σdzÞ) at a higher altitude.
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The T2 lidar simulator uses output from the parcel model to emulate
distributions of first-arriving photons within the time-gated window. The
time-gated window is set to be 10 m with 100 sublayers, each with a 10 cm
range resolution. We calculate the backscatter and extinction coefficients in
each sublayer based on the haze/droplet size distribution using a Mie scat-
tering code. We define I1 as the probability of generating one detectable
backscattered photon from the first sublayer (see Fig. 2). From I1, we can
calculate the probability of having one detectable backscattered photon from
any sublayer (Ii) based on the lidar equation, Ii=I1 ¼ ðd21=d2i Þ
ðβi=β0Þ expð�

R di
d1
σ jdrjÞ where β and σ are calculated using output from the

parcel model via aMie code and d is the distance from the lidar10. Therefore,
the probability of receiving the first-arriving backscattered photons in a
sublayer i within a time-gated window after one laser pulse (Pi) can then be
calculated similarly toEq. (1),which is only a function of I1.We can constrain
I1 by the ratio of the observed total number of first-arriving photons in one
time-gated window above the cloud base to the total number of fired pulses.
For example, if we receive 10k photons within one time-gated window after
firing 20kpulses per second, then∑Pi = 0.5, and I1 canbe solvednumerically.
Once we know I1, we can calculate Ii for any sublayer i. Simulated distribu-
tions of first-arriving photons are similar to the T2 lidar observations shown
in Fig. 1a, suggesting that statistics of first-arriving photons within the time-
gated window reveal the cloudmicrophysics therein (Supplementary Fig. 4).

Figure 3a shows one example of a simulated cloud from case 15 in
Supplementary Table 1. Specifically, the initial temperature and pressure of
the parcel are 15 °C and 919 hPa. The parcel has a relative humidity of 85%,
and it rises from 300m with a constant vertical velocity of 1.0 m s−1. The
initial dry aerosols are ammonium sulfate with a log-normal distribution
with a total concentrationof 1000 cm−3, a geometricmean radius of 120 nm,
and a logarithmic radius of 1.4. Results show that the lifting condensation
level (zlcl) serves as a goodproxy for a thermodynamically defined cloudbase
height, where the parcel first becomes water-saturated. Above zlcl, the air is
supersaturated, leading to the formation and growth of cloud droplets by
condensation. A quasi-steady state region is reached a few tens of meters
above zlcl. In this region, LWC increases linearly with height while nd and
supersaturation hold constant. Figure 3b shows the simulated χ profile,
which is similar to the T2-observed χ profile (Fig. 4a). χ peaks a few tens of
meters above zlcl due to the competition between two things: the increasing
scattering by larger cloud droplets and the decreasing lidar intensity due to
extinction. Results of Fig. 3 show that the height where the χ rate of increase
is a maximum agrees well with the lifting condensation level zlcl.

Given this capability to infer zlcl from T2 observations, we can now
estimate nd via Eq. (12) based on the observed χ profile (Fig. 4b). Cloud base
height is estimated as the height with the maximum increase rate of χ,
supported by modeling results discussed before. Temperature and pressure
at cloud base height are 287 K and 834 hPa, estimated from reanalysis data
(Supplementary Fig. 5). Based on Eq. (12), the best fit of χ between 0.5% and
50% yields an estimated nd ≈ 120 cm−3. The coefficient of determination
from the best-fitting curve is R2 = 0.97, suggesting that the fine resolution of
the observed photon rate profile provides a robust estimate of nd. It is also

encouraging that this estimate is consistent with the nd estimate from
another T2 lidar scan (≈117 cm−3) on the same day (Supplementary Fig. 6).
We further evaluate our nd retrievals based on the simulated χ profiles
calculated by the T2 lidar simulator using output from cloud parcel model
simulations. Results show that the estimated nd agrees reasonably well with
the true nd from the parcel model over a wide range (Supplementary Fig. 7).
The only exception is when the cloud is extremely polluted withmany large
haze particles below zlcl. In this case, zlcl does not have a sharp boundary in
terms of backscatter for the lidar to distinguish.

It should be mentioned that there are two main factors that can affect
the accuracy of thend estimate based onEq. (12).One factor comes from the
uncertainties in the measurement of other variables, such as cloud base
height (which can affect zχ), and cloud temperature andpressure (which can
affect Γad or lad). It turns out that nd is very sensitive to cloud base height.
Taking the nd estimate in Fig. 4 as an example, a 5m increase in cloud base
height leads to an increase in nd by 55% (186 vs. 120 cm−3), while a 2 K
decrease in cloud temperature leads to an increase in nd by 7% (128 vs.
120 cm−3), all else being equal. Results suggest that it is critically important
to measure the cloud base height (i.e., lifting condensation level) as accu-
rately as possible. Theother factor originates from the failure of assumptions
we made when deriving Eq. (12). For example, the assumption of cloud
adiabaticity near the cloud basemight not hold due to variousmechanisms,
such as entrainment and mixing of dry air47, radiative heating of the cloud
layer48, precipitation49, and ascent of an air layer as a whole50.

Recall that all observations reported in this study were conducted after
sunset to avoid the influence of sunlight. The T2 lidar can operate in the
daytime because it has an optical bandpassfilter centered at 532.2 nmwith a
full width at a half maximum of 0.21 nm, which can efficiently block other
unwanted wavelengths19. Although observations in this study are from a
single night, the capability of the T2 lidar to observe fine cloud structure is
broadly applicable to all cloud types.More T2-lidar observations are needed
to understand the performance of theT2 lidar and to explore cloud basefine
structures under various environmental conditions, which will be the focus
of the future investigation. Our minimal models provide reference profiles
to interpret the observed photon counts and link them to cloud micro-
physical properties.

Discussion
It is known that cloud droplets are initially formed from aerosol particles,
but resolving droplet formation under atmospheric cloud conditions is
challenging, which impedes understanding of cloud-aerosol interactions. So
far, the only way to obtain detailedmicrophysical properties of atmospheric
clouds has been through aircraft in-situ measurements, but the small
sampling volume and fast-moving platformmake it difficult to observe the
vertical development of cloud microphysical properties at high resolution.
The T2 lidar solves this problem by remotely sensing atmospheric clouds at
submeter scales, thereby supplying a way to explore droplet formation and
subsequent growth near the cloud base without disturbing the cloud
environment. T2 provides a reliable way to remotely measure the depth of

Fig. 4 | Nd estimates from T2 lidar observation.
a The threshold ratio χ vs. height based on Fig. 1c.
The white-gray boundary indicates the estimated
cloud base height where the rate of increase in χwith
height is maximized. The red dots for χ between
0.5% and 50% are used to independently estimate nd
via Eq. (12). b Best fitted curve suggests nd ≈ 120
cm−3. The gray region indicates ±30 cm−3 from the
best fit, where the upper bound associates with
smaller nd.

https://doi.org/10.1038/s41612-024-00644-y Article

npj Climate and Atmospheric Science |            (2024) 7:92 6



the droplet activation layer, whose in-situ measurements are exceedingly
scarce. Statistics of the first-arriving photons have been shown to provide
insights of cloud microphysical properties within a time-gated window.
The highly resolved profiles of backscattered photons above the cloud base
indicate regions where droplets experience quasi-steady growth, and the
trend in attenuation allows for the separation of nd and r, which has been a
fundamental challenge for traditional lidars.

High-resolution cloud observations can reveal insights into cloud
properties at submeter scales. For example, two-dimensional cloud images
captured by a high-resolution digital camera show variations in radiance
and cloud optical depth at a resolution of ~1 cm51. In-situ measurements
with a spatial resolution of ~10 cm from a slowly moving kite balloon
indicate a sharp air-cloud interface near the cloud edge52. Here, high-
resolution cloud vertical structure and droplet activation zone are resolved
by the T2 lidar. Key attributes enabling the T2 lidar to resolve cloud texture
at decimeter scales are short laser pulses, the time-gating technique, and a
single-photon detection capability. Our study highlights the benefits of
applying advanced technologies, well established in other fields, to observe
atmospheric clouds at submeter scales, which can open up avenues for
advancing our understanding of cloud microphysical properties and pro-
cesses that are crucial to weather and climate.

Methods
Full derivation of Eq. 2 in the main text
If particles responsible forbackscatteredphotonswithina time-gatedwindow
are monodisperse and uniformly distributed, with ni being constant for the
different sublayers, the probability of receiving one backscattered photon
fromoneparticle afterone laser pulse is the same inone sublayer (i.e.,pi,j = pi).
Thus, the probability of observing the first-arriving backscattered photons
from the first sublayer is P1 ¼ 1� ð1� p1Þn, while for i > 1,

Pi ¼
Yi�1

s¼1

ð1� psÞn
" #

1� ð1� piÞn
� 	

: ð13Þ

The first bracket represents the probability of not receiving backscattered
photons below sublayer i in the time-gated window, and the second bracket
represents the probability of receiving backscattered photons from sublayer
i. The fraction of first-arriving photons in sublayer i within the time-gated
window (FðiÞ ¼ Pi=

Pm
j¼1 Pj) can be written as,

FðiÞ ¼
Qi�1

s¼1 ð1� psÞn
� 	

1� ð1� piÞn
� 	

Pm
j¼1

Qj�1
s¼1 ð1� psÞn

h i
1� ð1� pjÞn
h i : ð14Þ

The ratio of pi in two adjacent sublayers can be linked by the lidar
equation33,

piþ1

pi
¼ βiþ1

βi
d2i
d2iþ1

expð�2σlÞ; ð15Þ

where β is the particle backscatter coefficient, σ is the particle extinction
coefficient, d is the distance of the sublayer away from the lidar, and l is the
thickness of the sublayer. Subscripts i and i+ 1 represent the sublayer i and
the adjacent sublayer above. Because βi = βi+1 for monodisperse droplets,
and di+1 = di+ l, and l≪ d, we obtain,

piþ1

pi
≈ 1� δ � A; ð16Þ

where δ≡ 2l(σ+ 1/d). Assuming A is roughly a constant within a narrow
time-gated window, Eq. (14) can be simplified as,

FðiÞ≈
Qi�1

s¼1 ð1� As�1p1Þ
n� 	

1� ð1� Ai�1p1Þ
n� 	

Pm
j¼1

Qj�1
s¼1 ð1� As�1p1Þ

n
h i

1� ð1� Aj�1p1Þ
n� 	 : ð17Þ

Here we show that the probability of receiving a photon from a single
particle after a single T2 pulse is far below unity, pi,j ~ pi ~ p≪ 1, which
enables simplifications to Eq. (17). Recall that p is an experimental variable
that depends on the T2 characteristics (power and wavelength), the pulse
intensity when arriving at the time-gatedwindow (i.e., light intensity can be
decreased due to scattering and absorption below the time-gated window),
the microphysical properties of particles within the time-gated window
(such asnumber, size, and shape), the efficiencyof the lidar receiving system,
and the integration time. We proceed to do a back-of-the-envelope calcu-
lation to demonstrate that p≪ 1 for the T2 lidar observations.

As Fig. 1c shows, we receive about 5k backscattered photons within a
1.5mthick sampling volume (corresponding to 10 ns) afterfiring 20kpulses
within one second (lidar repetition rate is 20.6 kHz). Because thediameter of
the collimated beam after the beam expander is 9 cm and the droplet
number concentration is on the order of 102 cm−3, the total number of
droplets within the illuminated lidar volume is about 950k. Therefore,
p ~ 5k/20k/950k ~ 10−7≪ 1. Theoretically, p can be larger if, for example,
the lidar power is significantly increased. If so, the detector might be satu-
rated, meaning that the received photon rate will be equal to the lidar
repetition rate and the first-arriving photonswithin one time-gatedwindow
will all be from the first sublayer (i.e., F (i) is a delta function), which is not
the case based on our observations.

Because A≡ 1− δ < 1 (Eq. (16)) and pi≪ 1, if we keep terms on the
order of O(p1) in the first bracket, Eq. (17) can be simplified to,

FðiÞ≈ 1�Pi�1
s¼1 A

s�1p1

 �n

1� ð1� Ai�1p1Þ
n� 	

Pm
j¼1 1�Pj�1

s¼1 A
s�1p1

� �n
1� ð1� Aj�1p1Þ

n� 	 : ð18Þ

Because A = 1− δ, and δ, p1≪ 1, Eq. (18) can be further simplified to,

FðiÞ≈ 1� ði� 1Þnp1
� 	

1� ði� 1Þδ½ �np1Pm
j¼1 1� ðj� 1Þnp1

� 	
1� ðj� 1Þδ� 	

np1
ð19Þ

based on the Taylor expansion, (1−x)n ≈ 1− nx for x≪ 1. Because np1≪ 1
based on the T2 lidar observations (i.e., far from saturated), a first order
approximation of the above equation (i.e., keep terms on the order ofO(np1)
results in,

FðiÞ≈ 1� ðnp1 þ δÞði� 1Þ� 	
Pm

j¼1 1� ðnp1 þ δÞðj� 1Þ� 	 : ð20Þ

Finally, we can obtain Eq. (2),

FðiÞ≈ � 2q
2m�m2qþmq

iþ 2þ 2q
2m�m2qþmq

; ð21Þ

where q≡ np1+ δ is the experimentally based parameter. Note that np1 is
analogous to the lidar backscattering coefficient10, and the range-extinction
parameter, δ≡ 2(σl+ l/d), depends on the lidar extinction coefficient (σ, the
product of particle concentration and single particle cross-section and
extinction efficiency), thickness of the sublayer (l), and distance of the time-
gated window from the lidar (d). Usually, σ≫ 1/d, and thus, δ = 2l(σ+ 1/
d) ≈ 2σl unless the clouds are so low that σ ~ 1/d.

Data availability
All data used in this study are archived in Digital Commons at Michigan
Tech https://digitalcommons.mtu.edu/all-datasets/52/ (https://doi.org/10.
37099/mtu.dc.all-datasets/52).

Code availability
The source codes for the analysis of this study are available from the cor-
responding author upon reasonable request.
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