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Abstract. We compare a full-year (2006) record of surface a global 3-D chemical transport model (GEOS-Chem), we
air NO, concentrations measured in Israeli cities to coin- show that this seasonal cycle can be explained by a much
ciding retrievals of tropospheric NCzolumns from satellite  stronger photochemical loss of N@h summer than in win-
sensors (SCIAMACHY aboard ENVISAT and OMI aboard ter.

Aura). This provides a large statistical data set for valida-
tion of NO, satellite measurements in urban air, where vali-
dation is difficult yet crucial for using these measurements
to infer NO; emissions by inverse modeling. Assuming
that NG is well-mixed throughout the boundary layer (BL),
and using observed average seasonal boundary layer heigh
near-surface N@concentrations are converted into BL NO
columns. The agreement between OMI and (13:45) BL,NO
columns (slope=0.93,=542), and the comparable results at
10:00 h for SCIAMACHY, allow a validation of the seasonal
weekly, and diurnal cycles in satellite-derived NOOMI
and BL NO, columns show consistent seasonal cycles (win-
ter NGO, 1.6-2.% higher than summer). BL and coinciding
OMI columns both show a strong weekly cycle with 45-50%
smaller NG columns on Saturday relative to the weekday
mean, reflecting the reduced weekend activity, and validatin
the weekly cycle observed from space. The diurnal differ-
ence between SCIAMACHY (10:00) and OMI (13:45) NO
is maximum in summer when SCIAMACHY is up to 40%

1 Introduction

Nitrogen oxides (N@Q=NO+NQ,) are of central importance
%‘r atmospheric chemistry. They are precursors of tropo-
spheric ozone, aerosol nitrate, and the hydroxyl radical (OH)
which is the main atmospheric oxidant. About 2/3 of the
global source of N@Qis from fossil fuel combustionlPCC,
' 2007 and is concentrated in urban areas. Satellite observa-
tions of tropospheric N&@columns by solar backscatter from
the GOME, SCIAMACHY, and OMI sensors have provided
increasing information over the past decade to quantify NO
emissions and their trends at various scales {@agtin et al.
2003; Richter et al(2004; Konovalov et al(2006); Martin
tal.(2006; Wang et al(2007); van der A et al(2008). Val-
idating these satellite observations is difficult, however. We
show here that long-term surface N@easurements from
: . o . urban air quality monitoring networks provide valuable val-
higher than OMI, and minimum in winter when OMI slightly idation data and can test the seasonal, weekly, and diurnal

exceeds .SCIAMA(?HY' A S'T“"ar seasonal var|at|on n t'he variations seen from space by the SCIAMACHY and OMI
diurnal difference is found in the source region of Cairo. Sensors

The surface measurements in Israel cities confirm this sea- T . T
o . . . . The atmospheric lifetime of NQagainst oxidation is of
sonal variation in the diurnal cycle. Using simulations from L
the order of hoursl{ang et al, 1998, resulting in large

spatial and temporal variability around source areas. High
concentrations are mainly restricted to the boundary layer

Correspondence tdt. Boersma up to 1-2 km, with rapid drop-off at higher altitudes. Drop-
BY

(boersma@knmi.nl) off is particularly sharp for N@ because of the decrease of
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the NQ/NO ratio with decreasing temperatuiddrtin et al, imately 10:00 local time. SCIAMACHY observes the at-
2004). Validation of NG column measurements from space mosphere alternatingly in nadir and limb viewing modes.
has relied on aircraft vertical profiles coincident with satel- Tropospheric information is available from the nadir spec-
lite overpasses to capture the full extent of the coluMe-(  tra only. In combination with the SCIAMACHY nadir field-
land et al, 2002 Martin et al, 2004 2006 Bucsela et al.  of-view, corresponding to a swath width of 960 km on the
2008. This is expensive and as a result validation data areEarths surface, this leads to global coverage approximately
few. Horizontal variability over the satellite footprint, aircraft once every six days. The nadir surface spatial resolution is
traffic restrictions, and the need to extrapolate from the air-30x60 kn.
craft floor to the surface can further lead to significant errors  We use the SCIAMACHY NQ@ retrievals (v1.1) available
in comparing aircraft-derived columns to the satellite columnfrom the Tropospheric Emission Monitoring Internet Ser-
measurements. This is particularly problematic in urban arvice (http://www.temis.nl for the year 2006. The retrieval
eas which are of prime interest for validati®oersmaetal.  algorithm has been described in detail Boersma et al.
2008h. (2004, andBlond et al.(2007). In brief, slant column den-
Surface observations of NQconcentrations in urban ar- sities are determined with Differential Optical Absorption
eas offer an alternate vehicle for satellite validation. MostSpectroscopy (DOAS) in the 426.3—-451.3 nm spectral win-
developed countries have dense urban monitoring networkdow. The stratospheric (background) slant column is esti-
for NO, because itis a regulated pollutaktl{s, 1975 Hjell- mated from data assimilation of slant columns in the global
brekke and Fjeera2008. The standard monitoring instru- chemistry-transport model TMDgntener et al2003. Af-
mentation is subject to interferences from N@xidation ter subtraction of the stratospheric slant column, the residual
products Winer et al, 1974 Grosjean and Harrisori985 tropospheric slant column is translated into a tropospheric
Gerboles et al2003 Steinbacher et gl2007 Dunlea et al. vertical column by a tropospheric air mass factor that ac-
2007 Lamsal et al.2008, and the lack of vertical informa- counts for viewing geometry, the N@nd temperature pro-
tion above the surface induces error. On the other hand, théle shape, as well as the pressure and reflectivity of clouds
high spatial and temporal density of the data greatly improveand surface. The SCIAMACHY Ng@retrieval (v1.1) is im-
the validation statisticsSchaub et a).2006 Ordobhez et al, proved relative to earlier versions (v1.04) because it includes
2006 Blond et al, 2007 over what is possible from aircraft cloud parameters retrieved from FRESCO+. The FRESCO+
profiles. The lack of vertical information in the surface data algorithm uses a more realistic physical model of the atmo-
may in fact be less of a problem than the need to extrapolatsphere by accounting for single Rayleigh scattering, and this
aircraft observations down to the surface. leads to higher cloud fractions and cloud pressures. These in
Air pollution in Israel is strongly influenced by the coun- turn result in NQ columns that are lower for polluted situa-
try’s unique geographical features (the south/east is influtions with low clouds, leading to better agreement with inde-
enced by large deserts, the north/west by a Mediterraneapendent NQ validation data\(vang et al.2008.
climate). Most economic activity and half the population are  Errors in the slant column fitting, the stratospheric correc-
concentrated in the coastal plain, a less than 15 km wide stripion, and in the air mass factor lead to an overall error in the
of 170 km length (North-South). The small geographical SCIAMACHY tropospheric N@ columns with an absolute
scale, in combination with the high population density andcomponent of approximately 0.630°molecules cm?
the high emissions, lead to substantial air pollution, whose(from the tropospheric slant column) and a relative compo-
pattern and trends are not easily captured by a few grounaent of approximately 30% (from the tropospheric air mass
monitoring stations. Indeed, since the 1990s, mixed emisfactor).
sion trends have been observed for different,Nfurces.
This unique situation calls for development of remote sens-2.2 OMI Tropospheric NO columns
ing abilities that compensate for the lack of spatial and tem-
poral scales covered by ground monitoring stations. In thisOMI onboard NASA's EOS-Aura satellite (launched July
study, we are making first steps towards developing sucl?004) provides tropospheric N@olumns at approximately
tools for this region. 13:45 local time. Together with the 10:00 measurements by
SCIAMACHY, this provides valuable information on the di-
urnal cycle in NQ. OMI also improves on SCIAMACHY

2 NO, observations because it observes the Earth’'s atmosphere continuously in
nadir mode with a 114field-of-view (2600 km on the Earth’s
2.1 SCIAMACHY Tropospheric NO; columns surface), thereby achieving daily global coverage. Further-

more, the nadir spatial resolution of 234 kn? allows for
We use tropospheric NOcolumns retrieved from SCIA- the observation of finer details, and increases the likeli-
MACHY on board ESA's ENVISAT. This satellite (launched hood of encountering cloud-free scenksijger et al, 2007).
March 2002) orbits the Earth in a polar, sun-synchronousWe use the DOMINO (Dutch OMI N&) product (v1.02)
way in a descending node crossing the equator at approxavailable fromhttp://www.temis.nlfor the year 2006. The
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Table 1. Summary of the comparison between surface@ncentrations and OMI tropospheric Bi@olumns at 8 Israeli cities in 2006.

Station Lat. *N) Lon.(CE) r n slope intercept
(molecules cm?/ppb)  (molecules cm?)

Carmiel 32.93 35.30 0.52 97 138.29 —2.62£0.59
Haifa 32.82 34.99 0.65 137 0.20.03 —2.23£0.42
Afula 32.65 35.20 0.13 59 0.a2.75 —0.09+£0.82
Modiin 31.92 34.99 0.65 106 1.66.11 —1.11+0.91
Rehovot 31.90 34.80 0.77 100 14G6.13 0.26:0.60
Ashdod 31.80 34.65 0.54 105 0&£6.11 —3.21+0.87
Beit Shemesh  31.25 34.75 0.47 96 (OHfM24 —2.303£0.50
Beer Sheva 31.38 35.01 0.76 84 K16 —2.52£0.76

OMI tropospheric N@ columns (v1.02) had a pixel center withif0.1° latitude/longitude of the station location, and were measured under mostly-clear situations (cloud
radiance fractionc50%). Only OMI observations with viewing zenith angle85° were selected, corresponding to pixel sizes smaller thari84n?. This ensures that the
satellite and surface observations coincide within 27 min solar time. The OMI pixel centers were on average within 8 km of the station locations.

retrieval algorithm has been described in detaBaersma et

al. (2007, and recent updates can be found in the DOMINO
Product Specification Documertit{p://www.temis.nl/docs/
OMI_NO2HE5.1.0.2.pdj. Slant columns are determined =
with DOAS in the 405-465nm spectral window. As for
SCIAMACHY, a stratospheric slant column (from assimila-
tion in TM4) is subtracted from the slant column, and the
residual is converted into a vertical tropospheric column by
the tropospheric AMF. The approach to calculate the AMF ™
is identical to SCIAMACHY, except that different cloud re-
trievals are used (FRESCO+ for SCIAMACHY and-O;
(Acarreta et al.2004) for OMI). The a priori profile shapes

are sampled from the same TM4 model, at 10:00 and 13:30 h;
for SCIAMACHY and OMI respectively Boersma et aJ.
20083.

OMI retrieval errors have an absolute component of ap-
proximately 1.0« 10'° molecules cm? and a relative (AMF)
component of 30%BRoersma et al.2007). The spectral fit- E
ting error is smaller for SCIAMACHY than for OMI because
of better SCIAMACHY signal-to-noise ratios, but OMI er-
rors are generally much reduced by averaging over multiple O, cotomn densiy (10 motee /o]

days or over multiple pixels. ——
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o
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2.3 Surface NQ concentrations

. Fig. 1. Annual mean tropospheric olumn in 2006 from OMI
We use he_re near-surfgce _concentratlons ob N@asured (DgOMINO v1.02) for mopstly?clear ’s}gations (cloud radiance frac-
every 30 minutes at 8 sites in Israel for the whole year 2006+, _5006). The circles indicate the location of surface stations.
Figure 1 and Tablel show the station locations. Measure-

ments are with standard chemiluminescence instruments us-

ing molybdenum oxide converters. N@ catalytically con-  to be overestimated, especially in photochemically aged air-
verted to NO on a heated (3%0) molybdenum surface and masses.Steinbacher et a{2007) have shown biases up to
then measured as NO by chemiluminescence after reaction50% at rural locations downwind of pollution sources in
with ozone. The lower detectable limit is 0.4 ppb (60's av- Switzerland. For urban air in Mexico Citypunlea et al.
eraging time). The molybdenum converter also partly con-(2007 find no significant bias in the morning but increas-
verts other oxidized nitrogen compounds such as nitric acidng bias in the afternoon, presumably reflecting the diurnal
(HNOg), alkyl nitrates, and peroxyacetyl nitrate (PAN) to formation of NG, oxidation products.

NO (see e.gSteinbacher et a[2007); Dunlea et al(2007)

and references therein). This will cause Nédncentrations
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Table 2. Summary of the comparison between surface;@ncentrations and SCIAMACHY tropospheric N€olumns at 8 Israeli cities
in 2006.

Station r n slope intercept
(molecules c?/ppb)  (molecules cm?)

Carmiel 0.69 38 1.3#0.11 —2.43+0.92
Haifa 0.43 28 0.4%0.21 —4.314+1.57
Afula 0.34 19 0.68-:0.60 —0.88+1.09
Modiin 0.36 48 0.940.44 0.09:1.12
Rehovot 0.54 41 0.780.18 —0.32+:0.96
Ashdod 0.61 43 0.6¥%0.14 —5.08+1.88
Beit Shemesh 0.49 21 1.290.54 —2.38+1.47
Beer Sheva 0.72 12 0.4D.08 0.43:0.64

Comparison between uncorrected surface,N@ncentrations and SCIAMACHY tropospheric BiQv1.1) columns for 8 Israeli stations. We selected SCIAMACHY columns
with a pixel center withint0.25 latitude/longitude of the stations, measured under mostly-clear situations. The center location of the SCIAMACH Y:pixés3 as on
average within 20 km of the station location.

Recognizing that NQ(with NOy defined as the sum of all were available, which reduces the range of observed values,
reactive nitrogen oxides; NO+N@HNO3z+organic nitrates)  but other than that we did not see a good reason to exclude
is mostly NG, within urban areas at mid-morning with little data from Afula from our analysis. Excluding data from
prior photochemical activity, and given the lack of evidence Haifa and Ashdod (but maintaining Afula), OMI and sur-
for morning-interference in the study Bunlea et al(2007), face NQ are well-correlatedrE0.63,n=542). Correcting
we do not correct the surface concentrations measured dahe 13:45 h surface NfDobservations for N@interference
10:00 (SCIAMACHY overpass). This is further supported as described above, leads to surface;@ncentrations that
by CHIMERE simulationsBlond et al, 2007 over Europe  are on average smaller by 8%, or approximately 0.7 ppb. We
that indicate that the bulk<(97%) of NG, is NO; at 10:00h  evaluated our interference corrections with the CHIMERE
within urban areas in all seasons. For measurements at 13:4fhemistry-transport modeB(ond et al, 2007) over Europe,
(OMI overpass) we show results from two approaches: taking advantage of its high-resolution (0°2Bngitude x

0.125 latitude). In urban areas with NOconcentrations
1. no correction, i.e. interpreting the NOneasurements  similar to those observed in Israeli cities (0-25 ppb), the sim-
as an upper limit for the true Nfoncentrations; ulated NOQ:NO, ratio at 14:00 exceeds 0.92 for all seasons,
. . suggesting that interference from N@ generally smaller
2. correction based on the concurrgntl_y observed increasq, 21" 10% in urban regions. For January, April, July, and
of Og from 10:00 to 13:45 as an indicator for the inter- o oper NG:NO, ratios were [0.98, 0.96, 0.92, 0.97], and
ferepceA[NOZ] (with NO, defined as NQNOX)' as"  correction factors derived from CHIMERE with tHRun-
sum!ngA[NOZ]:O.l-A[Og,] on a molar ba5|_s based on o, o al.(2007)-approach described in Sect. 2.3 are simi-
Mex_lco_C|ty data Dunlea et al.2007), and with no cor- lar ([0.99, 0.98, 0.95, 0.98]). For the observations in Israeli
rection if A[O3] smaller or equal to 0. cities, application of thédunlea et al.(2007-approach re-
sults in correction factors of [0.91, 0.91, 0.95, 0.90]. Both
direct simulations (N@NO;) and simulations with thBun-
lea et al.(2007)-approach, as well as observations with the
o Dunlea et al(2007)-approach within Israeli cities agree that
interference from N@is generally smaller than 10% in ur-

3 Ensemble validation

Tablel shows direct comparisons of OMI tropospheric N

columns to surface N©concentrations measured at 8 dif- ” s ; .
ferent stations in Israel at 13:30-14:00 h throughout 2006020 regions. We compared correction factors simulated with

OMI pixels with viewing zenith angles<35° have been CHIMERE against observed correction factors over the ru-
selected, corresponding to close-to-nadir OMI pixels with "8/ @rea of Taenikon (as published Luams.al et al(2008),
sizes better than 3414 kn?. From a reduced-major axis and found 900?’ agreement (CHIMERE: [0.89, 0.55, 0.4,
(RMA) regression analysiarke 1980, we find the low- 0.75], observ.atlons.. [0.85, 0.54, 0.50, 0.80]). We conclude
est slopes (0.3010%, 0.59x 1015 molecules cm2/ppb, re- that a.correct|on for mterfergnce from N t_he early after-_
spectively) for the stations of Haifa and Ashdod that are sit-"ooN 1S much more urge'nt in rural areas W't,h relatively h|gh
uated immediately downwind of a large port (Haifa), and abundance of o?(ldlzed nitrogen oxides than in urban regions,
within 2km of a large power plant and refinery complex where NG dominates the Npbudget.

(Ashdod). The other six stations are not influenced by such Table 2 shows comparisons of NQconcentrations mea-
nearby NQ point sources. For Afula, no summertime data sured at 10:00 to SCIAMACHY tropospheric NOFor the
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Fig. 2. Left panel: OMI tropospheric versus interference-corrected boundary laygrchiomns (18° molecules crii?) at 13:30-14:00 h

at 6 Israeli stations. The solid line indicates the result of a RMA regressidh@3, slope=0.93). OMI measurements have been taken under
mostly clear conditions (cloud radiance fractie®0%) and with pixel centres within (1f the stations. Right panel: same, but now for
SCIAMACHY and boundary layer N©columns at 10:00 h. The solid line indicates the RMA regression to SCIAMACHY (cloud radiance
fraction <50%) observations within 0°10of the stations, indicated by the larger diamoncs0(54, slope=0.94). The smaller diamonds
indicate coincidences where SCIAMACHY pixel centers were within D@3he stations.

locations of Haifa and Ashdod, correlations and slopes ardhat also accounts for the decrease of JN@D ratio with

low, consistent with their situation downwind of strong point temperature). On average, BL N©olumns obtained by ex-
sources and with the results found for OMI (TaliJe The  trapolating surface mixing ratios throughout the BL are 13%
agreement between SCIAMACHY and surfaceNfinounts  higher than obtained by using the more realistic GEOS-Chem
to r=0.48 (@=173). Sharpening the spatial coincidence crite- scheme.

rion to +0.1°, as for OMI, improves the correlation£0.55) Figure 2 compares tropospheric NGcolumns retrieved
between surface and SCIAMACHY NQat the expense of from OMI and SCIAMACHY with interference-corrected
the number of coincidences=29). BL NO> columns derived from near-surface measurements.

) As seen in the left panel, BL NfOcolumns show a similar

We derive BL NQ columns from the near-surface MO correlation with OMI ¢=0.64, n=542) as the surface con-
mixing ratios by assuming vertical uniformity in the BL .gnptrations £=0.63). The slope of the RMA regression is
(using GEOS-Chem) and negligible concentrations aboveq 9310 06 and the intercept is0.37x 10'° molecules cm?,
We take the noontime mixing depths for Israel from a cli- jngicating that on average OMI does not deviate significantly
matology of mixing depth observations (Table 2Dayan  from the BL NO, columns. This is supported by sensitivity
et al. (1988) with noontime mixing depths of [1.12, 0.87, egts with alternative BL columns computed by (a) not cor-
0.65, 0.95]km for winter, spring, summer, and fall respec-ecting for interferencer£0.67, slope 0.90), (b) accounting
tively. Mixing dep.ths in Israel are minimum IN SUMMEr o free tropospheric N@from GEOS-Chemn=0.64, slope
due to strong subsidence, and have an uncertainty25% (. 93) and (c) assuming constant mixing ratios throughout
(Dayan et al. 2002. Neglecting NQ above the BL is &  he BL (-=0.64, slope 0.81). In all three cases, the validation
reliable assumptionMartin et al, 2002 Boersma et al.  yagyits are similar to our best estimate presented above. The
20081, that we evaluated furtherV\_nth GEOS-Chem. GEOS- right panel of Fig.2 shows the agreement between SCIA-
Chem simulates free-tropospheric N@olumns over Is-  MACHY and BL NO, (r=0.46,7n=173). Selecting pixels
rael that range from 0:410'°molecules cm? in winter to  yithin +0.1°, as for OMI, improves the correlation<0.54,

0.4x 10 molecules cm? in summer, presumably from the slope=0.94) between BL and SCIAMACHY N@olumns.
stronger lightning NG source in that season. For the urban

regions studied here, this implies on averagetis free tro-

pospheric contribution to the tropospheric column in Sum-4  Temporal variability

mer and<2% in Winter, small enough to be neglected. We

also evaluated our assumption of vertical uniformity in the 4.1 Annual cycle

boundary layer by comparing BL columns assuming con-

stant mixing ratios throughout the boundary layer, to the BL Figure3 shows the seasonal variation of MOver Israel in
columns we obtained thusfar (these assumed vertical unifor2006 for the five stations with comparable pN@oncentra-
mity following the well-mixed GEOS-Chem boundary layer tions and seasonal variations and year-round coverage (all

www.atmos-chem-phys.net/9/3867/2009/ Atmos. Chem. Phys., 9, 388%-2009
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Fig. 4. Weekly variation of NQ over Israeli cities, March-
Fig. 3. Seasonal variation of N§(2006) observed in Israel November 2006. The dashed line indicates the meap di8erved
cities. The dashed-dotted line indicates the monthly mean nearnear-surface, the black diamonds represent interference-corrected
surface NQ concentration for all conditions (including cloudy). surface measurements, and OMI observations are in red squares.
The dashed line indicates the subset for mostly-clear satelliteAll curves for the Israeli stations of Beer Sheva, Beit Shemesh,
coincidences only (cloud radiance fraction§0%). The solid black ~ Carmiel, Rehovot, and Modiin. Winter measurements have been
lines indicate the boundary layer N@olumns inferred from the  excluded to avoid sampling biases (some weekdays had no winter
surface concentrations with (diamonds) and without (triangles) in-measurements). The numbers in the upper x-axis refer to the num-
terference correction. OMI tropospheric MGolumns in red. The  ber of cloud-free coincidences found for each day.
error bars represent the standard deviation of the mean values. The
numbers in the upper x-axis refer to the number of cloud-free coin-
cidences found in each month.

4.2 Weekly cycle

except Ashdod, Haifa, and Afula; for the latter no summer- The weekly cycle of coinciding ground-based and OMINO
data were available). The dashed-dotted line is for all suris shown in Fig.4 for five stations in the period between
face measurements including cloudy conditions. The blackMarch and November 2006 (Afula was rejected because no
dashed line is for measurements coinciding with satellitesummertime data were available). Wintertime observations
data, i.e. measured under mostly-clear conditions only. Exhave been excluded because in this season no coincidences
clusion of cloudy scenes in the validation data subset dewere available for Saturdays. The weekly cycle is due to re-
creases concentrations by 15% on average but does not affedticed NQ emissions on Fridays and Saturdays correspond-
the seasonal variation. ing to the weekend pattern and days of rest. We observe re-
Both OMI (red squares) and boundary-layer N®@lumns  ductions in NQ on Friday and Saturday in surface NGon-
(black symbols) are highest in the winter months, presum-centrations (dashed line), corrected BL N&lumns (black
ably reflecting the seasonal variation of plifetime. We  diamonds), as well as in OMI NfOcolumns (red squares).
see that monthly mean NQ@olumns from the in situ obser- The reduction on Saturday is significant, 50% relative to the
vations and from OMI are similar within their error margins weekday meanBeirle et al.(2003 observed a similar Sat-
for all months. For the boundary-layer columns, error barsurday NG reduction over Israel on the regional scale from
mainly reflect the uncertainty in the boundary-layer depthsGOME. Their reduction (30%) is smaller because the rela-
(25%, based on estimates frddayan et al(1988). If there  tively large GOME pixel (32640 kn?) covers not just the
is a bias in the BL-depths, it directly propagates into our BL strong source region of Israel, but also adjacent parts of the
column estimates, and this could explain the large differencedediterranean Sea and Jordan where sources are weaker and
between BL columns and OMI in winter. For OMI, error bars less likely to show a distinct weekend effect. In contrast, the
indicate the standard deviation of the mean. The seasonal cygmall-pixel OMI observations used here are representative
cle, expressed as the ratio of winter-to-summer meap, MO  for the urban scale and more likely to show the local week-
2.7£0.6 in the boundary-layer N(olumns, and 1£0.5 in end emission reductions.
surface and OMI N@.
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Table 3. The 10:00-13:45 ratios of tropospheric pl€@lumns for source regions in the Middle East.

Region Corner coordinates winter spring summer autumn
Israel 31.0-339N, 34.5-35.8E 0.77 1.00 1.29 0.88
Cairo 29.0-30.5N, 30.5-32.0E 0.91 1.16 1.16 1.12

Ratios calculated as geometrical means shown in@gied.

14

Corrected BL column o o maximum. Comparing 10:00 and 13:45 NObserved on
12 Satellite measurements o0 the same days during winter months in Israel did not show
' 1 the same diurnal cycle, and we will now investigate this fur-
ther.

Figure 6a—d shows seasonally averaged differences be-
tween SCIAMACHY and OMI tropospheric NOmeasured
on the same day in mostly clear conditions over Israel and
the surrounding regions in 2006 on a0®.5 grid. The in-
4 y set shows the corresponding scatter plot with the Israeli grid
cells marked in light blue. For comparison to a nearby indus-
trialized region, we also plotted the Cairo grid cells, in red.
0 ] In winter (DJF, 2006), when Nglifetimes are longest and
8 10 12 14 16 18 NO> columns largest, we see in Figathat SCIAMACHY
Israel standard time (hrs) tends to observe similar or lower N@mounts at 10:00 than
OMI at 13:45h over the NQsource regions of Israel and
November 2006. The black diamonds indicate the mea35) Cairo, 'I_'he ge_om_etrlcal mean raths g:ré.o for both Israe_l
boundary layer N@ columns observed with 30-min intervals, with and Cairo as indicated by the solid light blue and red lines

coincident and collocated SCIAMACHY and OMI N@olumns in in the inset. In summer, with shorter chemical lifetimes and

red. All columns have been observed on the same cloud-free day§mMaller NQ columns than in winter, we see the reverse ef-
at the locations of Israeli surface stations. The pixel centre lati-feCt in Fig. 6¢ with 10:00-13:45 ratios of 1.29 over Israel

tudes and longitudes were required to be withirP@MI), 0.25° and 1.16 over Cairo. Spring and autumn show diurnal vari-
(SCIAMACHY) of the station locations. ations in between the winter and summer extremes. Table
summarizes the mean 10:00-13:45 ratios for all seasons.

NO, (10" molec. cm?)

Fig. 5. Diurnal variation of NG in Israeli cities in March-

_ To evaluate this apparent seasonal cycle in the diurnal

4.3 Diurnal cycle cycle, we compare ratios of NOat 10:00 and 13:45 ob-
served from satellites and from surface stations. We do

Figure5 shows average NOcolumns measured at the loca- not require spatial or temporal coincidence between satel-
tions of the Israeli stations (except Ashdod, Haifa, and Afula)lite and surface measurements (as we did before), but only
on the same days at 10:00 and 13:45 in cloud-free condithat both techniques measured under mostly-clear situations.
tions in the period March—November 2006. BL and satellite-The top panel of Fig7 shows significant 10:00-13:45 de-
retrieved NQ columns are consistent at 10:00 and at 13:45.creases in both satellite and surface-based observations over
The geometric mean of the ratio of SCIAMACHY and OMI Israel in summer, and no decrease, or even a slight increase,
NO, columns over Israeli cities is 1.22, and this tendencyin winter months. This is consistent with simulations from
is quantitatively consistent with the geometric mean of 1.18the 3-D chemistry-transport model GEOS-Chddey et al,
of 10:00 and 13:45 surface-based N€blumns. It is un- 2001 for the same location and time, as shown in the bot-
likely that these results are due to retrieval differences, agom panel of Fig.7. In summer, GEOS-Chem simulates up
SCIAMACHY and OMI NG, columns have been retrieved to 21% higher N@ columns at 10:00, compared to smaller
with a consistent algorithmBpersma et al.20083, and  differences in winter. That the GEOS-Chem summertime
both datasets agree well with the independent data showratios are smaller than observed by the two measurement
in Fig. 5. The results appear consistent with findings of techniques, is explained by the spatial extent of the GEOS-
Boersma et al(20083 over fossil fuel source regions at Chem grid cell (2x2.5°). The GEOS-Chem grid cell covers
northern mid-latitudes, where SCIAMACHY observed 5- not only the region of Israel where NGources are strong,
40% higher NQ than OMI in summer, explained by daytime but also a large part of the Mediterranean Sea where these
photochemical loss of N§ dampened by the diurnal cycle sources are weak. To bridge the gap between the simula-
of anthropogenic NQ emissions that has a broad daytime tion and the higher-resolution observations, we sampled the
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Fig. 6a. Absolute difference between SCIAMACHY and OMI troposphericd\N$@lumns over the Middle East in winter 2006. Red colors
indicate higher retrievals from SCIAMACHY than from OMI, and vice versa for blue colors. The measurements have been taken under
mostly clear conditions. The inset shows the corresponding scatter plot. The light blue diamonds indicate the grid cells over Israel, and
the red ones over the greater Cairo region. The dashed line in the inset repsesentBhe solid light blue and red lines illustrate the
corresponding geometrical mean SCIAMACHY:OMI ratio over Israel and Cairo. Both regions are enclosed by the black rectangles in the
map. The region enclosed by the grey dashed rectangle represents the spatial extent of the GEOS-Chem grid cell over Israel.
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Fig. 6b. Same as Figa, but now for spring (March, April, May) 2006.
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201 Surface measurements ] cloud-free conditionsk includes the chemical loss of NO
1.8/ — Satellite measurements to HNOs through the gas-phase reaction of N®ith OH
S and the hydrolysis of s in aerosols. The GEOS-Chem
Zz 16 model incorporating diurnally varying NOemissions and
g 1.4 photochemistry simulates up tox5higher values and a much
o more pronounced diurnal cycle fbin August than in Febru-
8 12 ary 2006. In winter, the absence of a daytime maximum in
;Cf NOx loss is expected to lead to an increase ofyN®er the
§ 10 course of the day, because emissions are higher in the day
2 o8 than at night. The seasonal differencestiare consistent
with higher OH concentrations in summer reflecting higher
0.6 water vapour concentrations and more UV flux in that season
(Spivakovsky et a)2000. Itis this strong daytime change in
2.0 A k (OH) in summer that is responsible for the distinct decrease
18 ; %%gi%;cﬁgégﬂﬁgmgﬂg sampled at 2°x2.5°‘ in_the NG colum_ns between 10:00 and_13:45 in summer. In
N winter, the chemical loss rate constant is generally too small
S 16 throughout the day (low OH) to yield a net chemical loss,
§ implying that NG, emissions may offset chemical loss dur-
2 14 ing the daylight hours in that season. It is this mechanism
S 12 that likely explains the observed wintertime 10:00-13:45 in-
=) creases (expressed as ratidk.0) in Fig.7.
§ 1.0
€ o8 :
5 Conclusions
oe We showed that N@concentration data from urban monitor-

LR M A (2306)’* S O N D ing networks can provide useful validation for N@olumn
measurements from space. Previous validations of satellite

Fig. 7. Seasonal cycle in the diurnal cycle of troposphericsNO retrievals relied primarily on profile measurements from air-
columns. Upper panel: cycle over the Israel source region from surCraft, but these do not sample the lowest part of the atmo-
face measurements (black line), and from SCIAMACHY and OMI sphere, where most of the N@esides and strong gradients
measurements (red line). Lower panel: cycle over the25 area  eXist, and provide little statistics needed to overcome difficul-
of the GEOS-Chem grid cell from satellite measurements (solidties in vertical extrapolation and horizontal representativity.
red line) and from the GEOS-Chem model sampled at 10:00 andsround-based measurements on the other hand sample NO
13:30h (solid blue line). close to the source and offer the benefit of large, continuous
datasets.

Our validation focused on urban locations in Israel in
satellite measurements according to the boundaries of thegos. In situ measurements (10:00 and 13:45h) o, NO
GEOS-Chem grid cell. The seasonal cycle in the diurnal cy-concentrations show significant correlation with collocated
cle observed at°2<2.5° (solid red curve) agrees much better SCJAMACHY and close-to-nadir OMI tropospheric NO
with the GEOS-Chem simulations than the high-resolutioncolumn retrievals. We converted surface concentrations into
curve (2 x1°, dashed line). columns representative for the boundary layer (BL) by as-

The diurnal variation of tropospheric NGtolumns de-  suming a well-mixed BL, and a climatology of observed Is-
pends on the diurnal cycle of NGemissions and chemical raeli BL depths. Afternoon surface NMas been corrected
loss (see Eq. (3) iBoersma et al(20083). Over urban ar-  for potential interference from oxidized nitrogen compounds
eas, NQ emissions show a daytime maximum that mainly (NO,). This correction leads to 5-15% smaller NEncen-
reflects intense vehicle use between early morning and latgrations. The collocated 13:45 hrs BL and OMI Bi@lumns
afternoon. This pattern is very similar for all seasons. Inare in agreement€0.64,n=542, slope=0.920.06). A sim-
absence of strong seasonal changes in backgroundt® ilar agreement is apparent in 10:00 h BL and SCIAMACHY
seasonal variation in the diurnal cycle of tropospheric;NO NO, columns, provided they were collocated within0.1
columns can therefore be understood mainly in terms of sea- The observed seasonal cycles in ground-based measure-
sonally varying photochemistry. ments and OMI N@ are consistent. BL and OMI NO

Figure 8 shows a GEOS-Chem simulation over Israel of columns are 1.6—-2x higher in winter than in summer, re-
the diurnal variation in the N@column and in the chemi- flecting the strong seasonal variation in photochemistry and
cal loss rate constaitfor a winter and a summer month in  NO» lifetime. OMI observes a strong weekly cycle with

Atmos. Chem. Phys., 9, 3863879 2009 www.atmos-chem-phys.net/9/3867/2009/
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Fig. 8. Diurnal cycle in tropospheric Nocolumns (solid line) and NQchemical loss rate constantdashed line) over Israel, simulated by
GEOS-Chem for mostly-clear conditions in February 2006 (left panel), and August 2006 (right panel). The open circles indicate the value
of the simulated tropospheric N@olumn at the SCIAMACHY (blue) and OMI (orange) overpass times.
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